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Emerging trends in molecular recognition: Utility
of weak aromatic interactions
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Abstract—Aromatic interactions play a vital role in chemistry and biology. As about 20% are aromatic in nature, so the role of
aromatic interactions become prominent in drug receptor interactions. Not only in drug receptor interactions but also in crystal
engineering, protein folding, stacking interactions in DNA/RNA the role of the interactions is of utmost importance. With the emer-
gence of supramolecular chemistry dendrimers, tweezers, rotaxanes, catenanes, and several supramolecular aggregates are associ-
ated with aromatic interactions. The mechanism of such interactions is still unknown by the replacement of a small substituent
from the aromatic molecule may lead or destroy the interactions. In the present review several models are being discussed with arene
interactions under selected heads.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

1.1. Molecular recognition

Molecular recognition which is of central importance
in chemistry and biology depends on non-covalent
interactions such as H-bonding, stacking interaction,
cation–p interaction, ionic interaction, hydrophobic
interaction, etc. The role of non-covalent interaction
in nature was fully recognized only in last two dec-
ades and is of key importance in biodisciplines.1

Non-covalent interactions are poorly understood at
present. Since the first synthesis of urea 150 years
back, there had been a phenomenal growth in ‘cova-
lent synthesis’. According to Nobel Laureate Prof.
J.M. Lehn time has come to do same for non-cova-
lent chemistry.2

1.2. Non-covalent interaction

Modern chemistry is based on the understanding of the
chemical bond. Atoms and molecules interact together
leading to the formation of either a new molecule
(reactive channels) or a molecular cluster (non-reactive
channels). The former is covalent interaction while lat-
ter one is non-covalent or van der Waals interaction.
Non-covalent interactions lead to the formation of a
molecular cluster while covalent interactions lead to
the formation of a classical molecule. The structure
of liquids, solvation phenomena, molecular crystals,
physisorption, and the structures of bio-macromole-
cules such as DNA (deoxyribonucleic acid) and pro-
teins and molecular recognition are a few phenomena
determined by non-covalent interactions.

Covalent interactions are of short range (<2 Å), whereas
non-covalent interactions are known to act at distance
of several angstroms. Unlike in covalent interaction
(when occupied orbital of interacting atoms overlap
and consists of a pair of electron shared by atoms), over-
lap in non-covalent interaction is unnecessary. In fact
overlap between occupied orbital leads only to repulsion
(exchange repulsion), that prevents the subsystems from
approaching too closely.
2. Aromatic interaction

The interaction between molecules containing aromatic
residues is referred to as aromatic (p–p) stacking or aryl
stacks. These interactions are of utmost importance in
drug chemistry as most of the drugs are aromatic and
about 20% are aromatic. Benzene crystallizes as dimers,
dimer-models in 1, show aromatic interaction.3 The nat-
ure of stacking interactions has been studied by using
various spectroscopic tools and X-ray crystallography4
is a foolproof method of understanding such
interactions.
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Generally aromatic interactions depend upon charge dis-
tribution and also the shape of molecule and require geo-
metrical requisites.5 Synthesis of 1,3-bis(4,6-
dimethylthio-1H-pyrazolo[3,4-d]pyrimidin-1-yl) pro-
pane (2) has been reported6 which showed intramolecular
stacking in both solution and solid state. Intramolecular
stacking in compound 2 was deduced by comparison of
its high-resolution proton NMR data with that of simpler
monomeric compounds 3.7 X-ray crystallography of
compound 2 not only confirmed intramolecular stacking
but in addition also revealed intermolecular stacking.8 It
is important to mention here that compound 2 unlike
compound 4 and 5 has no conventional H-bonding. On
the other hand, synthesis, NMR, and X-ray crystallogra-
phy of two more compounds 6 and 7 have been reported.
Once again comparison of proton NMR data of these
compounds (6 and 7)9 with that of simpler monomeric
compounds10 suggested possibility of intramolecular
stacking. X-ray crystallography of these two compounds
(6 and 7) further confirmed intramolecular stacking, in
addition intermolecular stacking was also revealed.11 It
is worth noting that pyrazolo[3,4-d]pyrimidine ring sys-
tem is isomeric with biologically important purine ring
system and was expected to show some physico-chemical
properties of purine system.

2.1. Parallel aromatic interaction

Organic compounds containing aromatic moieties
tend to arrange themselves like a stack of coins. p–p
interactions are caused by intermolecular overlapping
of p-orbital in p conjugated systems, so they become
stronger as the number of p electron increases. This
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bonding behavior affects the properties of polymers
as diverse as aramides, polystyrenes, DNA, RNA,
proteins, and peptides. The effects can be explained
in gas sensors to detect the presence of aromatic
chemicals. p–p interactions act strongly on flat poly-
cyclic aromatic hydrocarbons such as triphenylene,
anthracene, and coronene because of the many delo-
calized p-electrons. This interaction is a bit stronger
than other non-covalent interactions, and plays an
important role in various part of supramolecular
chemistry, for example, p–p interaction has a big
influence on molecule-based crystal structure of aro-
matic compounds. X–ray crystal structure of 812 has
confirmed intramolecular stacking due to aromatic
p–p interactions and in addition revealed intermolec-
ular p–p interaction.



