
International Edition in English 

Volume 27 Number 1 
January 1988 
Pages 89-1 12 

Jean-Marie Lehn 

Supramolecular Chemistry -Scope and Perspectives 
Molecules, Supermolecules, and Molecular Devices (Nobel Lecture) 

Angew Chem. Inr Ed. Engl. 27 (1988) 89-112 0 VCH Verlagsgesellschaft mhH. 0-6940 Weinheim. 1988 0570-0833/88/0101-0089 $ 02.50/0 89 



Supramolecular Chemistry-Scope and Perspectives 
Molecules, Supermolecules, and Molecular Devices 
(Nobel Lecture)** 

By Jean-Marie Lehn” 

Supramolecular chemistry is the chemistry of the intermolecular bond, covering the struc- 
tures and functions of  the entities formed by association of two or more chemical species. 
Molecular recognition in the supermolecules formed by receptor-substrate binding rests on 
the principles of molecular complementarity, as found in spherical and tetrahedral recogni- 
tion, linear recognition by coreceptors, metalloreceptors, amphiphilic receptors, and anion 
coordination. Supramolecular catalysis by receptors bearing reactive groups effects bond 
cleavage reactions as well as synthetic bond formation via cocatalysis. Lipophilic receptor 
molecules act as selective carriers for various substrates and make it possible to set up 
coupled transport processes linked to electron and proton gradients or to light. Whereas 
endoreceptors bind substrates in molecular cavities by convergent interactions, exorecep- 
tors rely on interactions between the surfaces of the receptor and the substrate; thus new 
types of receptors, such as the metallonucleates, may be designed. In combination with 
polymolecular assemblies, receptors, carriers, and catalysts may lead to molecular and su- 
pramolecular devices, defined as structurally organized and functionally integrated chemi- 
cal systems built on supramolecular architectures. Their recognition, transfer, and transfor- 
mation features are analyzed specifically from the point of view of molecular devices that 
would operate via photons, electrons, or ions, thus defining fields of molecular photonics, 
electronics, and ionics. Introduction of photosensitive groups yields photoactive receptors 
for the design of light-conversion and charge-separation centers. Redox-active polyolefinic 
chains represent molecular wires for electron transfer through membranes. Tubular meso- 
phases formed by stacking of suitable macrocyclic receptors may lead to ion channels. Mo- 
lecular self-assembling occurs with acyclic ligands that form complexes of double-helical 
structure. Such developments in molecular and supramolecular design and engineering 
open perspectives towards the realization of molecular photonic, electronic, and ionic de- 
vices that would perform highly selective recognition, reaction, and transfer operations for 
signal and information processing at the molecular level. 

1. From Molecular to Supramolecular Chemistry 
Molecular chemistry, the chemistry of the covalent 

bond, is concerned with uncovering and mastering the 
rules that govern the structures, properties, and transfor- 
mations of molecular species. 

Supramolecular chemistry may be defined as “chemistry 
beyond the molecule,” bearing on the organized entities of 
higher complexity that result from the association of two 
or more chemical species held together by intermolecular 
forces. Its development requires the use of all resources of 
molecular chemistry combined with the designed manipu- 
lation of noncovalent interactions so as to form supramo- 
lecular entities, supermolecules possessing features as well 
defined as those of molecules themselves. One may say 
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that supermolecules are to molecules and the intermolecu- 
lar bond what molecules are to atoms and the covalent 
bond. 

Basic concepts, terminology, and definitions of supra- 
molecular chemistry were introduced and will 
only be summarized here. Section 2.3 provides a brief ac- 
count of the origins and initial developments of our work 
which led to the formulation of supramolecular chemistry. 
Molecular associations have been recognized and studied 
for a long time[41 and the term “Ubermolekiile,” i.e., super- 
molecules, was introduced already in the mid-1930s to  de- 
scribe entities of higher organization resulting from the as- 
sociation of coordinatively saturated species.[51 The part- 
ners of a supramolecular species have been named molecu- 
lar receptor and ~ u b s t r a t e , ” . ~ . ~ ~ ]  the substrate being usually 
the smaller component whose binding is being sought. 
This terminology conveys the relation to biological recep- 
tors and substrates for which Paul Ehrlich stated that mol- 
ecules d o  not act if they are not bound (“Corpora non 
agunt nisi fixata”). The widely employed term of ligand 
seemed less appropriate in view of its many unspecific 
uses for either partner in a complex. 

Molecular interactions form the basis of the highly spe- 
cific recognition, reaction, transport, regulation, etc. pro- 
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cesses that occur in biology, such as substrate binding to a 
receptor protein, enzymatic reactions, assembling of pro- 
tein-protein complexes, immunological antigen-antibody 
association, intermolecular reading, translation and tran- 
scription of the genetic code, signal induction by neuro- 
transmitters, and cellular recognition. The design of artifi- 
cial, abiotic receptor molecules capable of displaying pro- 
cesses of highest efficiency and selectivity requires the cor- 
rect manipulation of the energetic and stereochemical fea- 
tures of the noncovalent, intermolecular forces (electro- 
static interactions, hydrogen bonding, van der Waals 
forces, etc.) within a defined molecular architecture. In  do- 
ing so, the chemist may find inspiration in the ingenuity of 
biological events and encouragement in the demonstration 
that such high efficiencies, selectivities, and rates can in- 
deed be attained. However, chemistry is not limited to sys- 
tems similar to those found in biology, but is free to create 
novel species and to invent processes. 

RECOGNITION 

f 

Emphasis will bear on conceptual framework, classes of 
compounds, and types of processes. Considering the vast 
literature that has developed, the topics of various meet- 
ings and symposia, etc., there is no possibility here to d o  
justice to  the numerous results obtained, all the more to 
provide a n  exhaustive account of this field of science. Su- 
pramolecular chemistry, the designed chemistry of the in- 
termolecular bond, is rapidly expanding at the frontiers of 
molecular science with physical and biological phenom- 
ena. 

Organized 
Assemblies 

2. Molecular Recognition 

2.1. Recognition, Information, Complementarity 

Molecular recognition has been defined as a process in- 
volving both binding and selection of substrate(s) by a given 

CHEMISTRY 

MOLECULAR SUPRAMOLECULAR 

POLY MOLECUL AR 

A 

Binding of a substrate o to  its receptor p yields the su- 
permolecule po and involves a molecular recognition pro- 
cess. If, in addition to binding sites, the receptor also bears 
reactive functions, it may effect a chemical transformation 
on the bound substrate, thus behaving as a supramolecular 
reagent or catalyst. A lipophilic, membrane-soluble recep- 
tor may act as a carrier effecting the translocation of the 
bound substrate. Thus, molecular recognition, transforma- 
tion, and translocation represent the basic functions of su- 
pramolecular species. More complex functions may result 
from the interplay of several binding subunits in a poly- 
topic coreceptor. In association with organized polymole- 
cular assemblies and phases (layers, membranes, vesicles, 
liquid crystals, etc.), functional supermolecules may lead 
to the development of molecular devices. This article de- 
scribes these various aspects of supramolecular chemistry 
(see Scheme 1) and sketches some lines of future develop- 
ment (for earlier general presentations see Refs. [I-3,6-91). 
The results discussed here, taken mainly from our own 
work, have been completed by references to  other studies, 
in order to  draw a broader picture of this rapidly evolving 
field of research. 

receptor molecule, as well as possibly a specificfuncfion."' 
Mere binding is not recognition, although it is often taken 
as such. One may say that recognition is binding with a 
purpose, like receptors are ligands with a purpose. It im- 
plies a structurally well-defined pattern of intermolecular 
interactions. 

Binding of o to p forms a supermolecule characterized 
by its thermodynamic and kinetic stability and selectivity, 
i.e., by the amount of energy and of information brought 
into operation. Molecular recognition thus is a question of 
information storage and read out at the supramolecular lev- 
el. Information may be stored in the architecture of the li- 
gand, in its binding sites (nature. number, arrangement) 
and in the ligand layer surrounding bound 0: it is read out 
at the rate of formation and dissociation of the supermole- 
cule. Molecular recognition thus corresponds to optimal 
information content of p for a given o.['] This amounts to a 
generalized double complementarity principle extending 
over energetical (electronic) as well as geometrical fea- 
tures, the celebrated "lock and key," steric fit concept 
enunciated by Emil Fischer in 1894.['01 Enhanced recogni- 
tion beyond that provided by a single equilibrium step may 
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be achieved by multistep recognition and coupling to an 
irreversible process." ' I  

The ideas of molecular recognition and of receptor 
chemistry have been penetrating chemistry more and more 
over the last fifteen years, namely in view of their bioor- 
ganic implications, but more generally for their signifi- 
cance in intermolecular chemistry and in chemical selectiv- 
ity.[ I -3 .h-Y. l2-21]  

We have studied receptors belonging to various classes 
of macropolycyclic structures (macrocycles, macrobicycles, 
cylindrical and spherical macrotricycles, etc.), expanding 
progressively our initial work on macrobicyclic cationic 
cryptates into the investigation of the structures and func- 
tions of supermolecules presenting molecular recognition, 
catalysis, and transport processes. 

2.3. Initial Studies. Spherical Recognition in Cryptate 
Complexes 

2.2. Molecular Receptors- Design Principles 

Receptor chemistry, the chemistry of artificial receptor 
molecules, may be considered a generalized coordination 
chemistry, not limited to transition-metal ions but extend- 
ing to all types of substrates: cationic, anionic, or neutral 
species of organic, inorganic, or biological nature. 

In order to  achieve high recognition it is desirable that 
receptor and substrate be in contact over a large area. This 
occurs when p is able to wrap around its guest so as to 
establish numerous noncovalent binding interactions and 
to sense its molecular size, shape, and architecture. It is the 
case for receptor molecules that contain intramolecular 
cavities into which the substrate may fit, thus yielding an 
inclusion complex, a cryptate. In such concave receptors 
the cavity is lined with binding sites directed towards the 
bound species; they are endopolarophilic['] and conver- 
gent, and may be termed endoreceptors (see also Section 

Macropolycyclic structures meet the requirements for de- 
signing artificial receptors: they are large (macro) and may 
therefore contain cavities and clefts of appropriate size 
and shape; they possess numerous branches, bridges, and 
connections (polycyclic) that allow the construction of a 
given architecture endowed with desired dynamic features; 
they allow the arrangement of structural groups, binding 
sites, and reactive functions. 

The balance between rigidity and flexibility is of parti- 
cular importance for the dynamic properties of p and of 0. 
Although high recognition may be achieved with rigidly 
organized receptors, processes of exchange, regulation, co- 
operativity, and allostery require a built-in flexibility so 
that p may adapt and respond to changes. Flexibility is of 
great importance in biological receptor-substrate interac- 
tions, where adaptation is often required for regulation to 
occur. Such designed dynamics are more difficult to con- 
trol than mere rigidity, and recent developments in com- 
puter-assisted molecular design methods, allowing the ex- 
ploration of both structural and dynamical features, may 
greatly help.[2z1 Receptor design thus covers both static and 
dynamic features of macropolycyclic structures. 

The stability and selectivity of (T binding result from the 
set of interaction sites in p and may be structurally trans- 
lated into accumulation (or collection) and organization (or 
orientation), i.e., bringing together binding sites and ar- 
ranging them in a suitable pattern. Model computations on 
(NH3),, clusters of different geometries have shown that 
collection involves appreciably larger energies than 
changes in orientation.i231 One may note that these intersite 
repulsions are built into a polydentate ligand in the course 
of synthesis. 

