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MOLECULAR RECOGNITION
1. Receptor—Substrate-/Host—Guest-Chemistry

Molecular recognition is a central point. It may be said that without molecular
recognition, there would be no life in this world. Vital biochemical processes
such as enzyme action, molecular transport, genetic information, processing
and protein assembly all involve molecular recognition as an essential action
(1-3). Understanding of its principles is still a problem although first elucidation
of the rules that govern molecular recognition dates back to the late nineteenth
century (4). Strictly speaking, in 1894 Emil Fischer, a farsighted chemist, came
up with his brilliant “lock-and-key” idea. In his famous paper (5) he proposed
that enzyme and substrate can be compared to lock and key getting selectivity
between molecules involved. Moreover, and this occurred even earlier, it was
Paul Ehrlich who recognized that molecules do not act if they do not bind,
thus, introducing the concept of receptor (6). Finally binding or fixation requires
interaction, affinity between the partners that may be related to the idea of coor-
dination introduced by Alfred Werner (7).

According to these basic concepts, molecular recognition implies comple-
mentary lock-and-key type fit between molecules. The lock is the molecular
receptor and the key is the substrate that is recognized and selected to give a
defined receptor—substrate complex, a coordination compound or a supermole-
cule. Hence molecular recognition is one of the three main pillars, fixation, coor-
dination, and recognition, that lay foundation of what is now called
supramolecular chemistry (8—11).

Behind this new direction of supramolecular chemistry, the chemistry
beyond the molecule, is a highly interdisciplinary field of science covering the
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chemical, physical, and biological features of chemical species of greater complex-
ity than molecules themselves that are held together and organized by means of
intermolecular (nonbinding) interactions (12). The chemistry of molecular recog-
nition is also the core of host—guest chemistry which is a sub-discipline or a par-
ticular aspect of supramolecular chemistry mostly involving inclusion and
complex formation (13) (see also INCLUSION COMPOUNDS).

2. Principles of Receptor Design

2.1. Information Storage and Read Out. Picking up the thread of the
introduction, molecular recognition is defined by the energy and the information
involved in the binding and selection of substrates by a given receptor molecule
that may also involve a specific function (14). Mere binding is not recognition,
although it is often taken as such. Instead, one may say that recognition is bind-
ing with a purpose, like receptors are ligands with a purpose. It implies a pattern
recognition process through a structurally well-defined set of intermolecular
interactions. Molecular recognition, thus, deals with the molecular storage and
supramolecular read out of molecular information (9).

Information may be stored in the architecture of the receptor, in its bind-
ing sites, and in the ligand layer surrounding the bound substrate such as spe-
cified in Table 1. It is read out at the rate of formation and dissociation of the
receptor—substrate complex (14). The success of this approach to molecular
recognition lies in establishing a precise complementarity between the associat-
ing partners, ie, optimal information content of a receptor with respect to a given
substrate.

2.2. Complementarity. To a first approximation, complementarity
should take two forms (Fig. 1). Firstly, the shape and size of the receptor cavity
must complement the form of the substrate. Secondly, there must be a chemical

Table 1. Structural Parameters for Storage of Information in a Chemical Receptor

Receptor Parameter

architecture size
shape
connectivity
cyclic order
conformation
chirality
dynamics
binding sites electronic properties (charge, polarity, polarisability, van der Waals
attraction and repulsion)
size
shape
number
arrangement
reactivity (protoniziable, deprotonizable, reducible, oxidizable)
surrounding ligand  thickness
layer overall polarity (lipophilic, hydrophilic)
specific polarity (exo/endo-lipo/polarophilic)
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Fig. 1. Schematic representation of a receptor—substrate (host—guest) complex
involving cavity inclusion of the substrate and the formation of different types of weak
supramolecular interactions between receptor (hatched) and substrate (dotted).

complementarity between the binding groups lining the interior of the cavity and
the external chemical features of the substrate (15).

The weak intermolecular forces that are principally involved in stabilizing
receptor-substrate interactions and involved in molecular recognition processes
(16) are summarized in Table 2. Examples are shown in Figure 1.

Most effective differentiation of the receptor between substrates will occur
when multiple interactions are involved in the recognition process. The more
binding regions (contact area) present, the stronger and more selective will be
the recognition (17). This is the case for receptor molecules that contain intramo-
lecular cavities, clefts or pockets into which the substrate may fit (Fig. 1).

2.3. Reorganization and Preorganization. On principle there are two
different modes of receptor behavior illustrated in Figure 2. One of them, already
evoked, is represented by the so-called lock-and-key image (Fig. 2a), involving
complementary fit concept between rigid substrate and rigid receptor or rigid
guest and rigid host relating to conformational flexibility of the molecular consti-
tuents forming the receptor—substrate (host—guest) complex (4). Receptors of
this type are expected to present very efficient recognition between complemen-
tary partners, ie, both high stability and high selectivity of the receptor—
substrate complex. The advantage of complementary receptor preorganization
comes from minimizing the unfavorable entropy involved in substrate binding
(see below).

However, in most biological system there is a degree of flexibility in the
receptor (2). The approach of the substrate leads to conformational changes and
an organization of the binding site around it. With this induced fit mechanism

Table 2. Types of Interactions in Molecular Recognition

hydrogen bonding between basic and acidic centers

electrostatic attraction between anionic and cationic centers

metal-ligand interaction

dipole—dipole interaction

n-stacking and charge-transfer interaction between aromatic residues in the receptor
and delocalized regions of the substrate

van der Waals attraction between hydrophobic regions on the two components

covalent bonds, that can be reversibly formed and broken (eg, disulfides, borate esters).
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(b)

Fig.2. Principal mechanisms of formation of a receptor—substrate complex: (a) Fischer’s
rigid “lock-and-key” model; (b) “induced fit” model showing conformational changes of the
receptor (solid line) upon substrate binding.

of binding (Fig. 2b), a higher entropy price is paid but there are several
advantages (18). A flexible receptor will permit a more wrap around inter-
ception or even complete encapsulation with the substrate involving many
more potential binding interactions. This may lead to high selectivity of binding
involving the amplification of molecular recognition interactions illustrated in
Figure 3 (19).

In case of the rigid lock-and-key type receptor forming five hydrogen bonds
plus two extended electrostatic attractions (Fig. 3a), one mismatched hydrogen
bond will result in only a small reduction in overall binding free energy
4.18 — 8.36 kJ mol* (1 — 2 kecal mol~!) out of ~41.8 kJ mol * (~10 keal mol %).
The small difference in association constants (K;) that would result
(~two orders of magnitude) is not sufficient, eg, for the differentiation of chemi-
cally similar substrates commonly encountered with biological systems (1). One
solution would be using a flexible version of the receptor (Fig. 3b) that will profit
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Fig. 3. Schematic approach illustrating amplification of molecular recognition effects
of (a) matched rigid, (b) mismatched rigid, and (e) flexible type of receptor—substrate
assemblies (19).
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from the amplification of molecular recognition interaction. Here a single mis-
matched hydrogen bond due to a repulsive interaction forces the receptor into
a nonproductive binding conformation leaving two hydrogen bonding and an
electrostatic site distant from the substrate. The difference in binding is, thus,
amplified from a single hydrogen bond to almost half the binding interactions
relative to the matched case in Figure 3¢, which is profitable for selectivity.