A. K. Tewari, R. Dubey / Bioorg. Med. Chem. 16 (2008) 126–143 129
N

N

N

N

O

N

N N

N

O

(CH2)3

H3CS SCH3

C2H5 C2H5

(8)
In the same sequence compound 9 with bulkier attach-
ment benzyl group had been synthesized. X-ray crystal
structure of compound has shown intramolecular aro-
matic p–p interaction.13 Intramolecular interactions
have been found retained in the compounds having sub-
stituent attached at oxygen.14
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The crystal structures of 1-{5-[4,6-bis(methylsulfanyl)-
2H-pyrazole[3,4-d]pyrimidin-2-yl]pentyl}-6-methylsulfanyl-
4-(pyrrolidin-1-yl)-1H-pyrazolo[3,4-d]pyrimidine 10 and
6-methylsulfanyl-1-{5-[6-methylsulfanyl-4-(pyrrolidin-1-
yl)-2H-pyrazolo[3,4-d]pyrimidin-2-yl]pentyl}-4-(pyrroli-
din-1-yl)-1H-pyrazolo[3,4-d]pyrimidine (11) which differ
in having either a pyrrolidine substituent or a meth-
ylsulfanyl group show intermolecular stacking due to
aromatic p–p interactions between the pyrazolo[3,4-
d]pyrimidine rings.15
Proton NMR analyses of several newly synthesized dis-
symmetrical ‘Leonard/trimethylene linker’16 compounds
1/2/3-[(4,6-dimethylsulfanyl-1H-pyrazolo[3,4-d]pyrimidin-
1-yl)propyl]-5,7-dimethyl/ethyl-sulfanyl-1H/2H/3H-triazo-
lo[4,5-d]pyrimidines (12 and 13) show intramolecularly
stacked conformation in solution. X-ray crystallography
of one dissymmetrical ‘Leonard/trimethylene’ linker
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compound (12b) based on two different heterocycles,
namely pyrazolo[3,4-d]pyrimidine core and triazolo-
[4,5-d]pyrimidine, for the first time, shows unusual
U-motif formed due to intramolecular p–p interactions,
which is similar to earlier related pyrazolo[3,4-d]pyrimi-
dine core based 10 symmetrical (2 and 6) and one dis-
symmetrical compound (14). Supramolecular structures
of the new compound (12b) show unusual chain motif
due to weak intermolecular CH. . .N and CH. . .S inter-
actions. More importantly, the new compound (12b)
shows S. . .arene interaction not shown by any earlier
compounds (2, 6, and 14).17
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2.2. Perpendicular aromatic interaction

A related effect called T-stacking is often seen in pro-
teins18 where the partially positively charged hydrogen
atom of one aromatic system points perpendicular to
the center of the aromatic plane of the other aromatic
system. In the recent years, there has been intense
interest in the design of non-peptide oligomers that fold
into well-defined secondary structures. Such type
of materials forms new functional polymers with
interesting catalytic and recognition properties. Simple
anthranilamide derivatives can be combined to form
oligomers having linear strand or single turn helical
structures stabilized by intermolecular hydrogen bond-
ing and p–p stacking interactions.

2.3. CH–p interaction

The interactions between arenes, alkenes, or alkynes
with hydrocarbons are C–H. . .p interaction rather than
interaction between aromatic rings and plays a signifi-
cant tool in chemistry and biology.19

In proteins C–H. . .p interactions have been described
which arise due to the formation of complexes of proteins
with ligands or cofactors such as the heme group18 and
design of serine proteases inhibitors.20 Previous studies
have also shown that C–H. . .p interactions are even
responsible for the stabilization of structural elements
such as alpha or 310 helices or non-proline cis peptide
bonds.21

Parallel stacking is p–p interaction which occurs in DNA/
RNA and T-shaped stacking is known as CH–p interac-
tion which occurs in proteins. It is well known that distance
between two nucleic acid bases (in DNA) is 3.4 Å. In order
to understand such interactions use of ‘trimethylene link-
ers’ between two nucleic acid bases was pioneered by Prof.
Leonard in 1968.16 In case of some 1,9-disubstituted tripty-
cene (15) there is arene–arene interaction and CH–p inter-
action due to presence of acetate groups. NMR
spectroscopy shows that in the model system of triptycene
at low temperature lone-pair–p interactions are dominant
in syn conformers in 1, 9-disubstituted systems.22

(15)

O

R

OR

X

2.4. Cation–p interaction

It has been suggested that cation–p interaction
constitutes a strong, specific driving force that plays a
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key role in molecular recognition. In biological systems,
experimentally determined three-dimensional structures
of proteins and theoretical calculations at different level
of complexity in (16) provide information into this
type of interaction.23 Interaction of cationic species with
p electron of aromatic rings has been theoretically
observed earlier.24 Cation–p interaction involve short
distance interaction, large number of gas phase studies
have established the cation–p interaction to be among
the strongest of non-covalent binding forces.25
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Many types of cation–p, lone pair–p, p–p stacking, and
non-covalent interactions are involved in biological and
chemical recognition processes. Now some lone pair–p
interactions are provided by ab initio studies and these
interactions are revealed with electron deficient p-systems.