7) .  

The simplest recognition process is that of spherical sub- 
strates; these are either positively charged metal cations 
(alkali, alkaline-earth, lanthanoid ions) or the negative hal- 
ide anions. 

During the last 20 years, the complexation chemistry of 
alkali cations developed rapidly with the discovery of sev- 
eral classes of more or less powerful and selective ligands: 
natural1241 or macrocycles (such as valinomy- 
cin, [18]crown-6, and spherands) as  well as macropolycy- 
clic cryptands and crypt~spherands."~~~"~~~~~'~ It is . the de- 
sign and study of alkali-metal cryptates that started our 
work which developed into supramolecular chemistry. 

It may be suitable at this stage to recount briefly the ori- 
gins ofour work, trying to trace the initial motivations and 
the emergence of the first lines of research. In the course 
of the year 1966, my interest for the processes occurring in 
the nervous system led me to wonder how a chemist might 
contribute to the study of these highest biological func- 
tions. The electrical events in nerve cells rest on changes in 
the distributions of sodium and potassium ions across the 
membrane. This seemed a possible entry into the field, 
since it had just been shown that the cyclodepsipeptide 
v a l i n o m y ~ i n , [ ~ ~ ~ ~  whose structure and synthesis had been 
reportedydl  was able to mediate potassium ion transport 
in mitochondria.[24e1 These r e ~ ~ l t ~ [ ~ ~ ~ , ~ ~  made me think that 
suitably designed synthetic cyclopeptides or analogues 
could provide means of monitoring cation distribution and 
transport across membranes. Such properties were also 
displayed by other neutral antibiotics[24q of the enniatin 
and a ~ t i n [ ' ~ ~ l  groups, and were found to be due to selective 
complex formation with alkali-metal thus 
making these substances ionophore~.[~~"'l However, since 
cation complexation might also represent a means of in- 
creasing the reactivity of the counteranion (anion activa- 
t i~n) , [ ' .~~I  it became desirable to envisage molecules which 
would be chemically less reactive than cyclic peptides.[*I 
Thus, when the cation binding properties of macrocyclic 
polyethers (crown ethers) were reported by Charles Pe- 

[*I Earlier observations had suggested that polyethers interact with alkali 
cations. See, for instance, H. C. Brown, E. J. Mead, P. A. Tierney, J. Am. 
Chem. Sac. 79 (1957) 5400; J .  L. Down, J. Lewis, B. Moore, G .  Wilkin- 
son, J .  Chem. SOC. 1959, 3767; suggestions had also been made for the 
design of organic ligands, see R. J. P. Williams, The Analyst (London) 78 
(1953) 586; Q. Rev. Chem. SOC. 24 (1970) 331. 

I**] To name this new class of chemical entities, a term rooted in Greek and 
Latin, which would also be equally suggestive in French, English, Ger- 
man. and possibly (!) other languages, was sought; "cryptates" appeared 
particularly suitable for designating a complex in which the cation was 
contained inside the molecular cavity, the crypt, of the ligand termed 
"cryptand." 
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dersen,125.'1 these substances were perceived as combining 
the complexing ability of the macrocyclic antibiotics with 
the chemical stability of ether functions. Meanwhile, it had 
also become clear that compounds containing a three-di- 
mensional, spheroidal cavity, surrounding entirely the 
bound ion, should form stronger complexes than the rather 
flat macrocycles; thus emerged the idea of designing ma- 
crobicyclic ligands. 

Work started in October 1967 yielded the first such li- 
gand 3 ("[2.2.2]") in the fall of 1968; its very strong binding 
of potassium ions was noted at once and a cryptate struc- 
ture was assigned to  the complex obtained, allowing US 

also to envisage its potential use for anion activation and 
for cation t r a n s p ~ r t . l * ~ ~ ~ ~ ' * ~  Other ligands such as 1 and 2 
and larger ones were synthesized and numerous cryptates 
were Their structure was confirmed by crystal 
structure determinations of a number of complexes, such 
as the rubidium cryptate of 3, 4b,(zyc1 and their stability 
constants were measured.[281 

4a 

4b 

r 1 "Q 

L 

6 

The problem of spherical recognition is that of selecting 
a given spherical ion from among a collection of different 
spheres of same charge. Thus, the macrobicyclic cryptands 
1-3 form highly stable and selective cryptates 
[M"@c(cryptand)] 4a, such as 4b, with the cation whose 
size is complementary to the size of the cavity; i.e., Lie, 
Na", and KO for 1,  2 ,  and 3, respectively.12xd~2ya1 Others dis- 
play high selectivity for alkali versus alkaline-earth cat- 

ions.'28b1 Thus, recognition features equal to  or higher than 
those of natural macrocyclic ligands may be achieved. The 
spherical macrotricyclic cryptand 5 binds strongly and se- 
lectively the larger spherical cations, giving a strong CsO 
complex, as in 6.[301 

Anion cryptates are formed by the protonated polyam- 
ines 713" and 5'321 with the spherical halide anions F' and 
CI', respectively. 5 - 4 H @  binds C1' very strongly and very 
selectively compared with Br' and other types of  anions, 
giving the [CI' c ( 5 - 4 H @ ) ]  cryptate 8. Quaternary ammon- 
ium derivatives of such type of macrotricycles free of oxy- 
gen also bind spherical anions.[331 

7.Z:H 0 

Thus, cryptands 1-3 and 5 as well as related com- 
pounds display spherical recognition of appropriate cations 
and anions. Their complexation properties result from 
their macropolycyclic nature and define a cryptate effect 
characterized by high stability and selectivity, slow ex- 
change rates, and efficient shielding of the bound substrate 
from the environment. 

As a consequence of these features, cryptate formation 
strongly influences physical properties and chemical reac- 
tivity. Numerous effects have been brought about and 
studied in detail, such as stabilization of alkalides and 
elect ride^,'^^] dissociation of ion pairs, anion activation, 
isotope separation, and toxic metal binding. These results 
will not be described here and reviews may be found in 
Refs. [6, 35-38]. 

2.4. Tetrahedral Recognition 

Selective binding of a tetrahedral substrate requires the 
construction of a receptor molecule possessing a tetrahe- 
dral recognition site, as realized in the macrotricycle 5, 
which contains four nitrogen and six oxygen binding sites 
located, respectively, at the corners of a tetrahedron and of 
an Indeed, 5 forms an exceptionally stable 
and selective cryptate [NHT c 51 9, with the tetrahedral 
NH: cation, due to  the high degree of structural and ener- 
getical complementarity. NH? has the size and shape for 
fitting into the cavity of  5 and forming a tetrahedral array 
of @ N - H . . . N  hydrogen bonds with the four nitrogen 
sites.'391 As a result of its very strong binding, the pK,, of 
the NHT cryptate is about six units higher than that of free 
NH:, indicating how much strong binding may affect the 
properties of the substrate. It also indicates that similar ef- 
fects exist in enzyme active sites and in biological recep- 
tor-substrate binding. 
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The unusual protonation features of 5 in aqueous solu- 
tion (high pK, for double protonation, very slow ex- 
change) and "0-NMR studies led to the formulation of a 
water cryptate [ H 2 0  C ( 5 - 2  He)] 10 with the diprotonated 
m a c r o t r i ~ y c l e . [ ~ ~ ~ ~ ~ ~ ~  The facilitation of the second protona- 
tion of 5 represents a positive cooperativity, in which the 
first proton and the effector molecule water set the stage 
both structurally and energetically for the fixation of a sec- 
ond proton. 

Considering together the three cryptates [NHT c 51 9, 
[HzOc(5-2HCd)]  10, and [Cl°C(5-4Ho)] 8, it is seen that 
the spherical macrotricycle 5 is a molecular receptor pos- 
sessing a tetrahedral recognition site in which the substrates 
are bound in a tetrahedral array of hydrogen bonds. It rep- 
resents a state of the art illustration of the molecular engi- 
neering involved in abiotic receptor chemistry. Since it 
binds a tetrahedral cation N H f ,  a bent neutral molecule 
H,O, or a spherical anion C1' when unprotonated, dipro- 
tonated, or tetraprotonated, respectively, the macrotricy- 
clic cryptand 5 behaves like a sort of molecular chameleon 
responding to p H  changes in the medium! 

11 

The macrobicycle 3 also binds NHf ,  forming cryptate 
11. The dynamic properties of 11 compared with 9 reflect 
the receptor-substrate binding complementarity: whereas 
NHF is firmly held inside the cavity in 9, it undergoes in- 
ternal rotation in ii.[4'1 

2.5. Recognition of Ammonium Ions and Related 
Substrates 

In view of the important role played by substituted am- 
monium ions in chemistry and in biology, the development 
of receptor molecules capable of recognizing such sub- 
strates is of special interest. Macrocyclic polyethers bind 
primary ammonium ions by anchoring the NHF group into 
their circular cavity via three @N-H. . .O hydrogen bonds 
as shown in  12;[12-15.25.421 h owever, they complex alkali 
cations such as K @  more strongly. Selective binding of 
R-NHF may be achieved by extending the results ob- 

tained for NHT complexation by 5 and making use of the 
oxa-aza macro cycle^^'^.^^^ developed in the course of the 
synthesis of crypt and^.^'^".".^^^ Indeed, the triazamacrocycle 
[18]-N30,,[*1 which forms a complementary array of three 
@ N - H - . . N  bonds, 13, selects R-NH': over KO and is 
thus a receptor unit for this functional 

n 

U 
12a, X=H 
12b, X=COp 
12t, X=CONYY' 

FH3 

13 

A great variety of macrocyclic polyethers have been 
shown to bind R-NH? molecules with structural and chi- 
ral s e I e c t i ~ i t y . " ~ . ' ~ . ~ ~ 1  Part' icularly strong binding is shown 
by the tetracarboxylate 12b, which conserves the desirable, 
basic [ 181-0, ring and adds electrostatic interactions, thus 
forming the most stable metal-ion and ammonium com- 
plexes of any polyether m a c r ~ c y c l e . [ ~ ~ ~  Very marked central 
discrimination is observed in favor of primary ammonium 
ions compared with more highly substituted ones; it allows 
preferential binding of biologically active ions such as 
noradrenaline or norephedrine compared with their 
N-methylated derivatives adrenaline and 

Modulation of the complexation features of 12 by vary- 
ing the side groups X so as to make use of specific interac- 
tions (electrostatic, H-bonding, charge transfer, lipophilic) 
between X and the R group of the centrally bound 
R-NH? substrate, brings about lateral discrimination ef- 
fects. This also represents a general way of modeling inter- 
actions present in biological receptor-substrate complexes, 
such as that occurring between nicotinamide and trypto- 
~ h a n e . [ ~ ~ ]  One may thus attach to 12 amino-acid residues 
(leading to "parallel pep tide^'"^^' as in 12c), nucleic acid 
bases or nucleosides, saccharides, etc. 