However, reduced stability of the receptor—substrate complex as such invol-
ving a flexible receptor is the other side of the coin, since part of the binding
energy is used up in the change of conformation of the receptor. This is the
point amounting to the so-called principle of preorganization which can be
expressed as follows: “the smaller the changes in organization of receptor and
substrate or host and guest required for complex formation, the stronger is the
binding” (20). An illustration of this approach is given in Figure 4 considering a
systematic series of well-known synthetic receptors (crown compounds and ana-
logues, see also INcLUSION cOoMPOUNDS) that owe their binding properties to varying
degrees of preorganization, ie, organization of their binding sites (donor atoms)
prior to complexation (21).

Podands (Fig. 4a) are acyclic collections of binding sites held together by
appropriate spacer units (22,23). During the complexation act to form a podate

79
C,O\ \ O O A
O\o/\o\jO (o Qo)
N0
(@)

(b)
o 2 o~ o
O_HO
0_0 N
(c)
=0=
(d)

Fig. 4. Recognition and preorganization of hosts (receptors) on complex formation (21).
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Fig. 5. Diagram of (a) endo- and (b) exo-receptor recognition of substrates ([X]).
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(podaplex), many degrees of conformational freedom must be frozen out. Crowns
and coronands (Fig. 4b) are cyclic collections of binding sites and are less flexible
than podands (13,24). Nevertheless, they posses a variety of conformations,
many of which fill their own potential cavities with their own spacer units. Cryp-
tands (Fig. 5¢), which are bridged crown analogues, naturally have a smaller
number of nonbinding conformations, and therefore, require less expenditure
of reorganization on inclusion formation than crowns (25,26). The so-called
spherands (27,28) (Fig. 4d) are at the end of the unfolded progression of receptor
structures with regard to the parameter of preorganization (20,21). Hence they
are characterized as completely preorganized receptor systems possessing an
enforced cavity with perfect octahedral arrangement of six donor oxygens and
cavity diameter to be complementary to Li" and Na' in both an electronic and
steric sense, giving rise to extremely high stability constants for complexes
(spheraplexes) with these cations (K,Li* >7-106, K,Na* = 1.2.10'4; in CDCl;
sat. with D0 at 25 °C) unlike K™ and larger cations (cf Table 3) that are not com-
plexed (20,28). From the kinetic point of view the facts are different and the order
is reverse, ie, the rigid highly preorganized spherands are slow, as contrasted
with the flexible barely preorganized podands that are fast both in formation
and decomposition of the receptor—substrate (host—guest) complex (20,21).

Table 3. Comparison of Cation and Cavity Diameters

) o

Cation Cation diameter,” A Crown ether Cavity diameter,” A
Lit 1.36 12-crown-4 (1a) 1.2-15

Mg+ 1.56

Natz+ 1.90 15-crown-5 (1b) 1.7-2.2

Ca*t 2.12

Sr2* 2.54 18-crown-6 (1e) 2.6-3.2

K+ 2.66

Ba?* 2.86

Rb* 2.98

Cs* 3.38 21-crown-7 (1d) 3.4-43

“=0.1 nm.
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Hence, the balance between rigidity and flexibility is of particular impor-
tance for the binding and the dynamic properties of a receptor. It is, thus, a deci-
sive structural design parameter of the receptor depending on the use. For
instance, processes of exchange regulation, cooperativity and allostery connected
with molecular recognition require a built-in flexibility so that the receptor may
adapt and respond to changes unlike rigid receptors (14,29).

2.4. Topology. This parameter may have reference to either the recep-
tor as an individual molecular structure or to the receptor—substrate complex on
a higher level of organization that is directly related to the mode and efficiency of
molecular recognition (14,30).

It has already been stressed that a concave receptor is a favorable case.
Under these circumstances the receptor cavity is lined with binding sites direc-
ted toward the bound species (see Fig. 1). This corresponds to Cram’s definition of
a receptor (host) molecule providing binding sites that are convergent, as con-
trasted with the bound substrate (guest) featuring divergent complementary
sites, ie, the substrate is more or less completely surrounded by the receptor
forming an inclusion complex (20,31). This widely used principle of convergence
defines a convergent or endo-supramolecular chemistry (host—guest chemistry)
with endo-receptors (endo-hosts) effecting endo-recognition (Fig. 5a) (9).

The opposite procedure consists in making use of an external receptor sur-
face rather than an internal cavity as substrate receiving site. This amounts to
the passage from a convergent endo-supramolecular chemistry to a divergent or
exo-supramolecular chemistry, and from endo- to exo-receptors (Fig. 5b) (9).
Here receptor—substrate binding occurs by surface-to-surface interaction
which may be termed affixation as contrasted with inclusion. Exo-recognition
with strong and selective binding, in particular, requires a large enough contact
area and a sufficient number of complementary interactions along the interface.
Such a mode of molecular recognition also finds biological analogies, for instance
at the antibody—antigen interface of immunological importance (32). Metallo-
exoreceptor aggregation, molecular recognition at organic and inorganic mono-
layers, films and solid surfaces bearing recognition groups, as well as the design
of supramolecular solid architectures and materials, are other important
instances of the exo-recognition principle discussed in more detail below.

Apart from the basic classification in convergent endo- and divergent exo-
receptors, molecular receptors (hosts) of extremely varied structural types have
been developed (30) including the acyclic podands, the macrocyclic crown ethers,
coronands or torands, the macropolycyclic cryptands and speleands, the spherands,
cavitands and carcerands, the calixarenes and cryptophanes, the clathrands, the
helicands and other organization framework species (12). Each of these trivial
names refers to a particular aspect of the structure involving the overall receptor
topology, that is connectivity, dimensionality and cyclic order. Examples of com-
pounds are illustrated elsewhere in this article (see also INCLUSION COMPOUNDS)
while a selection of possible topologies are shown in Figure 6, from a linear recep-
tor (a) to spherical (i) or cylindrical (j) tricyclic structures following the classifica-
tion of graphs (14). Moreover, all these types of receptors may possess a single
receptor unit to recognize and bind a single substrate, eg, (d) or contain more
than one discrete binding subunit (h) being characteristic of monotopic and
oligo-/polytopic receptors, respectively. The size and the shape of the binding
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Fig. 6. Topological structure types of receptors (hosts) (14).

cavity that they define and their rigidity or flexibility are determined by the nat-
ure of the structural subunits making up the branches of the graphical represen-
tations in Figure 6. In this respect they serve the same purpose for conveying
properties of molecular recognition, mostly based on geometrical discrimination.

3. Simple Modes of Molecular Recognition

Substrates involved in molecular recognition may feature a particular shape,
size, state of charge, chemical affinity or optical specification (19,30,33—36). In
general most of these parameters share. Nevertheless there may be dominating
features of a certain substrate molecule to be used by a complementary receptor
in the recognition process (9).