Intramolecular py+–p interactions have been postulated
in some reaction intermediates.26 The cation–p complex
in (17) is that the pyridinium and the phenyl ring lie par-
allel to each other and the two rings are arranged face to
face, the distance between which is about 3.4 Å.27
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2.5. Intermolecular aromatic weak interactions

Intermolecular interactions of aromatic molecules like p/p,
OH/p, NH/p, and cation/p interactions are important in
the fields of chemistry and biology. These interactions con-
trol the crystal structure of aromatic molecules, the stabil-
ity of biological systems and their molecular recognition
processes. For understanding the structure and properties
of molecular assemblies and improving materials, drug de-
sign strategy, physical origin, and magnitude of the inter-
actions are known essentially. Only experimental details
are not sufficient to study aromatic weak interactions;
therefore, ab initio calculation methods have been applied
in order to investigate aromatic interactions. X-ray crystal
structure of 4,40-(ethylenedioxy) dibenzaldehyde showing
intermolecular aromatic interactions, two phenyl rings of
different molecules are 3.58 Å distance apart.28
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C H
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Interactions between aromatic rings play an important
role in stabilizing proteins structure as shown in (18).
For recognition of proteins, nucleotide bases either pos-
sess a number of inter-ring geometries ranging from a
parallel face to face stacking to a perpendicular edge
to face (19 and 20) or the positively charged hydrogen
atom on one ring interacts with negatively charged re-
gion on the second ring.29

H δ+

Face to Face Edge to Face 

δ −

19 20
Aromatic ring interaction also influences stereochemis-
try of many organic reactions; several evidences had
been observed.30 Interactions between benzene dimers
are different when water, chloroform or liquid benzene
is used as a solvent or in case of gas phase. In case of li-
quid benzene, chloroform, and water benzene dimers
having ring center–ring center separation of ca. 5.5 Å,
are energetically favored.31

Corey in 1972 postulated the first synthetic application
of a p-stacking interaction in the synthesis of prosta-
glandins,32 p-stacking effect influenced asymmetric bond
formation reaction under both stoichiometric (chiral
auxiliaries) and catalytic conditions.33

2.6. Change in ring size influences weak interactions

In the gas phase, stacked structure having larger arene
ring size is favored over smaller ring size,31 Charge delo-
calization or rapid hopping of charges is a requirement
of organic electronics. Several dimers may be formed
by p–p interactions through radical cation and neutral
aromatic molecules, of perylene-3,4, 9,10-bis (dicarbox-
imide) (PDI) (21) having electron hopping is self-assem-
bled p-stacked molecule by ENDOR (electron-nuclear
double resonance) studies.34
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Using solid phase micro-extraction method and fluores-
cence quenching approach interaction of phenanthrene
and 9-amino phenanthrene with natural organic matter
(NOM) of different origin was found to be influenced by
concentration of polycyclic aromatic compound (PAC)
as well as NOM on the binding constant. Experimental
evidences have shown that there is an aromatic interac-
tion between NOM and the amino group.35

Many p radical cations having p conjugated system
and hetero atoms stabilize themselves to form p and/
or r dimers. In case of conducting polymers the
p-dimerization is a very natural phenomena. p-Dimer-
ization is also found in radical anions. UV–vis, NIR,
ESR, NMR, and X-ray crystallography had shown
that these radical cations self-associated to form r
and/or p dimers.36

In 9,10-di(9,9-dioctyl fluorine)anthracene, X-ray data
show that the aromatic rings of adjacent molecules are
separated by a distance for any significant p–p interac-
tion and fluorine rings are oriented such that the n-octal
groups face array from each other.37

2.7. Hydrogen bonded aggregates

Cyclodextrin forms well-defined supramolecular aggre-
gates used in chemistry and material sciences. b
Cyclodextrins form aggregate with 4-hydroxyazoben-
zene and 4-amino azobenzene by extensively hydrogen
bonded and p–p interactions that interaction
was proved by X-ray, UV–vis, and NMR
spectroscopy.38
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Organic semiconductors are also used in the field of
material chemistry like in pentacene, where p–p system
plays an important role. Small semiconductor materials,
thiophene-based molecules, having intra and intermo-
lecular interactions, van der Waals interaction, weak
hydrogen bonding, p–p stacking, sulfur–sulfur interac-
tions39 are caused by high polarizability of sulfur elec-
tron in thiophene (22) rings.40

2.8. Study of effect of electrostatics

In life sciences, p-stacking interaction plays a crucial role
and they usually show face to face p-stacking interaction
and dipole–dipole interactions. In case of naphthalene,
aryl or heteroaryl groups present in periposition having
p stacking are used to develop new materials. 1,8-Diacr-
idyl naphthalene when investigated by crystallographic
and spectroscopic methods shows intramolecular inter-
action having cofacial aryl groups that undergo face to
face but not face to edge interaction in solid as well as
in solution.41

Crystallographic data in aqueous solution of dinaphthyl
carboxylates show that the linkers in (23) allow intramo-
lecular edge to face interaction.42

O
ONa

(23)
Cozzi et al.43,44 have come up with a very simple and ele-
gant way of doing this. Naphthalene has been used as a
covalent scaffold to hold two interacting aromatic rings
in a face to face stacked geometry, 24 and 25.