Binding of metal-amine complexes [M(NH3),,lm8 to ma- 
crocyclic polyethers via N-H. . .O interactions with the 
NH, groups, leads to a variety of supramolecular species 
of "supercomplex type" by second-sphere coordination.[461 
As with R-NH: substrates, binding to  aza-oxa or polyaza 
macrocycles (see 13) may also be expected. Strong com- 
plexation by macrocycles bearing negative charges (such 
as 12b or the hexacarboxylate in 14[471) should make it 
possible to induce various processes between centrally 
bound metal-amine species and lateral groups X in 12 
(energy and electron transfer, chemical reaction, etc.). 

Receptor sites for secondary and tertiary ammonium 
groups are also of interest. R,NH: ions bind to the [12]- 
NzOz macrocycle via two hydrogen bonds.1481 The case of 
quaternary ammonium ions will be considered below. 

[*] The designation gives the ring size in brackets followed by the kind and 
number of heteroatoms. 
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14, , R = C O P  

The guanidinium cation binds to [27]-09 macrocycles 
through an array of six H - b o n d ~ , [ ~ ~ l  yielding a particularly 
stable complex 14 with a hexacarboxylate receptor, which 
also binds the imidazolium 

3. Anion Coordination Chemistry 
and the Recognition of Anionic Substrates 

Although anionic species play a very important role in 
chemistry and in biology, their complexation chemistry 
went unrecognized as a specific field of research, while the 
complexation of metal ions and, more recently, cationic 
molecules was extensively studied. The coordination 
chemistry of anions may be expected to yield a great vari- 
ety of novel structures and properties of both chemical and 
biological s i g n i f i ~ a n c e . [ * ~ ~ . ~ ~ '  To this end, anion receptor 
molecules and binding subunits for anionic functional 
groups have to  be devised. Research has been increasingly 
active along these lines in recent years and anion coordina- 
tion chemistry is progressively building up.[8~9~sol 

Positively charged or neutral electron-deficient groups 
may serve as interaction sites for anion binding. Ammon- 
ium and guanidinium units, which form @N-H. . .X"  
bonds, have mainly been used, but neutral polar hydrogen 
bonds (e.g., with -NHCO- or -COOH functions), elec- 
tron-deficient centers (boron, tin, etc.), or metal-ion centers 
in complexes also interact with anions. 

Polyammonium macrocycles and macropolycycles have 
been studied most extensively as anion receptor molecules. 
They bind a variety of anionic species (inorganic anions, 
carboxylates, phosphates, etc.) with stabilities and selectiv- 
ities resulting from both electrostatic and structural ef- 
fects. 

Strong and selective complexes of the spherical halide 
anions are formed by macrobicyclic and by spherical ma- 
crotricyclic polyammonium receptors such as the proton- 
ated forms of 5L321 (see 8), of bis-tren 15,'5'1 and of related 
corn pound^.^^"^^^^ 

The hexaprotonated form of bis-tren, 15-6He,  com- 
plexes various monoatomic and polyatomic anions.[511 The 

15 16 

crystal structures of four such anion cryptates (Fig. 1) pro- 
vide a unique series of anion coordination patterns.[S'hl 
The spherical halide ions are not complementary to the el- 
lipsoidal receptor cavity and distort the structure, F" being 
bound in a tetrahedral array of N-H.  . . F' bonds and CI" 
and Br" having octahedral coordination. The linear tri- 
atomic anion N F  has a shape and size complementary to 
the cavity of 15-6 H@ and is bound inside by a pyramidal 
array of three H-bonds to each terminal nitrogen, forming 
the cryptate [ N ? c ( l 5 - 6 H e ) ]  16. Thus, 15-6HQ is a mo- 
lecular receptor recognizing linear triatomic species such 
as NF, which is indeed bound much more strongly than 
other singly charged anions. 

Fig. I .  Crystal structures of the anion cryptates formed by the hexaproton- 
ated receptor molecule 15-6 Ha with fluoride (upper left), chloride (upper 
right), and a i d e  (below) anions [Slb]. 

Carboxylates and phosphates bind to polyammonium 
macrocycles with stabilities and selectivities determined by 
structure and charge of the two partners.[so~51~s3-s71 Th e de- 
sign of receptor units for these functional groups is of 
much interest since they serve as anchoring sites for nu- 
merous biological substrates. Thus, strong complexes are 
obtained with macrobicyclic polyammonium pockets in 
which carboxylate (formate, acetate, oxalate, etc.) and 
phosphate groups interact with several ammonium 
The guanidinium group, which serves as a binding site in 
biological receptors, may form two H-bonds with carboxy- 
late and phosphate functions and has been introduced into 
acyclic[581 and macrocyclic~s91 structures. Binding units 
mimicking that of vancomycin are being sought.[601 

Complexation of complex anions of transition metals 
such as the hexacyanides M(CN):" yields second-coordi- 
nation-sphere complexes, superc~mplexes,[~~"~ and affects 
markedly their and photochemical[031 
properties. Of special interest is the strong binding of ade- 
nosine mono-, di-, and triphosphate (AMP, ADP, and 
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ATP) and related compounds that play a very important 
biological roIe.~'s~'71 

Cascade-type bindinglh4' of anionic species occurs when a 
ligand first binds metal ions, which then serve as interac- 
tion sites for an anion. Such processes occur for instance 
in lipophilic cat iodanion and with Cu" com- 
plexes of bis-tren 15 and of macrocyclic polyamines.["" 

Heteronuclear NMR studies give information about the 
electronic effects induced by anion complexation as found 
for chloride cryptate~.["~ 

Complexation of various molecular anions by other 
types of macrocyclic ligands have been in par- 
ticular with cyclophane-type compounds. Two such recep- 
tors of defined binding geometries are represented by the 
protonated forms of the macropolycycles 17[681 and 18.[691 

17, X=H. R=(CH,), 18 

Anion coordination chemistry has thus made very signif- 
icant progress in recent years. The development of other 
receptor molecules possessing well-defined geometrical 
and binding features will make it possible to further refine 
the requirements for anion recognition, so as to  yield 
highly stable and selective anion complexes with charac- 
teristic coordination patterns. Theoretical studies may be 
of much help in the design of anion receptors and in the a 
priori estimation of binding features, as recently illustrated 
by the calculation of the relative affinity of 5-4H@ for 
chloride and bromide ions.[7o1 

4. Coreceptor Molecules and Multiple Recognition 

Once binding units for specific groups have been iden- 
tified, one may consider combining several of them within 
the same macropolycyclic architecture. Thus are formed 
polytopic coreceptor molecules containing several discrete 
binding subunits which may cooperate for the simulta- 
neous complexation of several substrates or of a multiply 
bound (polyhapto) polyfunctional species. Suitable modi- 
fication would yield cocatalysts or cocarriers performing a 
reaction or  a transport on the bound substrate(s). Further- 
more, because of their ability to perform multiple recogni- 
tion and because of the mutual effects of binding site occu- 
pation, such coreceptors provide entries into higher forms 
of molecular behavior such as cooperativity, allostery, and 
regulation, as well as communication or signal transfer, if a 
species is released or taken up. Basic ideas and definitions 
concerning coreceptor molecules have been presented in 
more detail e l~ewhere. '~ '  

The simplest class of coreceptors is that containing two 
binding subunits, ditopic coreceptors, which may belong 
to different structural types. Combination of chelating, tri- 

podal, and macrocyclic fragments yields macrocyclic, axial 
or lateral macrobicyclic, or cylindrical macrotricyclic 
structures (Fig. 2). Depending on the nature of these units, 
the resulting coreceptors may bind metal ions, organic 
molecules, or both. 

brs-chelate bts-tripode chelate bis-macrocycle 
macrocycle 

i i 1 I 
macrocyclic rnacrobicyclic cylindrical 

macrotricyclic 
axial lateral 

Fig. 2. Combination u i  cheldting, (ripodd, And cqclic aubunits i n io  ditopic 
coreceptors of macrocyclic, axial and lateral macrobicyclic, and cylindrical 
macrotricyclic types. 

4.1. Dinuclear and Polynuclear Metal-Ion Cryptates 

Coreceptor molecules containing two or more binding 
subunits for metal ions form dinuclear or polynuclear 
cryptates in which the arrangement of the metal ions is de- 
termined by the macropolycyclic structure. Such com- 
plexes may present a multitude of new properties, such as 
interactions between cations, electrochemical and photo- 
chemical processes, and fixation of bridging substrates, 
which are of interest both for bioinorganic modeling and 
for multicenter-multielectron reactions and catalysis. 

Dinuclear cryptates of ligands belonging to all structural 
types shown in Figure 2 have been obtained. This vast area 
will only be illustrated here by a few recent examples (for 
more details and references see earlier r e ~ i e w s [ ~ ~ . ~ ' I ) .  

Axial macrobicyclic ligands give dinuclear cryptates 
such as the Cu: complex 19 formed by a large hexaimine 
structure obtained in a one-step multiple condensation 
reaction; its crystal structure is shown in 20.[721 

19 20 

Lateral macrobicycles are dissymmetric by construction 
and make it possible to  arrange metal centers of different 
properties in the same ligand. Thus, complexes of type 21 
combine a redox center and a Lewis acid center for activa- 
tion of a bound substrate.[731 

"Cluster cryptates" may be formed by  assembling of me- 
tal ions and bridging species inside the molecular cavity of 
polytopic receptors. Thus, in the Cuy complex 22 (crystal 
structure 23) a bis-p,-hydroxo, triscopper(r1) group is 
bound in the cavity of a tritopic m a c r ~ c y c l e . [ ~ ~ ~  Modeling 
of biological iron-sulfur cluster sites may employ inclu- 
sion into appropriate macrocyclic ca~i t ies ."~]  

96 Angew. Chem. Inr. Ed. Engl. 27 (1988) 89-112 



21, m,n=O,l 22 

23 

This inorganic aspect of supramolecular species repre- 
sents in itself a field of research in which many novel 
structures and reactivities await to be discovered. 

4.2. Linear Recognition of Molecular Length by 
Ditopic Coreceptors 

Receptor molecules possessing two binding subunits lo- 
cated at the two poles of the structure will complex prefer- 
entially substrates bearing two appropriate functional 
groups at a distance compatible with the separation of the 
subunits. This distance complementarity amounts to a re- 
cognition of molecular length of the substrate by the recep- 
tor. Such linear molecdar recognition of dicationic and 
dianionic substrates corresponds to the binding modes il- 
lustrated by 24 and 25. 

24 25 

Incorporation of macrocyclic subunits that bind NHY 
groups (see above) into cylindrical macrotr i~ycl ic '~~]  and 
m a c r o t e t r a ~ y c l i c [ ~ ~ ~  structures yields ditopic coreceptors 
that form molecular cryptates such as 26 with terminal 
diammonium cations @H,N-(CH,),-NH?. In the resulting 
supermolecules the substrate is located in the central mo- 
lecular cavity and anchored by its two NH: groups in the 
macrocyclic binding sites, as shown by the crystal structure 
27 (26 with R = NA and A = (CH2)5).L7x1 Changing the 
length of the bridges R in 26 modifies the binding selectiv- 
ity in favor of the substrate of complementary length. 
N M R  relaxation data have also shown that optimal part- 

26, R=P,NA,BP,TP 

ners present similar molecular motions in the receptor-sub- 
strate pair. Thus, complementarity in the supramolecular 
species expresses itself in both steric and dynamic 

Dianionic substrates, such as the alkyl dicarboxylates 
Q02C-(CH2),-COF, are bound with length discrimina- 
tion by ditopic macrocycles such as 28. These receptors 
contain two triammonium groups as binding subunits in- 
teracting with the terminal carboxylate functions, via a pat- 
tern schematically shown in 29.'801 

28, n=7.10 29 

Thus, for both the terminal diammonium and dicarboxy- 
late substrates, selective binding by the appropriate recep- 
tors describes a linear recognition process based on length 
complementarity in a ditopic binding mode. Important 
biological species, such as polyamines, amino-acid and 
peptide diamines, and dicarboxylates, may also be bound 
selectively. 