3.1. Size and Shape Dominated Substrate Recognition. Perhaps
the simplest recognition process is that of a spherical substrate, in its most ele-
mentary form a ball-shaped metal ion of defined diameter. Supramolecular
chemistry in itself started with this problem, in particular having the effort for
recognition and binding of alkali and alkaline-earth cations (37). Numerous stu-
dies have been performed that are reported in many papers and summarized in
reviews and books (12) showing that three main classes of receptors providing
spherical recognition property may be distinguished (38). They are (1) macrocyc-
lic polyethers, the well-known crown ethers and their derivatives (24); (2) the
macropolycyclic cryptands (25,26); and (3) the acyclic analogues of crown com-
pounds and cryptands usually designated as podands (22,23). Prototypical com-
pounds for each substance class are given by compounds (1)—(3) (Fig. 7). They all
possess a spherical or quasispherical negatively polarized cavity prepared for the
accommodation of alkali- and alkaline-earth metal ions that have complementary
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Fig. 7. Crown type and analogous receptor molecules of different varieties; (1) crown
ethers; (2) cryptands; (3) a podand; (4) a spherand; and (5) the natural depsipeptide
valinomycin.

size, giving rise to a feature termed as spherical recognition (9). Coronates, cryp-
tates or podates are the names of the respective inclusion complexes (39).

The match between crown cavity diameter and cation diameter is obvious
from Table 3 showing that, eg, Li" and 12-crown-4 (1a) or K', respectively
Ba?* and 18-crown-6 (1lc) correspond. Similar are the cryptands of gradually
increasing cavity size [2.1.1], [2.2.1] and [2.2.2] for Li*, Na* and Sr?* or K*
and Ba?*, while the small cavity of [1.1.1] fits H'. The example of such a matched
cryptate where K* is accommodated into the cavity of [2.2.2] is illustrated in
Figure 8a (25). Although acyclic podands do not provide a permanent cavity,
they may create one by encircling a spherical cation with the length of the recep-
tor molecular thread being the controlling parameter (22,40). Nevertheless, from
what has already been said, low preorganization and topology of the podands
handicap the substrate recognition which is increasingly higher in the circular
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(a) (b)
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Fig. 8. Spherical recognition: (a) K* cryptate of [2.2.2] (2d); (b) K* complex of valino-
mycin (5); and (e) inclusion compound of Cgq into tert-butylcalix[8]arene.

crown and spheroidal cryptand case, but is most pronounced for the spherand
type of receptor (eg, 4) also mentioned before.

Alkali and alkaline-earth cation recognition is also affected rather effi-
ciently by other macrocyclic receptors that have been synthesized (21) such as
the cryptospherands (an amalgamation of cryptand and spherand topology)
(20,31) and lariat ethers (41), the latter is characterized by a crown ether ring
that has attached extra podand arms for feeling and lock in of the substrate.
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Moreover, natural macrocycles displaying antibiotic properties are also very effi-
cient in the recognition of alkali metal ions (42). For instance, valinomycin (5)
gives a strong and selective complex in which a K* ion is included in the macro-
cyclic cavity in octahedral environment of six carbonyl oxygens (Fig. 8b) (43).

In a word, all these receptors are more or less able to discriminate against
cations that are either smaller or larger than their cavity (44). However, in a
strict sense, discrimination of metal-ion spheres does not concern with molecular
recognition but selection of the carbon ball Cgy certainly does. In fact, the
fullerene Cgy has been included into the cavity of octa-tert-butylcalix[8]arene
(Fig. 8c) shutting out C;o and making a very convenient and efficient Cgo puri-
fication possible without any expensive apparatus (45).

Recognition of a tetrahedral substrate geometry requires the construction
of a receptor molecule with a tetrahedral recognition site (9). This may be rea-
lized by positioning four suitable binding sites at the corners of a tetrahedron
and incorporating them into a bridged molecular framework such as shown
with compound (6) (Fig. 9a) (25,38,46). In fact, the tetrahedral NH;, cation is
very firmly held inside the cavity of the tricyclic cryptand (6), forming the ammo-
nium cryptate (Fig. 9b) (47). This cryptate presents a high degree of receptor—
substrate complementarity in that the ammonium ion fits into the cavity of
(6) and is held by a tetrahedral array of hydrogen bonds including also electro-
static interactions with the oxygen atoms (48). Unsymmetrical derivatives of
(6) display notably perturbed NH, binding, with a marked loss in recognition
behavior (49).

Recognition of a primary ammonium ion, by analogy, is achieved by making
use of a symmetrical triazacoronand enabling a trigonal recognition process in its
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Fig. 9. Representative examples of 6 (a, b) tetrahedral; (¢) trigonal; and (d) circular
recognition.
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Fig. 10. Linear recognition: diagrammatic representation of the recognition of linear
dicationic (a) and dianionic (b) substrates; (e, d) typical examples of receptor—substrate
complexes.

inclusion complex (Fig. 9¢) (50). A recognition site for secondary ammonium
groups is provided by the diaza analogue of 12-crown-4 [cf (1a)] (51). It binds
via two hydrogen bonds (52). On the other hand, the derivative of a 27-membered
crown compound yielded a particular stable inclusion complex with the guanidi-
nium cation that is bound through an array of six hydrogen bonds suggesting an
almost circular recognition mode (Fig. 9d) (53,54).

Linear recognition is mainly a subject of molecular length recognition (9).
For that reason preferential substrates bear two recognizable functional groups
at a distance corresponding to a ditopic receptor molecule (Fig. 10a) (565). An
example is given by the cylindrical macrotricyclic cryptand that yields cryptates
with terminal diammonium cations HsN"—(CHy), —N*H; of matching molecular
length (Fig. 10e) (56). A complementary substrate, eg, relating to the receptor
with R = naphthalene—2, 6—diyl in Figure 10¢, would be the 1,5-pentane diam-
monium cation [A = (CHy);]. In the resulting complex, the substrate is located in
the central cavity and anchored by its two NH; groups in the macrocyclic bind-
ing sites (57).

3.2. Charge Attraction Dominated Recognition. Thus far, for recog-
nition sizes and shapes of the substrate have been the focus. Nevertheless,
charge attraction between the substrate and the receptor has also played a
part since cations such as metal ions or ammonium ions were complexed by nega-
tively polarized cavities. But metal ions involved hard alkali and alkaline-earth
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Fig. 11. Receptor molecules (cryptands) having hetero (nonoxygen) donor atoms (7) or
endo-functional acidic sites (8) in the framework.

cations rather than weaker transition metal ions. Replacing the oxygen sites of
crown compounds and cryptands with nitrogen (58) and sulfur atoms (59,60)
yields receptors [eg, (7), Fig. 11] that show marked preference for transition-
metal ions (61) and may allow high selective recognition of toxic heavy-metal
ions such as cadmium, lead or mercury according to the hard and soft acid and
base (HSAB) principle (62). Others containing internally directed functionalized
units such as in the triscatechol derivative (8, Fig. 11) form very strong and
selective complexes with Fe3* or actinide and lanthanide ions (63,64) while a
similar receptor with hard endocarboxylic acid groups is efficient for hard Ca?*
and Mg?" ions showing again responsibility of a charge density effect in the
receptor—substrate recognition (65). Thus, recognition of hard alkali and
alkaline-earth metal ions is determined by coulombic attraction whereas the
weak transition-metal ions are mainly controlled by geometrical parameters of
orbital overlap.

