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Preface

Chemistry has witnessed a phenomenal change in the last decades of the twentieth century.
Research in two areas in particular have driven the emergence and significance of
supramolecular chemistry. Since the Nobel prize-winning work of Cram, Lehn, and Pedersen
in the late 1960’s and early 1970’s, work in solution host guest compounds, and latterly self-
assembling and self-organizing systems, has seen a veritable explosion. The older field of solid-
state inclusion chemistry has, to a very great extent, paralleled these developments with a great
deal of recent effort in crystal engineering being regarded as solid-state supramolecular
synthesis. Both subfields rely crucially on an understanding of the noncovalent bond—the
quintessence of supramolecular chemistry. The evolution of these areas underscores the
dynamic growth of supramolecular research and the explosion of interest in the field.

Clearly one of the most important goals of the Encyclopedia of Supramolecular Chemistry
then is to provide a broad-based overview of the discipline and to capture the significance of
research in this area, with special emphasis on a synthesis of the concepts and language of
supramolecular chemistry across a wide range of related disciplines. Furthermore, this
Encyclopedia is not written by, nor written exclusively for ‘‘supramolecular chemists’’; it is for
students and practitioners of the chemistry (indeed science) of the noncovalent bond wherever
it occurs. We have made specific efforts to direct the reader to the defining literature in the field
and specifically included cross-references to help the researcher locate other entries of interest.

We hope that this two-volume work will become a useful and well-thumbed source of
information and ideas, as well as a helpful teaching aid as courses in intermolecular interactions
continue to grow. If browsing through this work stimulates a new idea or a new collaboration
from an unusual combination of topics, or if it clarifies a point of confusion for an
undergraduate or senior researcher, then we will have succeeded.

As editors, we would very much like to thank the very many contributors and the members
of the Editorial Advisory Board who have donated their time and insights to this work. It is very
much a community effort and we have spent more time listening and nodding, than talking.
Finally, we would like to express our heartfelt thanks to the editorial and production staff at
Marcel Dekker, Inc. who have organized the monumental task of gathering together all of the
elements of such a diverse production. We are especially grateful to Oona Schmid not just for
her extremely hard work, but also for her insight into the needs of this work and the community
as a whole.

Jerry L. Atwood
Columbia, Missouri, U.S.A.

Jonathan W. Steed
Durham, United Kingdom
July 2003






Foreword

Molecular chemistry has, over many years, developed a wide range of very powerful
procedures for constructing ever more sophisticated molecules from atoms linked by covalent
bonds. Beyond molecular chemistry lies supramolecular chemistry which aims at setting
up highly complex chemical systems from components interacting via noncovalent inter-
molecular forces.

The concept and the term supramolecular chemistry were introduced in 1978, in the words:
““Just as there is a field of molecular chemistry based on the covalent bond, there is a field of
supramolecular chemistry, the chemistry of molecular assemblies and of the intermolecular
bond,”” reformulated on various occasions, e.g., ‘‘Supramolecular chemistry may be defined
as ‘chemistry beyond the molecule,” bearing on the organized entities of higher complexity
that result from the association of two or more chemical species held together by inter-
molecular forces.”

The breadth and especially the unifying power of the concept became progressively more
and more apparent, so that recent years have seen an explosive growth, as measured by the
increasing number of laboratories that join the field and whose work has been reported in a vast
range of publications, books, journals, meetings, and research networks.

By the appropriate manipulation of noncovalent interactions, supramolecular chemistry
became the chemistry of molecular information, involving the storage of information at the
molecular level, in the structural features, and its retrieval, transfer, processing at the
supramolecular level, through molecular recognition processes operating via specific
interactional algorithms. A further step consisted of the design of systems undergoing self-
organization, i.e., systems capable of spontaneously generating well-defined supramolecular
architectures by self-assembly from their components under the control of the molecular
information stored in the covalent framework of the components and read out at the
supramolecular level through specific interactions. Self-organization processes thus represent
the operation of programmed chemical systems leading to the specific generation of well-
defined entities.

The design of such molecular information-controlled, ‘‘programmed,”” and functional self-
organizing systems provides an original approach to nanoscience and nanotechnology, offering
a powerful alternative/complement to nanofabrication and to nanomanipulation.