Numerous variations in the nature of the binding sub- 
units or of the bridges linking them, are conceivable and 
may be tailored to specific complexation properties (see, 
for instance, Refs. [ 15, 811). The development of heterotopic 
receptors may allow the binding of ion pairstx2] or  zwitter- 
ionic species.[831 

Studies on dynamic c o ~ p I i n g ~ ~ ~ ~ ~ ~ '  between a receptor and 
a substrate are of much interest. Dynamic features of su- 
permolecules correspond on the intermolecular level to the 
internal conformational motions present in molecules 
themselves and define molecular recognition processes by 
their dynamics in addition to their structural aspects. 

4.3. Heterotopic Coreceptors: Speieands, 
Amphiphilic Receptors 

Combination of binding subunits of different nature 
yields heterotopic receptors that may bind substrates by in- 

Anyrn  Chenr Int. Ed. Engl. 2711988) 89-112 97 



teracting simultaneously with cationic and anionic neutral 
sites, making use of electrostatic and van der Waals forces 
as well as of solvophobic effects. 

The natural cyclodextrins were the first receptor mole- 
cules whose binding properties towards organic molecules 
yielded a wealth of results on physical and chemical fea- 
tures of molecular complexation.[2'.851 

Numerous types of synthetic macrocyclic receptors that 
contain various organic groups and polar functions have 
been developed in recent years. They complex both 
charged and uncharged organic substrates. Although the 
results obtained often describe mere binding rather than 
actual recognition, they have provided a large body of data 
that make it possible to analyze the basic features of mo- 
lecular complexation and the properties of structural frag- 
ments to be used in receptor design. We describe here 
mainly some of our own results in this area, referring the 
reader to specific reviews of the subject.[20,861 

Synergetical operation of electrostatic and hydrophobic 
effects may occur in amphiphifie receptors combining 
charged polar sites with organic residues, which shield the 
polar sites from solvation and increase electrostatic forces. 
Such macropolycyclic structures containing polar binding 
subunits maintained by apolar shaping components, 
termed speleands, yield molecular cryptates (speleates) by 
substrate binding.[''] 

Thus, macrocycle 30, incorporating four carboxylate 
groups and two diphenylmethane units,"'1 not only forms 
very stable complexes with primary ammonium ions, but 
also strongly binds secondary, tertiary, and quaternary am- 
monium substrates. In particular, it complexes acetylcho- 
line, giving information about the type of interactions that 
may play a role in biological acetylcholine receptors, such 
as the combination of negative charges with hydrophobic 
walls. Similar effects operate in other anionic receptors 
complexing quaternary ammonium  cation^.^'^^^*^^ Exten- 
sive studies have been conducted on the complexation of 
heterocyclic ammonium ions such as diquat by macrocy- 
clic pol yether receptors.[901 

The CH,-NHY cation forms a selective speleate 31 by 
binding to the [18]-N,O3 subunit of a macropolycycle 
maintained by a cyclotriveratrylene shaping component. 
The tight intramolecular cavity efficiently excludes larger 
 substrate^.["^^'] 

30 31 

Amphiphilic binding also occurs for molecular anionic 
 substrate^.^^"."^^^^ Charged heterocyclic ring systems, such 
as those derived from the pyridinium group, represent an 
efficient way to introduce simultaneously electrostatic in- 
teractions, hydrophobic effects, structure, and rigidity into 

a molecular receptor; in addition they may be electroactive 
and p h o t o a c t i ~ e . [ ~ ~ ]  Even single planar units such as diaza- 
pyrenium dications bind flat organic anions remarkably 
well in aqueous solution, using electrostatic interactions as 
well as hydrophobic ~tacking.'"~ A macrocycle containing 
four pyridinium sites was found to strongly complex or- 
ganic 

Receptors of cyclointercaland type, which incorporate in- 
tercalating units into a macrocyclic system, are of interest 
for both the binding of small molecules and their own (se- 
lective) interaction with nucleic acids. A cyclo-bisinter- 
caland has been found to form an intercalative molecular 
cryptate 32 in which a nitrobenzene molecule is inserted 
between the two planar subunits of the receptor.[Y51 Such 
receptors are well suited for the recognition of substrates 
presenting flat shapes and become of special interest if in- 
tercalating dyes are incorporated.[961 

Fitting the macrocyclic polyamine 33 with a side chain 
bearing a 9-aminoacridine group yields a coreceptor that 
may display both anion binding, via the polyammonium 
subunit and stacking interaction via the intercalating dye. 
It interacts with both the triphosphate and the adenine 
groups of ATP and provides in addition a catalytic site for 
its hydrolysis (see Section 5.2).["1 

Flat aromatic heterocyclic units bearing lateral acid and 
amide functional groups function as receptors that per- 
form size and shape recognition of complementary sub- 
strates within their molecular  left.^"^^ Receptor units con- 
taining heterocyclic groups such as 2,6-diaminopyri- 
dine[9sa1 or a nucleic acid base combined with an intercala- 
tor'9Xh1 may lead to recognition of nucleotides via base- 

The spherically shaped cryptophanes allow the study of 
recognition between neutral receptors and substrates and, 
in particular, the effect of molecular shape and volume 
complementarity on 

4.4. Multiple Recognition in Metalloreceptors 

Metalloreceptors are heterotopic coreceptors that are 
able to bind both metal ions and organic molecules by 
means of substrate-specific units. 

Porphyrin and a,a'-bipyridine (bipy) groups have been 
introduced as metal-ion binding units in macropolycyclic 
coreceptors containing also macrocyclic sites for anchor- 
ing NHY groups.~64~7'~1001 Th ese receptors form mixed- 
substrate supermolecules by simultaneously binding metal 
ions and diammonium cations as shown in 34. Metallore- 
ceptors, and the supermolecules that they form, thus open 
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up a vast area for the study of interactions and reactions 
between co-bound organic and inorganic species. In view 
of the number of metal-ion complexes known and of the 
various potential molecular substrates, numerous types of 
metalloreceptors may be imagined which would be of in- 
terest as abiotic chemical species or as bioinorganic model 
systems.I'"'1 

5. Supramolecular Reactivity and Catalysis 

Reactivity and catalysis represent major features of the 
functional properties of supramolecular systems. Molecu- 
lar receptors bearing appropriate reactive groups in addi- 
tion to binding sites may complex a substrate (with given 
stability, selectivity, and kinetic features), react with it 
(with given rate, selectivity, and turnover), and release the 
products, thus regenerating the reagent for a new cycle 
(Fig. 3). 

I 1 
reaction1 - K +  h 

b i n d I n g - - i 

t t 
catalyst substrate(s1 IC-51 complex product is) 

(CI stability rate 

selectivity selectivity 

turnover 

Fig. 3. Schematic representation of the supramolecular catalyaia process 

Supramolecular reactivity and catalysis thus involve two 
main steps: binding which selects the substrate and trans- 
.formation of the bound species into products within the 
supermolecule formed. Both steps take part in the molecu- 
lar recognition of the productive substrate and require the 
correct molecular information in the reactive receptor."] 
Compared to molecular catalysis, a binding step is in- 
volved that selects the substrate and precedes the reaction 
i tse I f. 

The design of efficient and selective supramolecular rea- 
gents and catalysts may give mechanistic insight into the 
elementary steps of catalysis, provide new types of chemi- 
cal reagents, and effect reactions that reveal factors contri- 
buting to enzymatic catalysis. This has led to numerous in- 
vestigations, which have made use mainly of reagents 
based on functionalized a-cyclodextrin, macrocyclic po- 
lyethers, and cyclophanes.[x5.'n2. 'O31 

5.1. Catalysis by Reactive Cation Receptor Molecules 

Ester cleavage processes have been most frequently in- 
vestigated in enzyme model studies. Macrocyclic polyeth- 
ers fitted with side chains bearing thiol groups cleave acti- 
vated esters with marked rate enhancements and chiral dis- 
crimination between optically active  substrate^.^'^^-'^^^ The 
tetra-L-cysteinyl derivative of macrocycle 12c binds p-ni- 
trophenyl (PNP) esters of amino acids and peptides, and 
reacts with the bound species, releasing p-nitrophenol as 
shown in 35."OS1 The reaction displays (1) substrate selec- 

u o o c ~  

I 
sn sn 

3s. R-CH, 

tivity with (2) marked rate enhancements in favor of dipep- 
tide ester substrates, (3) inhibition by complexable metal 
cations that displace the bound substrate, (4) high chiral 
recognition between enantiomeric dipeptide esters, and ( 5 )  
slow but definite catalytic turnover. 

Binding of pyridinium substrates to a macrocycle of 
type 12c bearing 1,4-dihydropyridyl side chains led to en- 
hanced rates of hydrogen transfer from dihydropyridine to 
pyridinium within the supramolecular species 36 formed. 
The first-order intracomplex reaction was inhibited and 
became bimolecular on displacement of the bound sub- 
strate by complexable  cation^.'"''^ 

X 

36, X=CONHnBu 
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Activation and orientation by binding was observed for 
the hydrolysis of 0-acetylhydroxylamine. CH,COONH? 
forms such a stable complex with the macrocyclic tetracar- 
boxylate 12b that it remains protonated and bound even at 
neutral pH, despite the low pK, of the free species (ca. 
2.15). As a consequence, its hydrolysis is accelerated and 
exclusively gives acetate and hydroxylamine, whereas in 
the presence of K O  ions, which displace the substrate, the 
latter rearranges to acetylhydroxamic acid, 
CH3CONH-OH (ca. 50%).1'ox1 Thus, strong binding may 
be sufficient for markedly accelerating a reaction and af- 
fecting its course, a result that also bears on enzyme-cata- 
lyzed reactions. 

5.2. Catalysis by Reactive Anion Receptor Molecules 

The development of anion coordination chemistry and 
anion receptor molecules has made it possible to perform 
molecular catalysis on anionic substrates of chemical and 
biochemical interest, such as adenosine triphosphate 
(ATP). 

ATP hydrolysis was found' to be catalyzed by a number 
of protonated macrocyclic polyamines. In particular, [24]- 
N602 33 strongly binds ATP and markedly accelerates its 
hydrolysis to ADP and inorganic phosphate over a wide 
pH range.['o91 The reaction presents first-order kinetics and 
is catalytic with turnover. It proceeds via initial formation 
of a complex between ATP and protonated 33, followed 
by an intracomplex reaction which may involve a combi- 
nation of acid, electrostatic, and nucleophilic catalysis. 
Structure 37 represents one possible binding mode of the 
ATP-33 complex and indicates how cleavage of the termi- 
nal phosphoryl groups might take place. A transient inter- 
mediate, identified as phosphoramidate 38, is formed by 

37 38 

phosphorylation of the macrocycle by ATP and is subse- 
quently hydrolyzed. Studies with analogues of ATP indi- 
cated that the mechanism was dissociative in character 
within a preassociative scheme resulting from receptor- 
substrate binding."101 In  this process, catalyst 33 presents 
prototypical ATPase activity; i.e., it behaves as a proto- 
ATPase. 