By analogy, recognition of an anionic substrate requires an electron-deficient
receptor cavity including positively charged or neutral electron-deficient groups
that may serve as interaction sites for anion binding (9,30). Ammonium and gua-
nidinium units, which form N* — H. - - X~ bonds, have mainly been used (66), but
electron-deficient boron, tin, mercury or metal ion centers in complexes also
interact with anions (67). Apart from this demand, anionic substrates have
another specific feature in that they are large compared with cations. Moreover
they possess a range of geometries: spherical (eg, halides), linear (eg, Nj,
CN~OCN"), planar (eg, NO3, RCOO™) or tetrahedral (eg, SO4 , ClOy, phos-
phates). Polyammonium macropolycycles have been studied most extensively
as receptor molecules for anion recognition (68). When (6) (Fig. 9a) is tetraproto-
nated it binds Cl~ very strongly and very selectively compared with Br~ and
other types of anions giving the size complementary chloride cryptate, in
which the included anion is bound by four N* — H...Cl- hydrogen bonds
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(b)

Fig. 12. (a) Spherical anion (Cl7); and (b) carboxylate anion recognition.

(Fig. 12a) making spherical recognition of the chloride ion possible (69). Quater-
nary ammonium derivatives of oxygen-free macrotricycles of type (6) bind sphe-
rical anions as well (70), and more recently acyclic quaternary polypyridinium
and polybipyridinium receptors for chloride and bromide recognition have also
been reported (71). Linear recognition is displayed by the hexaprotonated form
of ellipsoidal bis-tren type cryptands which bind with length discrimination vari-
ous polyatomic anions and extend the recognition of anionic substrates beyond
the spherical halides such as triatomic anion N3 (72) or dicarboxylate ions (73)
via a pattern schematically shown in Figure 10b or illustrated for a case of dicar-
boxylate recognition in Figure 10d. Anion recognition has also made significant
progress by means of a receptor type that features a guanidinium group (66).
This particular group is of special interest for the recognition and binding of
carboxylate and phosphate functions and related species since it may form two
chelating H-bonds with the anionic units. An example is given in Figure 12b (74).

3.3. Hydrogen Bond Dominated Recognition. Recognition of bioac-
tive compounds is largely determined by the use of hydrogen bonding between
polar sites (75). Here substrate recognition results from the formation of specific
hydrogen bonding pattern between complementary subunits, in a way reminis-
cent of base pairing in nucleic acids (76). Hence hydrogen bonding has also been
determined an important parameter for the design of artificial receptors
(19,30,35,77,78). In fact, a great many of the above receptors and substrates
where ammonium and anionic groups are involved base on this interaction
mode. A more simplified version of hydrogen bond dominated receptors is seen
with 2-aminopyridine derivatives, mostly of amide type (19). They can form spe-
cific hydrogen bonds to carboxylic acids such as illustrated in Figure 13a showing
a respective receptor substrate complex between a picoline diamide receptor and
complementary glutaric acid substrate that binds selectively via a length discri-
mination against dicarboxylic acids of larger and smaller chain length (79). Vice
versa, dicarboxylic acid-type receptors are also efficient in the recognition of
2-aminopyridines, respectively of 2-aminopyrimidine (Fig. 13b) (80).

An alternative approach to dicarboxylic acid recognition has been developed
by using a receptor cleft based on a rigid spacer and two Kemp’s triacid binding
sites specified in Figure 13c (81—83). In this case, the principal binding force is a
double carboxylic acid dimer interaction leading to both strong and selective
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Fig. 13. Hydrogen bond dominated substrate recognition of: (a), (e¢) dicarboxylic acids;
(b) 2-aminopyrimidine; and (d) urea.

binding to carboxylic acids of complementary shape and size, ie, glutaric acid (84).
Another obvious cleft-type receptor showing both a rigid molecular framework
and complementary orientation of hydrogen bonding (85) to allow, eg, the effi-
cient recognition and binding of urea is illustrated in Figure 13d (86). Although
the receptor clefts that use carefully designed and rigid components to hold
hydrogen bonding groups at a fixed distance apart are very common in this
field, macropolycycles comprising similar functions offer an alternative albeit
more synthetically challenging solution to the same problem, discussed more
detailed below where the recognition of particular substrate molecules is dealed
with.

3.4. w-Stacking and Charge-Transfer Dominated Substrate Recog-
nition. Nature’s strategy for the recognition of substrates featuring a flat aro-
matic framework (planar recognition) affords another recognition element,
namely n—n stacking interactions between aromatic rings, ie, aromatic groups
of receptor and substrate that meet a parallel face-to-face orientation, apart
from hydrogen bonding being also typical of the nucleotide recognition (77). A
very simple example showing the principles of n—=n stacking supported substrate
recognition is illustrated in Figure 14a (87). The flat heterocyclic substrate, ura-
cil derivative, fits in face-to-face mode into the conformationally stepped receptor
macroring containing a napththalene n-stacking unit and being bound via a sys-
tem of extra hydrogen bonds to a diamidopyridine unit. The association constant
for the analogous receptor molecule without the n-stacking unit is more than four
times lower. The role of the n-stacking subunit in the above receptor clearly
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Fig. 14. n-Stacking and charge-transfer dominated recognition of flat aromatic—
heteroaromatic substrates (formation of intercalates).

indicates that doubling the n-stacking contribution should lead to substantial
improvement of recognition behavior and increasement of binding energy. This
has led to a molecular tweezer design strategy to flank a hydrogen bonding car-
boxylic acid by two n-stacking anthracene units corresponding to the receptor—
substrate relationship demonstrated in Figure 14b (88).

In a way, n—n stacking and charge transfer type of recognition have some-
thing in common. Examples making facts obvious are presented in Figure 14c¢
and 14d. The macrobicyclic intercaland of Figure 14c and related receptors
have been found to recognize flat shaped substrates through n—n stacking and
bind them to form a molecular cryptate, in particular if electron donating sub-
strate species are involved to allow charge-transfer interaction, such as planar
molecular anions or nucleic acids (89). Similarly, large ring electron donor aro-
matic crown ethers were designed that yield charge-transfer type intercalation
complexes with paraquats (Fig. 14d) (90). Vica versa, macrocyclic bipyridino-
quates form charge-transfer supported intercalation complexes with flat
aromatic substrates having electron-donating substituents (91).

3.5. Lipophilic Interaction Dominated Substrate Recognition. Mak-
ing recognition through lipophilic interaction possible require receptors
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presenting large and more or less rigidly connected architectures of macrocyclic
or cage-like nature (92). Here only some illustrative examples can be given (see
also INcLusioN coMPOUNDS), referring the reader to specific reviews of this vast
subject (8—12).

The naturally occurring cyclodextrins having endo-lipophilic cone-shape
are perhaps the most important and also the first receptor molecules whose selec-
tive inclusion properties toward lipophilic organic molecules were recognized
(93,94). They comprise a family of cyclic oligosaccharides, composed of 6,7, and
8 glucose units in its most familiar representatives (o,p, and y-cyclodextrin,
respectively) providing endo-lipophilic and exo-hydrophilic cone-shaped molecu-
lar cylinders of increasing size (Fig. 15a). Cyclodextrins form size and shape

I
O
I
Oﬁj
I
I
%

CH rim
calix[4]arene

Fig. 15. Prototype examples of (a) cyclodextrins and (b) calixarenes, showing conforma-
tional structures and dimensions.
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selective inclusion compounds with a wide variety of substrates including ben-
zene derivatives, paraffins, and noble gases (95).