(24)

X, Y = H, OMe, COOMe, NO2

Me MeMe Me

YX

(25)

The methyl group acts as markers so that the restricted

rotation can be monitored by NMR spectroscopy. The
authors claim that these differences are a direct measure
of the relative magnitudes of the p–p interactions and it
was concluded that the concept of CT or EDA interac-
tions was highly misleading and p–p interactions were
dominated by electrostatics.45

In triptycene-derived compound (26) showing arene–
arene interactions, parallel displaced orientation have
been found, in the case of arene bearing electron-with-
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drawing groups interactions are attractive. The polar/p
forces are responsible for aromatic stacking interaction.22

In case of 1,8-diarylnaphthalene, the aryls occupy parallel
stacked geometry, due to steric congestion and barriers to
rotation were used to find strength and to investigate the
nature of interaction between arenes. The groups present
on arene moieties indicate that polar/p electrostatic effects
are dominant over charge-transfer effect in determining
the arene–arene interaction.46
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OCOPh-Y

O

X

Y

(26)
Interaction between aromatic rings via p-stacking form
the origin of many phenomena in organic material sci-
ence and biological chemistry, including the electron
transport in DNA through stacked p-bases.

Useful information was observed with p–p stacked por-
phyrin model of C.A. Hunter, who studied cofacially
linked porphyrin dimers and observed that strong p–p
interactions between the two porphyrins forced the cav-
ity to collapse and inhibited substrate binding.47
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N
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N
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N

The choice of linker to connect arene moieties might be

important to regulate folding. Several aromatic
foldamers were constructed by connecting arene with
urea, guanidine, or amide also trimethylene linkers,
also polyfluorene spacers had been introduced to con-
struct a variety of wire like properties to examine the
electron-transport phenomenon.48 One illustration is
the use of polymethylene bridges (28) in particular
the trimethylene bridge—(CH2)3—as synthetic spacers
for examining repulsive and attractive intramolecular
interactions.49

HN
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(28)
Computational and experimental studies of stacking
interaction of sodium (2,2)-bis(indol-1-yl-methyl) ace-
tate (29) in water and DMSO investigate the role of
the hydrophobic effect on aromatic stacking interac-
tions. Tilted T-shaped stacked, off-center stacked, face
to face stacked, and non-stacked conformation were
observed in vacuum where as in water tilted T-shaped
stacked and non-stacked conformer existed. Larger
population of the stacked conformations in DMSO-d6

was expected if the electrostatic interaction was the
only driving force of the aromatic stacking
interactions.50

N

OMe
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N

(29)
3. Supramolecular aggregates

The use of non-covalent interactions to organize mono-
mer into larger supramolecular polymeric aggregates
has seen a dramatic growth. Polymer-like properties
can be obtained with supramolecular materials that em-
ploy weak hydrogen bond interaction in conjugation
with phase segregation. The degree of polymerization
(DP) mainly depends on the strength of the supramolec-



134 A. K. Tewari, R. Dubey / Bioorg. Med. Chem. 16 (2008) 126–143
ular interaction between the monomers as well as the
monomer concentration.51

In case of gel used in soft organic materials, template
synthesis, drug delivery derived from carbohy-
drates,52,53 amino acids,54,55 urea,56,57 cholesterols,58,59

etc, the binary systems of these gels have groups to
obtain organogelators which interact with each other
by electrostatic action,60 hydrogen bonding, donor–
acceptor interactions61 further self-assemble via hydro-
gen bonding, p–p interactions, van der Waals forces,
etc. They show strongly enhanced fluorescence
emission.62

In case of triptycene 1,9-disubstitution (30), charge
transfer effect has been observed when perfluorophenyl
group and dimethyl amino-substituted phenyl groups
are present.63

H

OH

NMe2

(30)

Heterocycles capable of forming robust hydrogen-
bonded complexes in solution, the use of hydrogen
bonds to confer binding strength and selectivity
has become a dominant issue in host–guest complex-
ation studies. Both conventional and non-conven-
tional H bonds play important role in biological
structures.64

The difference in stability between complexes (31a
and 31b) and (32c and 32d) is striking. Despite their
structural similarity and identical number of hydro-
gen bonds, the latter complex is more stable by over
4 kcal/mol.65 These results are consistent with Jorgen-
sen’s proposal that the variable stability of triply
hydrogen bonded complexes originate in the arrange-
ment of the hydrogen bonding sites. Efforts are
underway to incorporate some of these new com-
plexes into supramolecular assemblies. These results
are consistent with Jorgensen’s proposal that the var-
iable stability of triply hydrogen bonded complexes
(33) originate in the arrangement of the hydrogen
bonding sites. The use of heterocycles in this manner
can, however, be complicated by prototropy (the
most common type of tautomerism, involves a proton
shift).
(31)
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Interestingly, prototropy does not compromise the
ability of all heterocycles to self-associate. A new hetero-
cycle (34e and 34f) designed to contain a self-comple-
mentary AADD (A, D = hydrogen bond acceptor and
donor) hydrogen bonding array, which was soluble in
non-polar organic solvents, which suggested that the
polar hydrogen bonding groups were protected by
dimerization.66 1H NMR spectra in toluene-d8 were con-
sistent with the formation of (f). All NH signals were
down field and in the region expected for hydrogen-
bonded dimers.