5.3. Cocatalysis: Catalysis of Synthetic Reactions 

A further step lies in the design of systems capable of 
inducing bond formation rather than bond cleavage, thus 
effecting synthetic reactions as compared to degradative 
ones. To this end, the presence of several binding and reac- 

tive groups is essential. Such is the case for coreceptor 
molecules in which subunits may cooperate for substrate 
binding and transf~rmation."~ They should be able to per- 
form cocatalysis by bringing together substrate(s) and co- 
factor(s) and mediating reactions between them within the 
supramolecular structure (Fig. 4). 

I 
[regenerat ion 1 1 intromoiecuiar 

tkig 4 \~II~III.I~IL i l l i t r i i . i t i ~ i i  U i  c o c ~ i ~ l y s i s  processes: group transfer and 11- 
gdtion reactions occurring within the supramolecular complex formed by the 
binding of substrates to the two macrocyclic subunits of a macrotricyclic co- 
receptor molecule. 

A process of this type has been realized recently!"'] ln- 
deed, when the same macrocycle 33 used in the studies of 
ATP hydrolysis was employed as catalyst for the hydro- 
lysis of acetylphosphate (A@= CH1,COOPO:e), it was 
found to mediate the synthesis of pyrophosphate from AcP. 
Substrate consumption was accelerated and catalytic with 
turnover. The results obtained agree with a catalytic cycle 
involving the following steps: (1) substrate AcP binding by 
the protonated molecular catalyst 33 ; (2) phosphorylation 
of 33 within the supramolecular complex, giving the phos- 
phorylated intermediate PN 38; ( 3 )  binding of the sub- 
strate HPOiQ (P); (4) phosphoryl transfer from PN to P 
with formation of pyrophosphate PP (Fig. 5 ) ;  ( 5 )  release of 
the product and of the free catalyst for a new cycle. 

phosphoryl 

t ransfer  
L 

Fig. 5 .  ('ocatalysia: pyrophosphate synthesis by phosphoryl tranaler me- 
diated by macrocycle 33 via the phosphorylated intermediate 38. 

The fact that 33 is a ditopic coreceptor containing two 
diethylenetriamine subunits is of special significance for 
both PN and PP formation. These subunits may cooperate 
in binding AcP and activating it for phosphoryl transfer 
via the ammonium sites, in providing an unprotonated ni- 
trogen site for PN formation, and in mediating phosphoryl 
transfer from PN to P. Thus 33 would combine electro- 
static and nucleophilic catalysis in a defined structural ar- 
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rangement suitable for PP synthesis via two successive 
phosphoryl transfers, displaying protokinase-type activity 
(Fig. 5) .  This bond-making process extends supramolecu- 
lar reactivity to cocatalysis, mediating synthetic reactions 
within the supramolecular entities formed by coreceptor 
molecules. The formation of PP when ATP is hydrolyzed 
by 33 in the presence of divalent metal ions has also been 
reported." I 2 l  

Functionalized macrocyclic polyethers were used for 
peptide bond formation in two successive intracomplex 
steps" ''I and a macrobicyclic cyclophane bearing a thiazol- 
ium group was shown to effect supramolecular catalysis of 
the benzoin condensation of two benzaldehyde mole- 
cules.[' 

The systems described in this section possess the proper- 
ties that define supramolecular reactivity and catalysis: 
substrate recognition, reaction within the supermolecule, 
rate acceleration, inhibition by competitively bound spe- 
cies, structural and chiral selectivity, and catalytic turn- 
over. Many other types of processes may be imagined. 
Thus, supramolecular catalysis of the hydrolysis of unacti- 
vated esters and of amides presents a that 
chemistry has met in natural enzymatic reagents but not 
yet in abiotic catalysts. Designing modified enzymes by 
chemical or by protein engineering,['"] and 
producing catalytic proteins by antibody induction"'81 rep- 
resent biochemical approaches to artificial catalysts. Of 
particular interest is the development of supramolecular 
catalysts performing synthetic reactions that create new 
bonds rather than cleave them. By virtue of their multiple 
binding features, coreceptors open the way to the design of 
cocatalysts for ligation, metallocatalysis, and cofactor 
reactions, which act on two or more co-bound and spa- 
tially oriented substrates. 

Supramolecular catalysts are by nature abiotic reagents, 
chemical catalysts that may perform the same overall pro- 
cesses as enzymes, without following the detailed pathway 
by which the enzymes actually realize them. This chemistry 
may develop reagents effecting highly efficient and selec- 
tive processes that enzymes d o  not perform or realizing en- 
zymatic ones under conditions in which enzymes d o  not 
operate. 

6. Transport Processes and Carrier Design 

The organic chemistry of membrane transport processes 
and carrier molecules has only recently been developed, 
although the physico-chemical features and the biological 
importance of transport processes have long been recog- 
nized. The design and synthesis of receptor molecules 
binding selectively organic and inorganic substrates made 
available a range of compounds which, if made membrane 
soluble, could become carrier molecules and induce selec- 
tive transport by rendering membranes permeable to the 
bound species. Thus, transport represents one of the basic 
functional features of supramolecular species together 
with recognition and catalysis.12.'"3.119. 1201 

The chemistry of transport systems comprises three main 
aspects: to design transport effectors, to devise transport 
processes, and to investigate their applications in chemis- 
try and in biology. Selective membrane permeability may 

be induced either by carrier molecules or by transmembrane 
channels (Fig. 6). 

0- -0 
0 

0- -0 
membrane 

000 
substrote carrier complex 

Fig. 6 .  Left: 1 ranapori proceax?,. urrier-mediated. Kight: C hdiinel (Above). 
gated channel (below). 

6.1. Carrier-mediated Transport 

Carrier-mediated transport consists in the transfer of a 
substrate across a membrane, facilitated by a carrier mole- 
cule. The four-step cyclic process (association, dissocia- 
tion, forward and back-diffusions; Fig. 6 )  is a physical ca- 
talysis effecting a translocation of the substrate like chemi- 
cal catalysis effects a transformation into products. The 
carrier is the transport catalyst and the active species is the 
carrier-substrate supermolecule. Transport is a three- 
phase process, whereas homogeneous chemical and phase- 
transfer catalyses are single phase and two-phase, respec- 
tively. 

Carrier design is the major feature of the organic chem- 
istry of membrane transport since the carrier determines 
the nature of the substrate, the physico-chemical features 
(rate, selectivity), and the type of process (facilitated diffu- 
sion, coupling to gradients and flows of other species, ac- 
tive transport). The carrier must be highly selective, pre- 
sent appropriate exchange rates and lipophilic/hydro- 
philic balance, and bear functional groups suitable for 
flow coupling. The transport process depends also on the 
nature of the membrane, the concentrations in the three 
phases, and the other species present. More detailed 
considerations on the internal and external factors that 
affect transport processes may be found in earlier 

Our initial work on the transport of amino acids, dipep- 
tides, and acetylcholine through a liquid membrane em- 
ployed simple lipophilic surfactant-type carriers. It was 
aimed at the physical organic chemistry of transport pro- 
cesses, exploring various situations of transport coupled to 
flows of protons, cations, or anions in concentration and 
p H  

Selective transport of metal cations, mainly of alkali cat- 
ions, has been a major field of investigation, spurred 
by the numerous cation receptors of natural or synthe- 
tic origin that are able to function as cation car- 

Cryptands of type 1-3 and derivatives thereof carry al- 
kali cations,11251 even under conditions where natural or 
synthetic macrocycles are inefficient. The selectivities ob- 
served depend on the structure of the ligand, the nature of 
the cation, and the type of co-transported counteranion. 
Designed structural changes allow the transformation of a 

repO~S~[l.103.120.1211 

riers.~24.103.11V-121,123.124] 
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cation receptor into a cation carrier.[12". '*'] The results ob- 
tained with cryptands indicated that there was an optimal 
complex stability and phase-transfer equilibrium for high- 
est transport rates.1i251 Combined with data for various 
other carriers and cations, they gave a bell-shaped depend- 
ence of transport rates on extraction equilibrium (see Fig. 
3 in Ref. [120]), with low rates for too small or too large 
(carrier saturation) extraction and highest rates for half- 
filled carriers.['2o. '"l Kinetic analyses allowed the experi- 
mental results to be related to the dependence of transport 
rates and selectivities on carrier proper tie^.^"^, '26 .  l2'] D e- 
tailed studies of the transport of K O  and Na@ by lipophilic 
derivatives of 2 and 3 in vesicles bore on the efficiency, 
the selectivity, and the mechanism of the processes.[1z81 

Modifying the nature of the binding sites makes it possi- 
ble to selectively transport other cations, such as toxic me- 
tal ions. Macrocyclic polyethers can carry organic primary 
ammonium cations, in particular physiologically active 
ones.['291 The nature of the counterion and the concentra- 
tions of species strongly influence rates of transport and 
may affect its seIectivity.~'z0.1z51 

Anion transport may be effected by lipophilic ammon- 
ium ions or by metal complexes~'zo~i301 acting as anion re- 
ceptors. Progress in anion coordination chemistry should 
provide a range of anion carriers that will help to develop 
this area of transport chemistry. The selective transport of 
carboxylates and phosphates is of great interest. Some re- 
sults, references, and suggestions have already been giv- 
en,' 120. 13 I] 

Cation-anion cotransport was effected by a chiral macro- 
tricyclic cryptand that carried simultaneously an alkali 
cation and a mandelate anion (see 39).[821 Employing to- 
gether a cation and an anion carrier should give rise to sy- 
nergetic transport with double selection, by facilitating the 
flow of both components of a salt (see the electron-cation 
symport below). 

39 
Selective transport of amino acids occurs with a macro- 

tricycle containing an internal phosphoric acid 
and with a convergent dicarboxylic acid Neu- 
tral molecules are carried between two organic phases 
through a water layer by water-soluble receptors contain- 
ing a lipophilic 13'1 

It is clear that numerous facilitated transport processes 
may still be set up, especially for anions, salts, or neutral 
molecules and that the active research in receptor chemis- 
try will make available a variety of carrier molecules. Of 
special interest are those transport effectors, derived from 
coreceptors, that allow coupled transport (cotransport) to 
be performed. 

6.2. Coupled Transport Processes 

A major goal in transport chemistry is to design carriers 
and processes that involve the coupled flow of two (or 
more) species either in the same (symport) or in opposite 
(antiport) direction. Such parallel or antiparallel vectorial 
processes make it possible to set up  pumped systems in 
which a species is carried in the potential created by physi- 
co-chemical gradients of electrons (redox gradient), pro- 
tons (pH gradient), or other species (concentration gra- 
dient). To this end, either two or more individual carriers 
for different species may be used simultaneously or the ap- 
propriate subunits may be introduced into a single species, 
a cocarrier. 

6.2. I .  Electron-Coupled Transport in a Redox Gradient 

Electron-cation syrnport has been realized in a double 
carrier process where the coupled, parallel transport of 
electrons and metal cations was mediated simultaneously 
by an electron carrier and by a selective cation carrier.['331 
The transport of electrons by a nickel complex in a redox 
gradient was the electron pump for driving the selective 
transport of K@ ions by a macrocyclic polyether (Fig. 7). 