Calixarenes (from the Latin calix) may be understood as artificial receptor
analogues of the natural cyclodextrins (96,97). In its prototypical form they fea-
ture a macrocyclic metacyclophane framework bearing protonizable hydroxy
groups made from condensation of p-substituted phenols with formaldehyde
(Fig. 15b). Dependent on the ring size, benzene derivatives are the substrates
most commonly included into the calix cavity (98), but other interesting sub-
strates such as Cgg have also been accommodated (Fig. 8c) (45).

As mentioned, calixarenes fall into the cyclophane-type of compounds that
has emerged the central class of synthetic receptors in molecular recognition
involving all kinds of ortho-, meta- and para-bridged aromatic macrocycles and
oligomacrocycles, ie, pocket, open vessel, and macrocage receptors (99,100). A
beautiful construction of this type are the cryptophanes, an example of which
is shown in Fig. 16a (101,102). Cryptophanes are of much interest in particular
for their ability to recognize and bind derivatives of methane that match the
cavity. Although substrates are rather cut off outside here, the most extreme
case of imprisonment of substrates is provided by the carceplexes (103). They
are the inclusion complexes of carcerands (104). A prototype example is illus-
trated in Figure 16b. These containers have a virtually closed molecular surface
indicating that carceplexes are formed during shell closure of two hemisphere
components (cavitands) templated around the substrate (31,105,106). They
also found that high structural recognition is involved in this capture, and the
shell closure to give empty carcerands do not occur. Once substrates have been
trapped in the cavity they can be released again only by destruction of the

X = CH,SCH,
R =CH;,

(b)

Fig. 16. (a) Inclusion complex of a cryptophane; and (b) a carceplex (carcerand inclusion
complex).
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Fig. 17. Inclusion complexes of endo-hydrophobic—exopolarophilic receptors involving
charges of different nature.

carcerand framework. Hemicarcerands are like carcerands except that by confor-
mational modifications they can generate portals which join the inner phase of
the receptor with the outer phase making an equilibrium of the substrate
between in and out possible (103—106).

While the previous receptors are typically used in organic solvents, except
for the cyclodextrins, there are special cases of cyclophane receptors supplied
with peripheral charges (ammonium units) (107—112) or ionizable groups (car-
boxylate functions) (113,114) (Fig. 17) to allow substrate recognition, as in nat-
ure, in an aqueous medium, profiting from the solvophobic effects of water (115).

4. Multiple and Multisite, Coreceptor- and Coupled-System Substrate
Recognition

Once recognition units for specific groups and individual features of a substrate
have been identified, one may consider combining several of them within the
same receptor. Thus far, though not carefully directed, the previous receptors
in many cases, and as pointed out already possess this property of nonindividual
interaction modes. More carefully directed, this leads to multiple and multisite
recognition depending on the design of binding subunits which may cooperate for
the simultaneous complexation of several substrates or of a multiply bound poly-
functional species to yield polynuclear complexes (homo- or heteronuclear) and
mononuclear polyhapto-type complexes, respectively (116). Moreover, one may
distinguish co-receptor systems for which the binding of several substrates is
commutative and cascade systems, for which the substrate binding steps are
noncommutative but follow a given sequence (9).

A typical example of the multiply binding type of molecular recognition of a
polyfunctional species is demonstrated in Figure 18 (117). Owing to the different
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Fig. 18. (a) A bicycloguanidinium receptor; and (b) its three-point association to the
zwitterionic a-amino acid trypthophan (118).

binding sites that are an electron deficient guandinium group, a negatively
polarized macroring and a naphthalene n-stacking unit, the receptor shown in
Figure 18a should allow simultaneous interaction with, eg, the carboxylate,
the ammonium and the aromatic groups of a substrate that is an aromatic zwit-
terionic amino acid (tryptophan) such as illustrated in the receptor—substrate
complex of Figure 18b (66,118).

Numerous receptors comprising other multiply docking units and binding
sites have been synthesized (19,35,77,117—120) including, eg, the speleands
that in its frame comprise a negatively polarized macroring and an apolar but
rigid shaping component for the size selective recognition of a primary ammo-
nium cation (121).

The macrocyclic hexaimine structure of Figure 19a forms a homodinuclear
cryptate with Cu(I) (122), whereas crown ether boron receptors (Fig. 19b) have
been applied for the simultaneous and selective recognition of complementary
cation—anion species such as potassium and fluoride (123) or ammonium and
alkoxide ions (124) to yield a heterodinuclear complex (120).

Metalloreceptors based on a designed cationic inclusion complex as the spe-
cific accommodation site for the recognition of an uncharged guest molecule is
another useful development (119,125). Metallomacrocycles of salen-type contain-
ing a complexed uranyl cation are most common here (126). The triple porphyrin
receptor shown in Figure 19¢ is a more complex example of this strategy
that operates in double recognition mode when forming complexes with zinc
and 2,4,6-tri-4-pyridyl-s-triazine matching size and geometry of the tritopic
metalloreceptor (127).

Receptor systems for the combined and commutative recognition of differ-
ently sized cation species (eg, K™ and Li*, Fig. 20b) have also been designed
(128). They may follow the first step of the diagram in Figure 20a while recogni-
tion of the previous metalloreceptors is noncommutative with substrate binding
in a given sequence typical of cascade complexation (Fig. 20a) (129). Here com-
plexes are formed by first binding metal ions, which then serve as interaction
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R = C,H;s

Fig. 19. Multiple and multisite substrate recognition: (a) a homo dinuclear (dicationic)
and (b) a heterodinuclear (cation and anion) inclusion complex: (¢) a trihapto-type
inclusion complex of a triple porphyrin receptor.

sites for another substrate. Such is also the case for the dinuclear copper complex
of Figure 20c containing a bridging imidazolato group related to the copper pro-
teins (130).

Allosteric coupling results when occupation of a given receptor site leads to
a change in the recognition and binding features of the other sites (cf Fig. 20b)
making binding easier or more difficult (positive or negative cooperativity) (9,34).
The allosteric effect plays a major role in the regulation of the activity of an
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Fig. 20. (a) Schematic illustration of the formation of a cascade complex; (b) a
heterodinuclear cation complex of a diloop crown receptor; and (c) a typical cascade com-
plex.

enzyme involving conformational changes included by the binding of an effector
(131). This kind of cooperativity has also been studied in synthetic receptors
(132,133). An obvious approach to achieve such systems is based on the clapper-
board construction schematized in Figure 21a comprising two binding sizes of
types A and B, respectively, inside and at the ends (34,134). Binding of M (eg,
a metal ion) enhances the ability for the inclusion of L (eg, a lipophilic organic
substrate). A similar case of allostery is illustrated in Figure 21b where the thy-
mine derivative binding using hydrogen bond and =n-stacking interactions is
increased by a factor of 4—6 upon sodium ion uptake by the oligoethylene glycol
ether part of the receptor system (135).