The construction of supramolecular architectures will be
greatly facilitated if a diverse set of structural motifs
leading to highly specific intermolecular interactions be-
comes available, and from above point of view hydrogen
bonds have attracted the attention in mediating the self-
assembly of supramolecular structures. Furthermore to
increase the strength, directionality, and specificity of



(f)

(e)

N N

N

N

N

N

N

O
H

N

H

O

O

H

H

H

N

O

N

H

HN

N NN

O

H

N

H

O

(34)

A. K. Tewari, R. Dubey / Bioorg. Med. Chem. 16 (2008) 126–143 135
hydrogen-bonding interactions, there is currently in-
tense interest in designing array (sequences) of hydrogen
bond donor (D) and acceptor (A) sites described above.

Introducing such functionalities, hydrogen-bonded du-
plexes with unnatural backbones (35) have been reported
with hydrogen-bonded dimers based on heterocycles.67
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In various biologically important reactions and molecular
recognition, hydrogen bonding plays an important role.
Some hydrogen-bonded donors are now used as acid cat-
alysts in organic chemistry. Thiourea and urea derivatives
are commonly known general acid catalysts.68
(37)
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4. Recognition processes in proteins

Recognition of carbohydrates by protein also plays an
important tool in broad range of biological activities like
fertilization, embryogenesis, and many pathological pro-
cesses. Hydrogen bonding interaction are common in hy-
droxyl groups within polypeptide chains of amino acids
but depending on the stereochemistry of the monomer,
constituting oligosaccharides chain, the presence of
rather apolar C–H groups indeed constitute patches that
provide van der Waals, CH–p, and hydrophobic interac-
tions. The use of fluorescence and NMR spectroscopy
with tectins in solution prove the role of aromatic residues
in the binding site of lectins for stacking.69 In water solu-
tion, interactions are observable between nucleic acid
bases connected by polymethylene chains, particularly a
trimethylene chain, B-(CH2)3-B 0, where B and B 0 are 9-
substituted adenine or guanine or 1-substituted cytosine,
thymine, or uracil residues (36).16
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5. Other weak interactions

For development of some catalyst C–H–O interaction
and p-stacking interaction are important. In that field
N-tosyl-(S)-tryptophan-derived B-butyl-1,3,2-oxazabor-
olidin-5-one (NTOB) catalyst (37) commonly used in
Diels-Alder cycloaddition is a useful complex formed
between 2-bromoacrolein and NTOB shown C–H–O
hydrogen bond and p-stacking interaction is supported
by 1H NMR and UV-spectroscopy. Acrolein–NTOB
complexes are stabilized by attractive p–p interaction
and molecular recognition of the NTOB catalyst also in-
volves binding of Lewis acid via B–O donor–acceptor
interaction.70
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5.1. Hydrophobic interaction

Many crucially important processes take place in water.
Understanding of the role water plays remains poorly
understood. If we want to understand the influence of
water on processes at the molecular level, we need to be
able to study structures at that level. For crystals, this is
relatively straightforward: the fact that we can arrange
molecules—however complex—in a regular repeating
arrangement in a crystal means we can exploit the power
of crystallography in solving structures from simple crys-
tals to proteins and viruses, whereas in a liquid we have no
crystalline order, we have to use other techniques. Hydro-
phobic interactions along with hydrophilic interactions
help to determine the three-dimensional shape of biolog-
ically important molecules and structures such as proteins
and cell membranes. If hydrophobic substances are dis-
solved in aqueous medium, they tend to occupy minimum
area. A role for apolar (hydrophobic) interactions in the
formation and stabilization of protein structure is gener-
ally well accepted.71

5.2. Hydrogen bonding

We seek the knowledge of hydrogen bonding in many
fields like biochemistry, pharmaceutical chemistry, and
supramolecular chemistry as well as in molecular recog-
nition and self-organization. OH–p hydrogen bond was
detected by IR spectroscopy in 2-phenylphenol in CCl4
solution. 4-Substituted 2-allyl phenols (38) was identi-
fied to form intramolecular OH–p hydrogen bonds
and strength and IR frequency depends on substituents
present at 4-position.72
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(38)
Hetero association of an antibiotic and dye in aqueous
solution is stabilized mainly by dispersion van der Waals
interactions.