0 e lec t ron  car r ie r  

0 ca t ion  car r ie r  

bis( perhydrobenm- 
[18]crown-6 

Fig. 7. tlsctron-cation coupled transport: a redox-driven electron-cation 
symport consisting of an electron carrier (nickel complex) and a selective 
cation carrier (macrocyclic polyether). RED, potassium dithionite; OX, 
Na,LFe(CNdI [1331. 

The process has the following features: active K@ trans- 
port and coupled electron flow; two cooperating carriers 
acting synergetically ; a redox pump; a selection process by 
the cation carrier; regulation by the catiodcarrier pair. 
This system represents a prototype for the design of other 
multicarrier coupled transport processes. Electron trans- 
port with quinone carriers involves a (2e0, 2 H @ )  sym- 

Electron-anion antiports have been realized for instance 
with carriers such as ferrocene or alkylviologens.~i361 The 
latter have been used extensively in light-driven systems 
and in studies on solar energy conversion. 

porf.1134. 1351 

6.2.2. Proton-Coupled Transport in a pH Gradient 

Carriers bearing negatively charged groups may effect 
cation antiport across membranes, so that if one cation is a 
proton, a proton pump may be set up in a pH gradient. 
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This has been realized for alkali cations with natural or 
synthetic carboxylate-bearing ion~phores.[’~’] 

A case of special interest is that of the transport of diva- 
lent ions such as calcium versus monovalent ones. The li- 
pophilic carrier 40, containing a single cation receptor site 
and two ionizable carboxylic acid groups, was found to 
transport selectively Ca2@ in the dicarboxylate form and 

COOH 

40, Z = CH,C,HS 

K O  when monoionized, thus allowing p H  control of the 
process. This striking change in transport features involves 
p H  regulation of CaZ@/K@ selectivity in a competitive 
(Ca2@, KG) symport coupled to (Ca2@, 2H@) and 
(K’, H’) antiport in a pH gradient, which provides a pro- 
ton pump (Fig. 8).[13*] 

trg. x A cor i ipet i l i re  di\alent/monovalent cation symport coupled to 
M20/2  H a  and M ” / H ”  antiport in a pH gradient by a macrocyclic carrier 
such as 40: the state of the carrier is indicated as diprotonated, [(CO,H),], 
or complexed, [(COP),, MZQ1 and [(CO,H)(CO?), M”]. 

This system demonstrates how carrier design allows 
transport processes to  be endowed with regulation of rates 
and selectivity, as well as coupling to energy sources, for 
transport of a species against it own concentration gra- 
dient. 

6.2.3. Light-Coupled Transport Processes 

Light-driven transport may be brought about by photo- 
generation of a species that will induce the process or per- 
turb it. 

This has been achieved in a light-induced electron trans- 
porf process involving the proflavine-sensitized photogen- 
eration of reduced methylviologen, MV’, which transfers 
electrons to a quinone-type carrier contained in the mem- 
brane.1’351 Light-driven (electron, cation) symport occurs 
when combining this system with the (nickel complex, ma- 
crocycle) process described above.Ii3”’ The increased lipo- 
philicity of reduced viologens facilitates electron and 
phase transfer.[1401 Such processes are also of interest for 
solar energy storage systems where electron-permeable 
membranes separate the reductive and oxidative compo- 
nents. Photocontrol of ion extraction and transport has 
been realized with macrocyclic ligands that undergo a 
structural change upon irradiation, resulting in two forms 
having different ion 

The results obtained on coupled transport processes 
stress the role of cocarrier systems capable of transporting 
several substrates with coupling to physical and chemical 
energy sources. 

6.3. Transfer via Transmembrane Channels 

Transmembrane channels represent a special type of 
multi-unit effector allowing the passage of ions or of mol- 
ecules through membranes by a flow or site-to-site hop- 
ping mechanism. They play an important role in biological 
transport. Natural and synthetic peptide channels (grami- 
cidin A, alamethicin) for cations have been stud- 

Artificial cation channels would provide fundamental in- 
formation on the mechanism of cation flow and channel 
conduction. A solid-state model of cation transfer inside a 
channel is provided by the crystal structure of the KBr 
complex of 12c (Y=Y’=CH,),  which contains stacks of 
macrocycles with cations located alternately inside and 
above a macrocyclic unit, like a frozen picture of cation 
propagation through the “channel” defined by the 

A polymeric stack of macrocycles has been synthe- 
and a cyclodextrin-based model of a half-channel 

has been reported.[‘461 A derivative of monensin, an acyclic 
polyether ionophore, forms lithium channels in vesi- 
c l e ~ , ~ ’ ~ ~ ]  which may be sealed by diammonium  salt^.^'^*' 

Cylindrical macrotricycles such as 26 (substrate re- 
moved) represent the basic unit of a cation channel based 
on stacks of linked macrocycles; they bind alkali cat- 
i o n ~ , [ ’ ~ ~ ~  and cation jumping processes between the top 
and bottom rings have been o b s e r ~ e d . ~ ’ ~ ~ ~  Theoretical stud- 
ies give insight into the molecular  dynamic^"^" of ion 
transport and the energy profiles[’s21 in cation channels. 

Electron channels, as transmembrane wires, represent the 
channel-type counterpart to the mobile electron carriers 
discussed above and will be considered in Section 9.2. An-  
ion channels may also be envisaged. 

Thus, several types of studies directed towards the de- 
velopment of artificial ion channels and the understanding 
of ion motion in channels are being carried out. These ef- 
fectors deserve and will receive increased attention, in 
view also of their potential role in molecular ionics (see 
Section 9.2). 

ied.[142. 1431 
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A further step in channel design must involve the intro- 
duction of (proton-, ion-, redox-, or light-activated) gafes 
and control elements for regulating opening and closing, 
rates, and selectivity. In this respect, one may note that 
ionizable groups on mobile carriers (as in 40, see Section 
6.2.2) correspond, for these effectors, to the gating mecha- 
nisms in channels. 

In conclusion, transport studies open ways to numerous 
developments of this chemically and biologically most im- 
portant function, such as effector design, analysis of ele- 
mentary steps and mechanisms, coupling to chemical po- 
tentials, energy and signal transduction, models of biologi- 
cal transport processes, construction of vesicular micro- 
reactors and artificial cells, with a variety of possible appli- 
cations, for instance in separation and purification or in 
batteries and systems for artificial photosynthesis. 

By the introduction of polytopic features, which may in- 
clude selective binding subunits as well as gating compo- 
nents for flow regulation, the design of cocarriers and of 
artificial molecular channels should add another dimen- 
sion to the chemistry of the effectors and mechanisms of 
transport processes. 

7. From Endoreceptors to Exoreceptors 

The design of receptor molecules has mainly relied on 
macrocyclic or macropolycyclic architectures (see above) 
and/or on rigid spacers or  templates (see, for instance, 
Refs. [17b, 26, 76-79, 81b, 83~1) that allow binding sites to 
be positioned on the walls of molecular cavities or clefts in 
such a way that they converge towards the bound sub- 
strate. The latter is more or  less completely surrounded by 
the receptor, forming an inclusion complex. This widely 
used principle of conuergence defines a convergent or endo- 
supramolecular chemistry with endoreceptors effecting 
endo-recognition. Biological analogies are found in the ac- 
tive sites of enzymes where a small substrate binds inside a 
cavity of a large protein molecule. 

The opposite point of view would be to make use of an 
external surface with protuberances and depressions, 
rather than a n  internal cavity, as substrate receiving site. 
This would amount to  the passage from a convergent to a 
divergent or exo-supramolecular chemistry and from endo- 
to exoreceptors. Receptor-substrate binding then occurs by 
surface-to-surface interaction, which may be termed affix- 
ion and symbolized by // or by the mathematical symbol 
of intersection n (if there is notable interpenetration of 
the ~urfaces),"~'] [p/ /o]  and [p n 51, respectively. Exo-re- 
cognition with strong and selective binding requires a large 
enough contact area and a sufficient number of interac- 
tions as well as geometrical and site (electronic) comple- 
mentarity between the surfaces of p and o. Such a mode of 
binding finds biological analogies in protein-protein inter- 
actions, for instance at the antibody-antigen interface 
where the immunological recognition processes occur.['541 

One may note that exo-recognition includes recognition 
between (rather large) bodies of similar size as well as re- 
cognition at interfaces with monolayers, films, membranes, 
cell walls, etc. 

7.1. Metallo-Exoreceptors. Metallonucleates 

In order to reinforce the binding strength, one may think 
of introducing one or  more interaction poles, for instance, 
electrical charges, generating strong electrostatic forces. 
Such could be the case for a metal complex whose central 
cation would be the electrostatic pole and whose external 
surface could bear functional groups containing the molec- 
ular information required for recognizing the partner. In 
addition, the metal cation provides a further way of organ- 
izing the structure by virtue of its coordination geometry 
(tetrahedral, square-planar, octahedral, etc.), which leads 
to a given arrangement of the external interaction sites 
(Fig. 9). 

Fig. Y. b ~ h r n i d ~ i c  seprerciirdl~on 01 the arrangement of external Interaction 
sites (arrows) around a metal ion of given coordination geometry (planar, 
tetrahedral, octahedral) in mononuclear metallo-exoreceptors. 

As a first approach to receptor design along these lines, 
specific groups, selected for their information content, 
have been attached to functionalized a,a'-bipyridines, giv- 
ing ligands of type 41, which form metal complexes of de- 
fined geometry and physico-chemical properties. With nu- 
cleosides, species such as the bis-adenosine derivative 42 

y 2  

1 
HO OH 

NY 

I 
42 N H 2  41 

are obtained.['551 The resulting positively charged, metallo- 
nucleate complexes should interact strongly and selectively 
with the negatively charged oligonucleotides and nucleic 
acids, the fixation site depending on the nature and dispo- 
sition of the external nucleosides. Double-helical metallo- 
 nucleate^^'^^^ may be derived from the helicates described 
below. Numerous variations may be imagined for the ex- 
ternal groups (intercalators, amino acids, oligopeptides, 
reactive functions) so as to yield metal complexes display- 
ing selective fixation and reactivity (chemical, photochemi- 
cal) determined by the nature of the attached sites. 

7.2. Molecular Morphogenesis 

The design of exoreceptors requires means of generating 
defined external molecular shapes. This may be achieved 

I04 Angew. Chem. In!. Ed. Enyl. 27 (1988) 89-112 



in a number of ways, namely by stepwise synthesis of mo- 
lecular architectures or by assembling on metal templates 
that impose a given coordination geometry, as noted in the 
preceding section. 

Another approach to such controlled molecular mor- 
phogenesis is provided by the generation of globular mole- 
cules such as the “starburst d e r ~ d r i m e r s ” ~ ’ ~ ~ ~  and the “ar- 
b o r o l ~ , ” “ ~ ~ ‘  based on branched structures formed via cas- 
cade processes. Starting from a given core, it may be possi- 
ble to produce a molecule of given size and external shape. 
On the polymolecular level, this may be related to the gen- 
eration of shapes and structures in two-dimensional lipid 
mono layer^"^^' and in aggregates of amphiphilic mole- 
c~Ies“~’1 (see also Section 8). 