5. Chiral Recognition

Enantiomers are perhaps the substrate type most difficult to distinguish. As is
well known, they are stereochemical species that have exactly the same struc-
ture except for their mirror image (chirality) relationship (33) (see also CHIRAL
SEPARATIONS). This causes a problem. On the other hand, chiral (enantiomer)
recognition in complexation is one of the most important means by which recep-
tor sites of biological systems such as in genes or enzymes act and regulate (2).
From the principle point of view, recognition of a substrate enantiomer from
racemic mixture (50:50 % mixture of enantiomers) requires an enantiomeric opti-
cally resolved receptor structure in order to make possible two diastereomeric
receptor—substrate complexes allowing differentiation (Fig. 22a) (136).
Following this line, a great variety of optically resolved (optically active)
crown compounds were prepared for the resolution of racemic cationic sub-
strates, eg, chiral primary ammonium salts, protonated s-aminoalcohols and
a-amino acid derivatives, through complexation (137—139). Among the highest
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Fig. 21. (a) Diagrammatical representation of an allosteric receptor mechanism,;
(b) allosteric binding of a thymine derivative promoted on K* uptake (34).

enantiomer recognition properties for chiral ammonium ions were obtained with
crown ethers having one or two 1,1-binaphthyl chiral barriers in the framework
(Fig. 23a) (27,37,140). Others contain a spirobifluorene chiral subunit (141) or
are derived from terpenoids, amino acids, and hydroxy acids that make use of
the natural pool of chiral compounds (138). Typical examples for the latter
classes of receptors are shown in Figure 23b, ¢ where natural o-pD-glucose
(142) or tartaric acid (143) are the chiral sources. A further important family
of chiral receptors derived from natural glucose are the cyclodextrins (Fig. 15a)
(93-95). Moreover, most of these receptors (cf. Fig. 23a—c) are carefully designed
systems in that they contain at least one Cs axis of symmetry (dissymmetric com-
pound type), a tactic that makes the receptors nonsided with respect to perching
substrates, eg, ammonium guests (136). Beyond that Cs; symmetric receptor
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Fig. 22. Principle of chiral receptor—substrate recognition: (a) formation of diastereo-
meric inclusion complexes; (b) three-point interaction model.

molecules have also been used to advantage in chiral recognition such as the
cryptophane in Figure 16a (101,102) or the basket shaped chiral host presented
in Figure 23d (144). Although besides chiral ammonium ions amides are the sub-
strate class of compounds to be very efficiently resolved by the majority of recep-
tors, particular enantiomer recognition properties including steroid hormones
have also been reported (145). The cryptophane is typical of the chiral resolution
of methane derivatives (eg, CHFCIBr) (146) and the basket-shaped host of Figure
23d exhibits extremely high enantioselectivity for various peptides (144).

Interpretation of these results are in keeping with the complementarity
between chiral receptor and chiral substrate as sketched in Figure 22 (notice
the orientation of the stars) and visualized in Figure 18b. This figure shows
that the zwitterionic amino acid tryptophan of natural configuration (S) ideally
complements the three sites of the chiral (optically resolved) receptor cleft, while
the optical antipode of tryptophan (R-configurated enantiomer) is less suited for
binding (117). These facts express what is generally called the three-point inter-
action principle (136,147) illustrating fit or misfit of chiral receptor substrate
recognition (Fig. 22b).

For more details on this topic see References (138,139,148); for more illus-
trations on the chiral fit concept see also INCLUSION COMPOUNDS.
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Fig. 23. Prototypical receptor molecules for chiral (enantioselective) substrate recognition.

6. Artificial Receptors for Particular Substrate Recognition

The recognition of substrates from many different compound classes has been
discussed. Nevertheless, some particular substrates remain that are biorelevant
species or play central roles as drugs. Barbiturates are such an important family
of drugs and are the target for molecular recognition (19,77). According to their
structure, the barbiturate moiety essentially fuses two imide groups within
a six-membered ring. Thus, two diaminopyridine units correctly positioned in a
macrocyclic ring should bind to all six of the accessible hydrogen bonding
sites in barbiturates, as shown in Figure 24a (149). A crystal structure of a res-
pective receptor—substrate complex has been performed that comes up to the
expectations (19,77).

The structural and synthetic relationships shared between barbiturates
and urea, which is another substrate of high physiological interest, suggest
that the above receptor strategy could be modified for the selective complexation
of urea. The designed modification for urea recognition involves replacement
of the H-bond donating pyridine-6-amido groups in the previous barbiturate
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Fig. 24. Receptor substrate complexes involving particular substrate recognition.

receptor by two H-bond accepting groups that differ by 120° in alignment to the
substrate. Such an arrangement of binding groups exists in the receptor mole-
cule for urea illustrated in Figure 24b (19,77). An approach using an acyclic,
but rigid hydrogen bond heteroaromatic framework such as the naphthiridine
derivative presented in Figure 13d has also been developed (86), and last but
not least the above metalloreceptor strategy based on a metal center (eg, UO5)
as an electrophilic binding site for the carbonyl oxygen of urea included in a
macrocyclic receptor was successfully applied (119,125,126). A modification of
the rigid heterocyclic cleft-type receptor mentioned above (cf Fig. 13d) has also
yielded good results in the recognition of uric acid, the key product of the purine
metabolism (150).
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Nature’s strategy for the recognition of nucleic acid bases offers an ideal
example of directional and orientational dependence of simultaneous hydrogen
bonding and aromatic stacking interactions to make advantage for an artificial
receptor design of nucleic acid bases. A taste of it has already been given in
Figures 14a (87) and 14b (88) illustrating effective recognition of an uracil and
adenine derivative, respectively (19,77). In addition, receptors where two such
sites are linked through a spacer element attenting to the recognition of multiple
nucleic acid base derivatives have also been carried out successfully (77,151).

Nucleotides, the building blocks of DNA and RNA strands, beside a poly-
phosphate chain and ribose or deoxyribose also contain a nucleobase. According
to this importance, efforts have been directed toward the problem of phosphate
recognition and the development of artificial receptors capable of distinguishing
nucleotides with respect to both the nucleobase and the phosphate chain
(66,118). A tricky solution of the problem is presented in Figure 24e¢, taking
advantage of the phosphate affinities of a bicycloguanidinium cation and the
well-established chelating capacity of a molecular cleft featuring two converging
imide functions (152).

Boronic acid—diol covalent interactions creating five- or six-membered rings
reversibly form in aqueous media, thus, providing an important tool in the recog-
nition of saccharides (153—155). Moreover, many monosaccharides possess at
least two binding sites (diol area) which differ from other monosaccharides.
Based on this strategy a number of small saccharide selective receptor molecules
with conformationally well-defined distance and orientation between two boronic
acid functionalities have been designed. An example is given in Figure 24d (156).
D-Glucose yields a relatively strong 1:1 complex at pH 11.3, whereas complexes
with galactose, talose, maltose, cellobiose, and lactose are weaker. The complex
with glucose is believed to involve bonds to the C1-C2 and C4-C6 diols as
sketched in Figure 24d. Chiral recognition of saccharides along this line using
chirally modified diboronic acid receptors have also been realized (157). A second
main category of saccharide receptors are typical of bowl-shaped molecules
belonging to the resorcinarenes (158) (see INcLUSION coMPOUNDS) and other more
recent examples (153). What is more, there are good expectations for the devel-
opment of artificial adrenalin (159) and peptide receptors (160).