Hydrogen bonding promoted the rate of hetero Diels-
Alder reaction, forming C–H. . .O bond between non-
polar solvent (chloroform) and carbonyl oxygen of
unactivated ketones.73

Hydrogen bonding also mediated selectivity in many or-
ganic reactions. It provides general background of self-
assembly in synthesis.74
6. Catenanes and rotaxanes

Catenanes and rotaxanes are self-assembled from molec-
ular components containing p-electron-rich and defi-
cient aromatic units. When non-covalent bonding
interactions are the stabilizing feature between the com-
ponents of [2] catenane and [2] rotaxanes, then they re-
tain their interlocked molecular structures. [2] rotaxane
would function as molecular shuttle i.e., a molecular
assembly in which a tetra cationic ‘bead’ moves back
and forth like a shuttle, between two identical ‘stations’
in the form of hydroquinol units grafted symmetrically
into a polyether ‘thread’ terminated at the ends by large
triisopropylsilyl groups (39) that act as stoppers. By this
technological method ‘molecular machines’ will
emerge.75
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(39)
The components are designed to receive, store, transfer,
and transmit information in a highly controllable man-
ner following their spontaneous self-assembly at the
supramolecular level.

For synthesis of hydrogen bond assembled rotaxane,
structural rigidity and the pre-organization of thread
binding sites are shown to have a major influence on
template efficiency. Pre-organization is so effective that
with good hydrogen bond acceptors (amides), a ‘world
record’ yield of 97% for a [2]rotaxane is obtained. The
structures of the rotaxane (40) are established unambig-
uously in solution by X-ray crystallography.76
It is interesting to note that cooperative interactions,
organizations, and structural rigidity are key elements
in the mode of action of the ‘super-bug’ antibiotic that
binds weakly to the ester-terminated DD-Ala-DD-Lac se-
quence on the cell surfaces of vancomycin-resistant
enterococci.77

Rotaxane systems comprises of aromatic crown ether
loop components, that encircles pyridyl-substituted
naphthalene diimide thread components with bulky
metalloporphyrin stopper components, which are held
together by a series of secondary interactions. Attach-
ment of rotaxane thread component to the loop compo-
nent to yield the daisy chain or hermaphrodite type
compound was expected to either self-complex or form
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complex oligomeric structures through intermolecular
interactions. In the field of mechanoelectrical and pho-
toelectrical communication systems and devices capable
of storing and processing information number of
[2]catenanes and [2]rotaxanes are synthesized. The
non-covalent bonding interactions are used to self-
assemble and X-ray crystallographic studies show that
solid state complexes are formed between p-electron-
rich and p-electron-deficient units having slightly large
separation for a p-stacking interactions, a key feature
of both solution and solid state complexes.78

Molecular folding that leads to compact conformation
in flexible molecule is a type of intramolecular recogni-
tion, which has specific non-covalent interactions.
7. Foldamers

Oligomers and polymers that adopt a specific compact
conformation by folding are named foldamers. The
well-defined three-dimensional structures produced by
folding, which furnish the appropriate location of active
sites in molecules, are responsible for their sophisticated
chemical functions. In case of b-peptides (b-amino acids)
folding property is observed due to the presence of H-
bonding in back bones of oligomers.79 Aromatic p–p
stacking is efficient for the creation of aromatic foldamers.
These multilayered structures show unique optical prop-
erties due to aromatic interaction in vertical direction.80

In case of foldamers with a specific sequence of alternating
rigid perylene chromophores and flexible ethylene glycol
chain existing as free p-stacked folded nanostructure,
the range of spectra observed is an indicator of the range
of p–p interaction between adjacent chromophores.81

The folded structure of a phenyleneethylene oligomer is
stabilized by intramolecular cation–p interaction be-
tween a methyl pyridinium ion and a phenyl ring.82

Some non-peptide oligomers that fold to a well defined
secondary structure possess interesting catalytic or
recognition properties. Simple molecular components
based on anthranilamide (41) can be used to form olig-
omers with novel folding properties.83
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HN NH
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HN
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MeO OMe

(41)
8. Dendrimers

In phenylene dendrimers p–p stacking interaction is
responsible for self-assembly into nanowires. Thiophene
dendrimers (42) exhibit nanostructures through the
influence of p–p stacking and van der Waals forces de-
rived from the packing of the alkyl chains.84
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S
S C6H13

C6H13

(42)

Two extraordinary properties show self-aggregation

by the materials consisting of molecules of nanorace-
mic helicene. First is an enormous ability to rotate
the plane of polarization of plane polarized light,
much greater than that of dilute solutions, of the
comprising molecules. The second property is sponta-
neous organization of the molecules into macroscopic
fibrous structures. Molecule of (43) do aggregate
which is evident from the properties of their solu-
tions.85 X-ray and electron diffraction demonstrate
that the molecules are organized in hexagonally
packed columns.
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9. Calixarenes

Calixarenes systems also play an important tool in
supramolecular chemistry, because of their easy prepa-
ration. Carlixarenes can also be used in the molecular
receptors as the fundamental building block having
host-guest like properties. The N-phenylcarboxamide
substituents prefer a coplanar arrangement with sub-
stantial p–p overlapping in non-polar solvent CDCl3.86

In case of calixarenes, larger macrocycles like oxacalix [4]
arene and oxacalix [12] arene were detected by MALDI-
TOF and that formation is favored by macrocyclic p–p
interaction. In place of acetone, DMSO is likely to in-
crease p–p interaction and that type of multiporphyrin
arrangement plays an important role in biological area.87