8. From Supermolecules to PolymoIecuIar 
Assemblies 

Molecular chemistry is the domain of (more or less) in- 
dependent single molecules. Supramolecular chemistry may 
be divided into two broad, partially overlapping areas: ( 1 )  
supermolecules are well-defined ofigomolecular species that 
result from the intermolecular association of a few compo- 
nents (a receptor and its substrate(s)) following a built-in 
“Aufbau” scheme based on the principles of molecular re- 
cognition; (2) molecular assemblies are polymolecular sys- 
tems that result from the spontaneous association of a non- 
defined number of components into a specific phase hav- 
ing more or less well-defined microscopic organization 
and macroscopic characteristics depending on  its nature 
(layers, membranes, vesicles, micelles, mesomorphic 
phases, etc.~’”]). 

Continuous progress is being made in the design of syn- 
thetic molecular assemblies, based on a growing under- 
standing of the relations between the features of the molec- 
ular components (structure, sites for intermolecular bind- 
ing, etc.), the characteristics of the processes which lead to 
their association and the supramolecular properties of the 
resulting polymolecular assembly. 

Molecular organization, self-assembling and coopera- 
tion, construction of multilayer f i l m ~ , [ ’ ~ ’ - ’ ~ ~ ]  generation of 
defined aggregate morphologies,[’591 etc. make it possible 
to build up supramolecular architectures. The polymeriza- 
tion of the molecular subunits has been a major step in 
increasing control over the structural properties of the po- 
lymolecular ~ y s t e m . ~ ’ ~ ~ . ’ ~ ~ ]  Incorporating suitable groups 
or components may yield functional assemblies capable of 
performing operations such as energy, electron or ion 
transfer, information storage, and signal transduc- 

The combination of receptors, carriers, 
and catalysts, handling electrons and ions as discussed 
above, with polymolecular organized assemblies opens the 
way to the design of what may be termed molecular and 
supramolecular devices, and to the elaboration of chemical 
microreactors and artificial cells. 

One may also note that polymolecular assemblies define 
surfaces on which and through which processes occur, a 
feature that again stresses the interest of designing exore- 
ceptors operating at the interfaces, in addition to endore- 
ceptors embedded in the bulk of the membranes. 

tion.[160 162. 167. 168) 

9. Molecular and Supramolecular Devices 

Mofecular devices may be defined as structurally organ- 
ized and functionally integrated chemical systems built 
into supramolecular architectures. The development of 
such devices requires the design of molecular components 
(effectors) performing a given function and suitable for in- 
corporation into an organized array such as that provided 
by the different types of polymolecular assemblies (see 
Section 8). The components may be photo-, electro-, iono-, 
magneto-, thermo-, mechano-, or chemoactive, depending 
on whether they handle photons, electrons, or ions, re- 
spond to magnetic fields or to heat, undergo changes in 
mechanical properties, or perform a chemical reaction. A 
major requirement would be that these components, and 
the devices that they bring about, perform their function(s) 
a t  the molecular and supramolecular levels as distinct from 
the bulk material. 

Molecular receptors, reagents, catalysts, carriers, and 
channels are potential effectors that may generate, detect, 
process, and transfer signals by making use of the three- 
dimensional information storage and read-out capacity op- 
erating in molecular recognition and of the substrate trans- 
formation and translocation processes conveyed by reac- 
tivity and transport. Coupling and regulation may occur if 
the effectors contain several subunits that can interact, in- 
fluence each other, and respond to external stimuli such as 
light, electricity, heat, and pressure. 

The nature of the mediator (substrate) on which molecu- 
lar devices operate defines fields of molecular photonics, 
molecular electronics, and molecular ionics. Their devel- 
opment requires the design of effectors that handle these 
mediators and the examination of their potential use as 
components of molecular devices. We shall now examine 
specific features of molecular receptors, carriers, and rea- 
gents from this point of view. 

9.1. Supramolecular Photochemistry and Molecular 
Photonics 

The formation of supramolecular entities from photoac- 
tive and/or electroactive components may be expected to 
perturb the ground-state and excited-state properties of the 
individual species, giving rise to novel properties that de- 
fine a supramolecular photochemistry and electrochemistry. 

Thus, a number of processes may take place within su- 
pramolecular systems, modulated by the arrangement of 
the bound units as determined by the organizing receptor: 
photoinduced energy migration, charge separation by elec- 
tron or proton transfer, perturbation of optical transitions 
and polarizabilities, modification of redox potentials in 
ground or excited states, photoregulation of binding prop- 
erties, selective photochemical reactions, etc. 

Supramolecular photochemistry, like catalysis, may in- 
volve three steps: binding of substrate and receptor, me- 
diating a photochemical process, followed by either resto- 
ration of the initial state for a new cycle or by a chemical 

(Fig. 10). The photophysical and photochemi- 
cal features of supramolecular entities form a vast area of 
investigation into processes occurring at the level of inter- 
molecular organization. 
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Fig. 10. Representation of the processes involved in supramolecular photo- 
chemistry. Generation of R*S, RS*, R'S', or R'S' may be followed by a 
chemical reaction. 

9.1. I .  Light Conversion by Energy Transfer 

A light conversion molecular device may be realized by an 
Absorption-Energy-Transfer-Emission (A-ET-E) process 
in which light absorption by a receptor molecule is fol- 
lowed by intramolecular energy transfer to a bound sub- 
strate which then emits. This occurs in the europium(II1) 
and terbium(II1) cryptates of the macrobicyclic ligand 
[bipy.bipy. bipy] 43.11701 UV light absorbed by the bipy 
groups is transferred to the lanthanoid cation bound in the 
molecular cavity, and released in the form of visible lan- 
thanoid emission via an A-ET-E process, as shown in 
44.[17'1 These Eu"' and Tb'" complexes display a bright 

43 

ht' 

ET 

h I?' 
44 

luminescence in aqueous solution, whereas the free ions 
d o  not emit under the same conditions. Numerous applica- 
tions may be envisaged for such substances, in particular 
as luminescent probes for monoclonal antibodies, nucleic 
acids, and membranes. 

Photophysical processes occurring in m a c r o ~ y c l i c , ~ ~ ~ ~ ~  
~ r y p t a t e , " ~ ~ ]  and m o 1 e c ~ I a r ~ ~ ~ ~ ~ ~ ~ ~ ~  complexes have been in- 
vestigated. 

9.1.2. Photoinduced Electron Transfer in 
Photoactive Coreceptor Molecules 

The photogeneration of charge-separated states is of in- 
terest both for inducing photocatalytic reactions (e.g., for 
artificial photosynthesis) and for the transfer of photosig- 
nals (e.g., though a membrane). It may be realized in D- 
PS-A systems in which excitation of a photosensitizer PS, 
followed by two electron transfers from a donor D to an 
acceptor A, yields DO-PS-A'. Numerous systems of this 
type are being studied in many laboratories from the 
standpoint of modeling photosynthetic centers. 

The D, A units may be metal coordination centers. Thus, 
binding of silver ions to the lateral macrocycles of corecep- 
tors containing porphyrin groups as photosensitizers intro- 
duces electron-acceptor sites, as shown in 45. This results 
in quenching of the singlet excited state of the Zn-porphy- 
rin center by an efficient intracomplex electron transfer, 
leading to charge separation and generating a porphyrin- 
ium cation of long 

\ 
45 

Systems performing photoinduced electron transfer 
processes represent components for light-to-electron con- 
version devices. The light-activated electron transport men- 
tioned above"351 also belongs to this general type. 

9.1.3. Photoinduced Reactions in Supramolecular Species 

The binding of a substrate to a receptor molecule may 
affect the photochemical reactivity of either or both spe- 
cies, orienting the course of a reaction or giving rise to 
novel transformations. 

Complexation of coordination compounds may make it 
possible to control their photochemical behavior via the 
structure of the supramolecular species formed. Thus, the 
photoaquation of the [CO(CN),]~" anion is markedly af- 
fected by binding to polyammonium macrocycles. The re- 
sults agree with the formation of supramolecular species, 
in which binding to the receptor hinders some CN' groups 
from escaping when the Co-CN bonds are temporarily 
broken following light excitation.[631 It thus appears possi- 
ble to orient the photosubstitution reactions of transition- 
metal complexes by using appropriate receptor molecules. 
Such effects may be general, applying to complex cations 
as well as to complex anions, and providing a n  approach 
to the control of photochemical reactions via formation of  
defined supramolecular structures."69. '77. 17'] 

Structural or conformational changes photoproduced in 
receptor molecules affect their binding properties, thus 
causing release or uptake of a species, as occurs in macro- 
cyclic ligands containing light-sensitive g r o ~ p s . ~ ' ~ ' ~ ~ ~ ~ '  
Such effects may be used to generate protonic or ionic 
photosignals in light-to-ion conversion devices. 

9.1.4. Nonlinear Optical Properties of 
Supramolecular Species 

Substances presenting a large electronic polarizability 
are likely to  yield materials displaying large macroscopic 
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optical n~nlinearities.["~l This is the case for push-pull 
compounds possessing electron donor and acceptor units. 
The potential nonlinear optical (NLO) properties of mate- 
rials based on metal complexes and supramolecular spe- 
cies have been pointed out recently."79b1 The D-PS-A sys- 
tems investigated for their ability to yield charge-separated 
states possess such features; they may be metallic or  mo- 
lecular complexes. 

Ion-dependent optical changes produced by indicator li- 
gands[lx"' might lead to cation control of nonlinear optical 
properties. 

Molecular electron-donor-acceptor complexes could 
present NLO effects since they possess polarized ground 
states and undergo (partial) intermolecular charge separa- 
tion on excitation. It is possible to more or  less finely tune 
their polarization, polarizability, extent of charge transfer, 
absorption bands, etc. by many variations in basic struc- 
tural types as well as in substituents (see, for instance, 
Refs. [ 174, 179~1). 

The results discussed above provide illustrations and in- 
centives for further studies of photoeffects brought about 
by the formation of supramolecular species. 

In a broader perspective, such investigations may lead to 
the development of photoactive molecular devices, based on 
photoinduced energy migration, electron transfer, sub- 
strate release, or chemical transformation in supermole- 
cules. Thus would be brought together molecular design, 
intermolecular bonding, and supramolecular architectures 
with photophysical, photochemical, and optical properties, 
building up a kind of molecular photonics. 

9.2. Molecular Electronic Devices 

More and more attention is being given to molecular 
electronics and to  the possibility of developing electronic 
devices that would operate a t  the molecular l e ~ e l . ~ ~ . ' ~ ' ]  Mo- 
lecular rectifiers, transistors, and photodiodes have been 
envisaged, the latter requiring features such as those of 
charge-transfer states in organic molecules, in metal com- 
plexes, and in D-PS-A systems discussed in Section 9.1.2 
(see also references in Ref. 11821). 

Among the basic components of electronic circuitry at 
the molecular level, a unit of fundamental importance is a 
connector or  junction allowing electron flow to take place 
between different parts of the system, i.e., a molecular 
wire. 

An approach to such a unit is represented by the carovio- 
Iogens, vinylogous derivatives of methylviologen that com- 
bine the features of the carotenoids and of the violo- 
gens.""' They present features required for a molecular 
wire: a conjugated polyene chain for electron conduction; 
terminal electroactive and hydrosoluble pyridinium groups 
for reversible electron exchange; a length sufficient for 
spanning typical molecular supporting elements such as a 
monolayer or  bilayer membrane. 