However, all the receptors hitherto discussed are monomolecular species
which possess a monomolecular cavity, pocket, cleft, groove or combination of
it including the recognition sites to yield a molecular receptor—substrate com-
plex. They can be assembled and preserved in solution although there are depen-
dences (see below). By way of contrast, molecular recognition demonstrated in
the following comes from multimolecular assembly and organization of a nonso-
lution phase such as polymer materials and crystals.

7. Molecular Recognition in Polymers and Solids

If a polymer is prepared in the presence of molecules, the “print molecules” which
are extracted after polymerization, the remaining polymer may contain cavities,
prints, or footprints that can recognize the print molecule (161). Actually, the
cast relates to the matrix molecule like lock and key of Emil Fischer’s
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Fig. 25. Schematic representation of imprinting: (a) cross-linking polymerization in the
presence of a template (T) to obtain cavities of specific shape and a defined spatial
arrangement of functional groups (binding sites, A—C); (b) cross-linked polymer prepared
from the template monomer and ethylene dimethacrylate with and without the templates
(161).

long-known principle (5) (see Fig. 1). A scheme of this clever imprinting techni-
que is illustrated in Figure 25a, and a relevant example of imprinted polymer is
shown in Figure 25b. The template monomer of Figure 25b is a compound in
which two polymerizable moieties of vinylphenylboronic acid have been bound
to phenyl a-D-manopyranoside as the print molecule. A 1:9 ratio of the monomer
and ethylene dimethacrylate were copolymerized in an inert solvent to yield a
macroporous polymer of which the template is split off providing chiral cavities
each bearing a pair of boronic acid groups. Polymers of this type have excellent
ability for recognition of the template molecule, also in the given enantiomer con-
figuration when subjected to its racemate.

By analogy, a great many of other functionalized styrenes, including car-
boxylic acids, amino acids, Schiff bases, or specific compounds, eg, L-DOPA,
have successfully been applied as print templates. Moreover, it has also been
shown that silica gel can be imprinted with similar templates, and that the
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resulting gel has specific recognition sites determined by the print molecule
(162-164).

In a sense, molecular recognition using hollow organic crystals, in particu-
lar clathrate structures (165), is similar although the interactions forming the
framework are noncovalent but weak interactions (16). For the same reason typi-
cal multinuclear crystalline inclusion compounds and clathrates are not stable in
solution, but decompose unlike the monomolecular inclusions and more stable
receptor—substrate complexes (165). Nevertheless molecular recognition beha-
vior of crystalline inclusion compounds is both various dependent on the struc-
ture that can be cavity-, layer- or channel-type (167), and in many cases highly
selective including chiroselectivity (168).

A packing motif giving a general idea of such an efficient chiral recognition
machinery that uses the crystalline inclusion phenomenon is illustrated in
Figure 26 (169). The optically active receptor molecule (Fig. 26a), a bulky deriva-
tive of lactic acid, chiroselectively yields a crystalline inclusion compound with
(R)-configurated 3-methylcyclohexanone (Fig. 26b), refusing the steric mirror
image (S-configuration) of the substrate, whereas the correctly configurated sub-
strate (R) ideally matches the intermolecular lattice space (Fig. 26¢). Along this
line a number of bulky crystalline hosts have been designed capable of chiral sub-
strate recognition, eg, of alcohols, phenyloxirane, sulfoxides and lactones, to say
nothing of more simple constitutional isomer recognition and of the recognition of
other chemically different species (165,167,170). However, it would mean dou-
bling of information to go into details here since this particular topic is exten-
sively covered under the subjects extra molecular cavity and lattice type
inclusion compounds (see INCLUSION COMPOUNDS).

Microporous inorganic materials dominated historically by the zeolites and
alumosilicates, and the great variety of more recent nonoxide and coordination
framework materials should also be mentioned here (171-174) but not discussed
in detail. This type of molecular recognition is usually known as molecular
sieving.

8. Molecular Recognition at Interfaces and Surface Monolayers

There are three advantages to study molecular recognitionon surfaces and inter-
faces (monolayers, films, membranes or solids) (175): (I) rigid receptor sites can
be designed; (2) the synthetic chemistry may be simplified; (3) the surface can be
attached to transducers which makes analysis easier and may transform the
molecular recognition interface to a chemical sensor. And, which is also a typical
fact, this kind of molecular recognition involves outside directed interaction sites,
ie, exo-receptor function (9) (see Fig. 5b).

To begin with, molecular recognition of crystal interfaces make possible the
control of crystal growth processes in that suitably designed auxiliary molecules
act as promoters or inhibitors of crystal nucleation inducing, for instance, the
resolution of enantiomers or the crystallization of desired polymorphs and crys-
tal habits (176). As an example (Fig. 27), crystals of achiral glycine, due to their
enantiopolar arrangement, may differentiate between (R)- and (S)-amino acids
when being used as additives (177). Thus an o-amino acid additive such as
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Fig. 26. Clathrate receptor chemistry: (a) a chiroselective crystalline host compound
(clathrand); (b) a typical guest molecule to be included in the specified configuration;
and (c) the crystal structure of the respective clathrate (A and B denote host and C the
guest species) (169).

alanine of configuration (R) capable of replacing a glycine molecule will block
crystal growth only at one of the two enantiopolar crystal faces, the (pro-R)-
face [(010)-face in Fig. 27b]. An (S)-amino acid practises the same effect on the
(pro-S)-face of the glycine crystal [(010)-face], and [(010)-face], and addition of
racemic (R,S)-amino acid suppresses growth at both enantiopolar faces (Fig.
27¢). In consequence, the crystal of glycine changes its habit from a symmetric
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Fig. 27. Recognition at crystal interfaces and its role in the engineering of crystal
morphology and configurational assignment of molecules (176,177).

bipyramide to either two asymmetric mirror-image pyramids or a platelet mak-
ing engineered crystal habits possible (178) (Fig. 27). These impurity crystals
having large and hydrophobic planes orientedly swim at the air—water surface
which can be applied toward the resolution of further amino acids and for the
direct and relative assignment of the absolute configuration of chiral molecules
and crystals using stereochemical correlations (179).

Following another direction, it has previously been shown that alkanethiols
spontaneously adsorb to Au from dilute solutions of ethanol and other nonaqu-
eous solvents, and that the resulting self-assembling monolayers (SAMs) assume
a close-packed overlayer structure on Au (111) and other textured Au surfaces,
being quite robust in aqueous solutions and vapor-phase ambients (180). This
mode of self-assembly chemistry has been used to synthesize monolayer assem-
blies that function as molecular recognition interfaces based on the presence of
recognizer end groups (181). Thus one-component SAMs formed of n-alkanethiols
having extra carboxylic acid functionalized end groups specifically adsorb vapor-
phase acid-terminated molecules via H-bonding (Fig. 28) or vapor-phase amine-
terminated molecules via proton-transfer interaction, exhibiting chemical com-
plementorship (182). It has also been demonstrated that two-component SAMs,
which consist of inert n-alkanethiol framework molecules and defect inducing
template molecules, can discriminate between solution-phase probe molecules
based on their geometrical properties, similar to the imprinting technique dis-
cussed before (see Fig. 25a) but on the two-dimensional level only (182). In
order to create analogous molecular recognition property on an oxide surface, a
silica overlayer was prepared on tin oxide by the chemical vapor deposition of
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Fig. 28. Self-assembly monolayer to function as molecular recognition interface (182).

silicon alkoxide using preadsorbed benzoate anions as template molecules, which
were then removed to yield vacancies in the overlayer capable of size recognition
of the probe molecules (183).