When two phenolic oxygen (44) of the calixarene sub-
structure are linked together by a polyether moiety, they
form macrobicyclic molecule calixcrowns, and the back-
bone of calix [4] arene is provided with host–guest type
properties to help for crown ether moieties of different
length to be assembled to create converging binding
sites. In this type of moieties CH–p and cation–p type
interactions with lot of non-covalent interaction are
found.88
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In some cases the calixarene having carboxyl groups is
associated with the calixarene having the pyridine rings

even in the absence of guest molecules. The supramolec-
ular heteropolymers were constructed by different cyclo-
dextrin linked by non-covalent interaction with host
molecules.89

In the field of molecular recognition and binding studies,
calixarene shows important role and has properties like
porphyrines including anion binding interactions. Now
a new macrocyclic structure has been developed, also
that azulene (45) forms quatyrin macrocycle type
calixarene.90

(45)
10. Electronic devices

In recent years organic materials are used in material
chemistry basis for the assembly of artificial muscles,
molecular switches, and other nanodevices.91–94 In
this field mainly polypyrole, polyaniline, polythioph-
enes are used as a conducting polymers. Thiophene
oligomers among them are most important and
promising organic conductive materials, and due to
their ability to form p-stacked oligomers they have
become significant in recent years. Carlix[4]arene
and bithiophene forms, oligomers, and ab initio
method were actually used to study p-stacking in oli-
gothiophene dimers.95

The recent interest and potentially huge technological
opportunities associated with the miniaturization of
components for electronic device have driven supramo-
lecular chemistry to embrace the challenge of designing
molecular scale machines. Rotaxane and catenanes are
two promising supramolecular topologies that have
been extensively explored as useable molecular scale
machines.

The design and chemical synthesis of flexible supramo-
lecular structures (46) are based on host–guest chemistry
and resulting compounds are probed using a variety of
techniques, including diffusion ordered NMR, spectros-
copy (DOSY), and cold-spray ionization mass spec-
trometry (CSI-MS).96
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11. Host and guest devices

The self-association behavior exhibited in both solu-
tion and the solid state suggested that the imine bond
is compatible with the m-phenylene ethynylene system
and does not significantly interfere with p–p stacking
interactions.97 In case of Cucurbit [6] Uril analog,
molecular recognition properties are characterized by
fluorescence spectroscopy. Host (Cucurbit [6] Uril)
has capability to form strong complex with the guest
containing aromatic ring. Other non-covalent interac-
tions like ion–dipole, hydrophobic effect, and hydro-
gen bonding are preferred to form strong host–guest
type of relation between Cucurbit [6] Uril analog with
nitro aromatics, amino acids, dyes, neurotransmitters,
and even nucleobases. These analogs (47) are widely
used as fluorescence sensor in many chemical and bio-
logical field.98
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(47
In host–guest complexation of aromatic compounds,
double helical structure of DNA99 and proteins, three-
dimensional structure of protein,100 self-assembly and
molecular recognition phenomena show important role
having p–p interactions and non-covalent interactions.
Phenylene ethynelene macrocyclic compound show
self-aggregation and p–p interaction in organic sol-
vents.101–104 In that compound substituents present also
play important role in aggregation. 1H NMR, CD, and
VPO techniques examined their aggregation in CHCl3,
THF, and acetone and it shows that [3 + 3] cycloalkynes
with stronger electron-withdrawing substituents exhibit
stronger aggregation.105

1,3-bis(bromo methyl)benzene and bis(4-hydroxyphenyl)
ether forms hexaoxacyclophane and the 1:1 complex
forms between hexaoxacyclophene and benzene shown
by X-ray crystal structure intermolecular and intercom-
plex aromatic ring interaction of an edge to face type.106

Cyclophanes have deep enforced cavity systems for the
hydrophobic binding sites where enzymes and antibod-
ies bind aromatic substrates, apolar host–guest complex-
ation strengths determined by solvation effects shows
that binding is strongest in case of solvents having low
molecular polarizability and having high cohesive
interactions.107
12. Synthetic receptors

Developments of synthetic receptors have made use of
hydrogen bonding interaction and single p-stacking sur-
face. In this area a macro cyclic receptor (molecular
tweezers) is used having a binding site of two aromatic
surfaces and a carboxylic acid.

It has been shown also that ‘p-sandwiching’ and hydro-
gen bonding to a single edge of adenine can result in
exceptional bonding affinity.108
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Some 2,3-disubstituted naphthalene ring–base macro cy-
cles (48) also have a calixarene like structure and act as
molecular receptors, for binding in their cavity to C60 or
C70 type electron deficient guest molecules. With
TMACI showing larger stability constant, cation–p
interaction may be more effective than p–p interaction
in that type of host–fullerene complexations.109

X-ray crystal structure demonstrates the conclusion hav-
ing octa-O ethoxy derivative with two acetonitrile guest
molecules.