Caroviologens have been incorporated into sodium di- 
hexadecyl phosphate vesicles. The data obtained agree 
with a structural model in which the caroviologens of suf- 
ficient length span the bilayer membrane, the pyridinium 
sites being close to the negatively charged outer and inner 
surfaces of the vesicles and the polyene chain crossing the 

:\p/o- - 
o/ lo- - 

Fig. 1 I .  Transrnernbrane incorporation of a caroviologen into sodturn di 
hexadecylphosphate vesicles. 

lipidic interior of the membrane (Fig. 11). These and other 
functionalized membranes are being tested in processes in 
which the caroviologen would function as a continuous, 
transmembrane electron channel, i.e., a genuine molecular 
wire. With respect to electron transport by means of redox- 
active mobile carrier molecules (see Section 6.2.1), the ca- 
roviologens represent electron channels, in analogy to cat- 
ion channels and cation carriers. They portray a first ap- 
proach to molecular wires, and several modifications con- 
cerning the end groups and the chain may be envis- 
aged.Lis31 For instance, coupling with photoactive groups 
could yield photoresponsive electron channels, as well as 
charge separation and signal-transfer devices. Combina- 
tion with other polymolecular supports, such as polymeric 
layers or mesomorphic phases, as well as with other com- 
ponents, might make it possible to assemble nanocircuits 
and more complex molecular electronic systems. 

Redox modification of an electroactive receptor or car- 
rier molecule leads to changes in binding and transport 
properties, thus causing release or uptake of the substrate, 
in a way analogous to the photoeffects discussed above. To 
this end, redox couples such as d i~ul f ide /d i th io l"~~.  
and quinone/hydroquin~ne~'~~~ have been introduced into 
receptor molecules and shown to modify their substrate- 
binding features. Complexation of metal hexacyanides 
[M(CN),]"" by polyammonium macrocycles markedly per- 
turbs their redox These electrochemical fea- 
tures resulting from receptor-substrate association define a 
supramolecular electrochemistry. The mutual effects of re- 
dox changes and binding strength in a receptor-substrate 
pair may make it possible to achieve electrocontrol of com- 
plexation and, conversely, to modify redox properties by 
binding (see also next section). 

9.3. Molecular Ionic Devices 

The numerous receptor, reagent, and carrier molecules 
capable of handling inorganic and organic ions are poten- 
tial components of molecular and supramolecular ionic de- 
vices that would function via highly selective recognition, 
reaction, and transport processes with coupling to external 
factors and regulation. Such components and the devices 
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that they may build up form the basis of a field of molecu- 
lar ionics, the field of systems operating with ionic species 
as support for signal and information storage, processing, 
and transfer. In view of the size and mass of ions, ionic 
devices may be expected to perform more slowly than elec- 
tronic devices. However, ions have a very high information 
content by virtue of their multiple molecular (charge, size, 
shape, structure) and supramolecular (binding geometry, 
strength and selectivity) features. Molecular ionics appears 
to offer a promising field of research which may already 
draw from a vast amount of knowledge and data on ion- 
processing by natural and synthetic receptors and car- 
riers. 

Selective ion receptors represent basic units for ionic 
transmitters or detectors ; selective ion carriers correspond 
to ionic transducers. These units may be fitted with triggers 
and switches sensitive to  external physical (light, electrici- 
ty, heat, pressure) or chemical (other binding species, regu- 
lating sites) stimuli for connection and activation. 

Binding or transport and triggering may be performed 
by separate species, each having a specific function, as in 
multiple carrier transport systems (see Section 6.2).['33' 
This allows a variety of combinations between photo- or 
electroactive components and different receptors or car- 
riers. On the other hand, light- and redox-sensitive groups 
have been incorporated into receptors and carriers and 
shown to affect binding and transport properties (see Refs. 
[141, 172, 184, 1851 and references therein). Coreceptors 
and cocarriers provide means for regulation via cofactors, 
co-bound species that modulate the interaction with the 
substrate. Thus, a simple ionizable group such as a carbox- 
ylic acid function represents a proton switch and leads to 
gated receptors and carriers responding to p H  changes, as 
seen for instance in the regulation of transport selectivity 
by 40.i'381 

The main problem is the generally insufficient changes 
brought about in most systems by the switching process. It 
is worth stressing that proton-triggered yes/no or + / - 
switches are potentially contained in the ability of polyam- 
ine receptors and carriers to bind and transport cations 
when unprotonated and anions when protonated; also, 
zwitterions such as amino acids may change from bound to 
unbound or conversely when they undergo charge inver- 
sion as a function of pH. Molecular protonic devices thus 
represent a particularly interesting special case of ionic de- 
vices. A proton-conducting channel would be a proton 
wire. 

Functional molecular assemblies provide ways of organ- 
izing molecular devices and of introducing regulation and 
cooperative processes which may induce a much steeper 
response of the system to the stimuli. Vesicles have been 
fitted with functional units/'681 for instance with a Lie ion 
channel that may be 14'] Liquid crystals consist- 
ing of macrocyclic molecules bearing mesogenic groups, 
such as 46, form tubular mesophases, composed of stacked 
rings as in 47, which may lead to the development of 
phase-dependent ion-conducting '871 Co oper- 
ativity and self-assembly may also be designed directly 
into the molecular components (see next section). 

Biological information and signals are carried by ionic 
and molecular species (Na@, KQ, CaZQ, acetylcholine, cy- 

46 

47 

clic AMP, etc.). Polytopic metalloproteins such as calcium- 
binding proteins""] perform complicated tasks of detect- 
ing, processing, and transferring ionic signals. These bio- 
logical functions give confidence and inspiration for the 
development of molecular ionics. 

One may note that ion receptors, channels, switches, and 
gates have been considered within a potential European 
research project on "Ionic Adaptative Computers." Appli- 
cations such as selective chemical sensors based on molec- 
ular recognition are already well advanced.['"' 

9.4. Molecular Self-Assembling 

Self-assembling and multiple binding with positive co- 
operativity are processes of spontaneous molecular organi- 
zation that also allow amplification molecular devices to be 
envisaged. Such phenomena are well documented in biolo- 
gy, but much less so in chemistry. By virtue of their multi- 
ple binding subunits, polytopic coreceptors may display 
self-assembling if substrate binding to one receptor mole- 
cule generates binding sites that induce association with 
another one. 

Positive cooperativity in substrate binding is more diffi- 
cult to set up  than negative cooperativity. However, both 
effects are of interest for regulation processes. Cooperativ- 
ity is found in the unusual facilitation of the second pro- 
tonation of 5 by a water effector molecule as in Al- 
losteric effects on cation binding to macrocyclic pol yethers 
have been studied by inducing conformational changes via 
a remote site,"'"] and subunit cooperativity occurs in a 
dimeric p~rphyr in . [ '*~]  

The spontaneous formation of the double helix of nu- 
cleic acids represents the self-assembling of a supramole- 

I08 Angew. Chem. Int. Ed. Enyl. 27(1988) 89-112 



cular structure induced by the pattern of intermolecular in- 
teractions provided by the complementary nucleic bases. It 
involves recognition and positive cooperativity in base- 
pairing.‘ IY”’ 

Such self-assembling has recently been shown to occur 
in repetitive chain ligands, acyclic coreceptors containing 
several identical binding sites arranged linearly. Based on 
earlier work with a “quaterpyridine” ligand, oligo-bipyri- 
dine chain ligands incorporating two to five bipy groups 
were designed. By treatment with Cu’ ions they underwent 
a spontaneous assembling into double-stranded helicates 
containing two ligand molecules and one Cu’ ion per bipy 
site of each ligand, the two receptor strands being wrapped 
around the metal ions which hold them together. Thus, the 
tris-bipy ligand 48 forms the trinuclear complex 49. whose 

49 
crystal structure has been determined, confirming that i t  is 
indeed an inorganic double helix.[’”’ The results obtained 
indicate that the process occurs probably with positive co- 
operativity, binding of a Cu’  ion with two ligands facilitat- 
ing complexation of the next one. Furthermore, it appears 
that in a mixture of ligands containing different numbers 
of bipy units, pairing occurs preferentially between the 
same ligands, thus performing self-self recognition. This 
spontaneous formation of an organized structure of inter- 
molecular type opens ways to the design and study of self- 
assembling systems presenting cooperativity, regulation, 
and amplification features. Catalytic reactions, gated chan- 
nels, and phase changes represent other processes that 
might be used for inducing amplification effects. 

Various further developments may be envisaged along 
organic, inorganic, and biochemical lines. Thus, if substi- 
tuents are introduced at the para positions of the six pyri- 
dine units in 48, treatment with Cu’ should form an inor- 
ganic double helix bearing twelve outwardly directed func- 
tional groups. [ l s51  

Designed self-assembling rests on the elaboration of mo- 
lecular components that will spontaneously undergo or- 
ganization into a desired supramolecular architecture. 
Such control of self-organization at the molecular level is a 
field of major interest in molecular design and engineer- 
ing, which may be expected to become a subject of increas- 
ing activity. 

9.5. Chemionics 

Components and molecular devices such as molecular 
wires, channels, resistors, rectifiers, diodes, and photosen- 
sitive elements might be assembled into nanocircuits and 
combined with organized polymolecular assemblies to 

yield systems capable ultimately of performing functions 
of detection, storage, processing, amplification, and trans- 
fer of signals and information by means of various media- 
tors (photons, electrons, protons, metal cations, anions, 
molecules) with coupling and reg~lat ion.[~.’ , ’~’ .  ’’*. 1y21 

Molecular photonics, electronics, and ionics represent 
three areas of this intriguing and rather futuristic field of 
chemistry which may be termed “ c h e m i o n i ~ s ” [ ~ ~ ~ ~ - t h e  de- 
sign and operation of photonic, electronic, and ionic com- 
ponents, devices, circuitry, and systems for signal and in- 
formation processing at the molecular level. Such perspec- 
tives lie, of course, in the distant but along the 
way they could yield numerous spin-offs and they d o  rep- 
resent ultimate goals towards which work may already be 
planned and realized. 

10. Conclusion 

The present text was aimed at presenting the scope, pro- 
viding illustration, and exploring perspectives of supramo- 
lecular chemistry. Its conceptual framework has been pro- 
gressively laid down and the very active research on mo- 
lecular recognition, catalysis, and transport, together with 
extension to molecular surfaces and polymolecular assem- 
blies, is building up  a vast body of knowledge on molecu- 
lar behavior at the supramolecular level. It is clear that 
much basic chemistry remains to be done on the design 
and realization of numerous other systems and processes 
that await to be imagined. The results obtained may also 
be analyzed in the view of developing components for mo- 
lecular devices that would perform highly selective func- 
tions of recognition, transformation, transfer, regulation, 
and communication, and allow signal and information 
processing. This implies operation via intermolecular in- 
teractions and incorporation of the time dimension into re- 
cognition events. One may note that such functions have 
analogies with features of expert systems, thus linking 
processes of artificial intelligence and molecular behav- 
ior. 

These developments in molecular and supramolecular 
science and engineering offer exciting perspectives at the 
frontiers of chemistry with physics and biology. Of course, 
even with past achievements and present activities, extra- 
polations and predictions can only be tentative; yet, on 
such an occasion for the celebration of chemistry, it ap- 
pears justified to try looking out into the future, for 

“He (or she) who s i ts  at  the bottom o f  a well 
t o  contemplate the sky, will find it small” 

(Han Yu, 768-824). 
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