In an obvious example of molecular recognition at the air—water interface,
the receptor consists of an organized monolayer formed from amphiphiles that
have complementary binding sites (184). For example, the double-chain triazine
amphiphile illustrated in Figure 29 (185) was employed for the formation of a
monolayer receptor at the air—water interface which specifically interacts with
barbituric acid dissolved in the water subphase, creating a supramolecular
strand, in close analogy to solid-state and solution structures formed of the
hydrogen-bonded components (186,187). The stabilization conferred on the
monolayer by its networking with barbituric acid made its imaging by atomic
force microscopy (afm) possible, while the noncomplexed monolayer is destroyed
by the scanning tip of the afm (185). Vice versa, amphiphilic derivatives of

Fig. 29. Molecular recognition of an organized assembly at the air—water interface (184).
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barbituric acid form a monolayer receptor at the air—water interface interacting
with complementary substrates such as 1,4,6-triaminopyridine, melamine and
urea (188). The recognition reaction that occurred was investigated by measuring
the pressure-surface area isotherms and by using uv-visible spectroscopy. For
this latter reason some of the recognizer amphiphiles contain the azobenzene
chromophore in its framework (189). Various monolayer self-assembled systems
developed primarily for the recognition of nucleobases, dipeptides and sugars at
the air—water interface including amphiphilic recorcinarene receptors have also
been studied (184). Furthermore, monolayer receptors originating from long-
chain derivatives of Kemp’s acid (see Fig. 13c) were employed for the molecular
recognition of amino acids and various nitrogen aromatic compounds (190).

In another example, involving vesicles as organizing entities, molecular
recognition occurred between mixed vesicles bearing recognizable moieties.
Interaction occurs between the mixed vesicles, which leads to the formation of
larger aggregates attributable to the interaction of their recognizable moieties
located at the external interface of the vesicles (191).

For the investigation of molecular recognition in micelles, adenine deriva-
tives and positively charged (thyminylalkyl)ammonium salts such as shown in
Figure 30 were prepared, which were solubilized in sodium dodecyl sulfate
(SDS) solutions. Nmr studies have shown that binding occurs in a 1:1 molar
ratio in the interior of the micelles as illustrated in Figure 30 (192).
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Fig. 30. Molecular recognition in micellar systems (184).
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In summary, one may say that the air—water inface is much larger,
smoother, and more organized than the interfaces of aqueous micelles and
bilayers, which in turn are larger and more organized than those of molecular
pairs in bulk water. Thus the binding affinity in general is increased by a factor
of 10°-10* each time one proceeds from bulk water to microscopic interfaces of
micelles or bilayers and finally to air—water macroscopic interfaces having
obvious bearing on the recognition property (184).

9. Self-Recognition

This mode of molecular recognition, on principle, is defined as the recognition of
like from unlike or self from unself-molecules, embodied in the spontaneous
selection and preferential assembly of like components in a mixture (9).

So far this article has been concerned with interactions among chemically
different species which is true for most of the chemical recognition processes
including supramolecular and biomolecular processes. With crystals it is usually
the other way around. Although some crystals, co-crystals, crystalline complexes,
and crystalline inclusion compounds (see above, and INCLUSION COMPOUNDS), are
built from more than one kind of molecule and are exceptions, most crystals
are built from identical (or enantiomeric) copies of the same molecule. Thus, a
usual one-component crystal is a macro-supramolecular assembly (193) where
one should more properly speak of molecular self-recognition. This is not a fact
contradictory to the basic principles of molecular recognition, discussed at the
beginning, since naturally the case might occur in which the two complementary
structures happen to be identical in dealing with a self-complementary relation-
ship. So, even when all the molecules are identical (or enantiomeric), an acceptor
part of one molecule can interact with a donor part of a second, and the acceptor
part of the second can interact in exactly the same manner with the donor part
of a third, and so on, giving rise to periodicity of the crystal and to the limited
number of space groups used in molecular crystals (194). For instance, it is
very uncommon for molecules in a crystal structure to be related by rotation axis
or mirror planes, because identical parts of molecules avoid one another, except
for molecular sites having a so-called self-complementary donor—acceptor group
(195). Self-complementary groups such as the carboxylic acid, the amide, the urea
function or its combinations form finite, one-dimensional tape, two-dimensional
layer, or three-dimensional motifs of organic molecules mostly obtained from hydro-
gen bonding. Representative examples are given in Figure 31 (196).

In solution, highly ordered structures created via self-recognition and self-
assembly of a programmed H-bonding molecular component are also possible
(197) such as the hexameric pseudo supermacrocycle of a designed DNA base
hybrid shown in Figure 32 (198), to say nothing of the self-assembly of organic
Langmuir and Langmuir-Blodgett films (199) where self-recognition at the
air—water interface is of vital importance as well (see Fig. 29).

With respect to inorganic self-recognition and self-assembly this would
involve preferential binding of like metal ions by like ligands in a mixture of
ligands and ions (9). Indeed, selective formation of double-helicates was obtained
from mixtures of oligo-bipyridine strands in the presence of suitable metal ions,
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Fig. 32. Hexameric self-assembled supermolecule involving self-recognition (198).
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Fig. 33. Self-recognition in the self-assembly of double helixes (9,200).

eg, Cu™, without significant crossover, ie, the desired helicates are generated
with self-recognition (Fig. 33) (200). Similar self-recognized triple-helicates
have also been obtained from bis-catechols and Ga(III) (201).

A particular point of interest included in these helical complexes concerns
the chirality. The helicates obtained from the achiral strands are a racemic mix-
ture of left- and right-handed double helices (Fig. 34) (202). This special mode of
recognition where homochiral supramolecular entities, as a consequence of
homochiral self-recognition, result from racemic components is known as optical
self-resolution (203). It appears in certain cases from racemic solutions or melts
(spontaneous resolution) and is often quoted as one of the possible sources of opti-
cal resolution in the biological world. On the other hand, the more commonly
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Fig. 34. Enantiomeric double-stranded helixes corresponding to Figure 33 (9,202).

found process of heterochiral self-recognition gives rise to a racemic supramole-
cular assembly of enantio pairs (204).

10. Conclusion

Although molecular recognition, the programmed molecular interaction or bind-
ing with a purpose, is difficult to put into numerical values, its fundamental
importance in natural sciences with special points of emphasis in molecular biol-
ogy (1-3) and supramolecular chemistry (8—12) is clear now. Of course, one may
say that molecular recognition as itself is old hat, considering the early lock-and-
key principle of Emil Fischer (5) mentioned at the beginning. Nevertheless, mole-
cular recognition has also proved the main portal to enter into the new fascinat-
ing technological developments that supramolecular sciences have made
available and may further open in the future (205).ValinomycinED: Unknown
ppn ED: Unknown vl
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