OH

HO

OH

HO

(48)
Rebek and coworkers developed a variety of molecular
clefts for recognition of small H-bonding molecules. In
that field they developed a Rebek imide receptor (49)
having p stacking platform attached by ester or amide
linkers to the imide scaffold.110
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In case of biopolymers protein forms thermophilic and
hyperthermophilic microorganisms have shown extraor-
dinary thermal stability by properly optimizing the del-
icate balance of weak molecular attraction.111

In nucleic acids, adenine, and thymine having base pair-
ing and stacking interaction between adjacent base pair
provide additional stability for the helical structure
(50).112
In series of thymine receptors the geometry of aromatic-
aromatic interactions in molecular recognition can be
controlled by modifying the electronic characteristics
of one component.

In molecular biology protein and nucleotides interact
with each other in many signal transduction and energy
transfer processes. In case of ATP having binding sites
of aromatic, aliphatic, cationic, and hydrogen bonding
residues, the NMR analysis demonstrates that aromatic
interactions with the trp side-chain and CH–p interac-
tions between ribose protons and the trp residue have
contribution to binding, and that aromatic stacking
interactions provides a energetic contribution to recog-
nition of ATP.113

In proteins having aromatic interiors, aromatic interac-
tions stabilized the globular structures. In closely packed
flat aromatic rings these interactions are found to be
more important. Benzene dimers are favored both in
T-shaped and parallel displaced clusters. X-ray diffrac-
tion shows that interhelix association in the crystals of
peptides is promoted by phe-phe interaction and in tetra
peptide phe-gly-phe-gly the absence of buckling of pep-
tide chain may have its origin in the observed network of
aromatic interaction in the crystals.114

In peptides the folded structure is stabilized by many
cooperative interactions. This type of cooperativity
could play an important role in the formation and prop-
agation of amyloid and progression of a variety of path-
ological disorder related to b-strands. To the strand
direction folding of a multistranded b-sheet structure
propagate perpendicular as well as parallel. In case of
b-hairpin (2b) and three stranded antiparallel b-sheet
(3b), NMR shows that 3b consistent with edge to face
p–p interaction involves stabilizing aromatic residues
of rational design in the case enthalpy driven.115 NMR
data shows that phe-phe cross strand pairs have edge
to face interactions and due to aromatic and aliphatic
interaction in water the self-association in peptide con-
tains phe-phe cross strands.116
13. The weak interactions in ligand proteins complexes

Non-covalent weak interactions play important role in
biological systems. Metal-coordinated histidine imidaz-
oles and aromatic amino acid side-chains show p–p
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interaction which influences the reactivity of blue copper
protein.117 Using quantum mechanical calculations the
protein-ligand interaction energy between CDK2
(cyclin-dependent kinase 2) and five inhibitors with the
N2-substituted 6-cyclohexylmethoxypurine scaffold has
been carried out.118 Several examples of protein- ligand
interaction that make use of cation–p interactions such
as trimethylated lysine and neurotransmitter acetylcho-
line have been described earlier.119 The opioid receptor
binding affinities of certain organic molecules were com-
pared with the affinities of four new ligands bearing an
ortho- or para-hydroxyl substituent. The data indicated
that either the electronic state of the phenolic ring is crit-
ical for the ligand’s interaction with an opioid receptor,
or that there must be a specific distance and angle for a
hydrogen bond between the phenolic moiety and an
amino acid in the binding domain that cannot be al-
tered.120 The docking of a series of arylpiperazine deriv-
atives with structurally different aryl part to the binding
site of a model of human 5-HT1A receptor has also been
reported.121 NMR spectra revealed the cation–p interac-
tion in nicotinic acetylcholine receptor’s site of action.122
14. Conclusions

Several number of forces are responsible for binding of
xenobiotics in biology, study of individual is not easy so
the forces must be studied separately. As aromatic inter-
actions are responsible for so many important phenom-
ena in chemistry and biology, study of such interactions
some times becomes beneficial. In medicinal chemistry a
better understanding of aromatic p–p interactions will
enhance the discovery of new drug. Crystal engineering,
protein folding, and other materialistic properties can
also be investigated through the knowledge of such
interactions.Utility of non-covalent interactions also
seems to be involved in protein stabilization and form-
ing synthetic receptors.
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Roglića, G. M. Bioorg. Med. Chem. 2006, 14, 2994.
122. Watts, A. Mol. Mem. Bio. 2002, 19, 267.


	Emerging trends in molecular recognition: Utility of weak aromatic interactions
	Introduction
	Molecular recognition
	Non-covalent interaction

	Aromatic interaction
	Parallel aromatic interaction
	Perpendicular aromatic interaction
	CH -  pi  interaction
	Cation -  pi  interaction
	Intermolecular aromatic weak interactions
	Change in ring size influences weak interactions
	Hydrogen bonded aggregates
	Study of effect of electrostatics

	Supramolecular aggregates
	Recognition processes in proteins
	Other weak interactions
	Hydrophobic interaction
	Hydrogen bonding

	Catenanes and rotaxanes
	Foldamers
	Dendrimers
	Calixarenes
	Electronic devices
	Host and guest devices
	Synthetic receptors
	The weak interactions in ligand proteins complexes
	Conclusions
	References and notes