Supramolecular chemistry is also intrinsically a dynamic chemistry in view of the lability of
the interactions connecting the molecular components of a supramolecular entity and the
resulting ability of supramolecular species to exchange their constituents. Thus, in addition to
self-organization by design, which strives to achieve full control over the output
supramolecular entity by explicit programming, a new development resides in the
implementation of self-organization by selection, operating on dynamic constitutional diversity
in response to either internal or external factors to achieve adaptation.

From molecular recognition to self-organization, to programmed chemical systems,
supramolecular chemistry progressively leads up the ladder of complexity and opens new
horizons for chemistry toward a science of informed, organized, and adaptative matter.

Supramolecular chemistry is a highly interdisciplinary field of science. A major feature is
the range of perspectives offered by the cross-fertilization of supramolecular chemical research
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due to its location at the intersection of chemistry, biology, and physics. Drawing on the physics
of organized condensed matter and extending to the complex entities and processes of biology,
supramolecular chemistry expands into a supramolecular science. It has penetrated such diverse
areas as for instance: polymer chemistry and materials science, solid-state chemistry and crystal
engineering, species for nonlinear optics, biological interactions and drug design, sensor and
diagnostic procedures, nanoscience and nanotechnology, etc.

Supramolecular chemistry has thus become a highly diverse but coherent and lively body of
concepts and objects, generating and incorporating novel areas of investigation. Such wide
horizons are a challenge and a stimulus to the creative imagination of the chemist.

As a new field of science emerges, grows, and matures, it generates novel terminology to
name the concepts that define it and to describe the objects that constitute it. The language of
supramolecular chemistry, its vocabulary, and syntax have been progressively developed,
leading to the introduction of new terms or to the reappropriation of old ones.

Such conceptualizing and naming play a very important role, not only for shaping the field
but also by the ground they offer to the creative imagination. Indeed, one may let one’s
imagination be carried by the magic of the word and pulled by the evocative and stimulating
power of the concept.

It is clear that the time is ripe for an Encyclopedia of Supramolecular Chemistry, presenting
its basic concepts, its various objects, and processes as well as its relations to other areas of
basic and applied science. It will be of great value to the many practitioners in the field as well
as to those, perhaps even more numerous newcomers, who wish to get acquainted with it and
may wish to join the family and become part of the adventure!

The editors and authors deserve our warmest thanks for their timely work to the benefit of
the common good.

Jean-Marie Lehn
Strasbourg, France
September 2003
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INTRODUCTION

Alkali metals easily lose one electron at the outer s-shell
to form singly charged cations. Among these, the Na* and
K" ions play the most important biological roles. Because
of the weak and nonspecific nature of the interaction with
other ligands, the biological significance is determined
primarily by the magnitude of the concentrations. Similar
chemical principles are applicable in a series of alkaline
earth metal cations, except these are doubly positively
charged. Moreover, the sizes become smaller, because the
biologically important Mg>* (0.60 A) and Ca®* (1 A) ions
correspond to Li* (0.6 A) and Na* (0.95 A) ions,
respectively. These concentrations of the alkali and
alkaline earth metal ions reflect those of seawater, and
this coincidence evidences that the first life was born
in archeological seawater. Therefore, the ‘‘physiological
salt solution’” employs concentrations in which
Na*>K*>Mg?*>Ca’*. This order, however, shows a dis-
crepancy from the one found in the earth’s crust, where
Ca, Na, K, and Mg occupy the fifth to the eighth elements
in this order. The reason for this difference is that the
Ca®* ion is selectively eliminated from solution by the
tendency to form insoluble precipitates such as CaCOj3
or Cay (POy);. According to this tendency, CaCO; is
accumulated in rocks, and Cay (PO,4); is an important
component of bone and tooth in the biological systems.
Dominant alkali metal ions, Na* and K*, are highly
soluble in aqueous solution and are the most important
components in maintaining the salt concentrations inside
and outside the cell, necessary to keep homeostasis of
biological cells. At the same time, their single charge is
associated with relatively small solvation energies, 98.5
and 80.5 kcal mol ™' for Na* and K* ions, respectively,
reflecting the size difference on delocalizing the positive
charges. These ions are most appropriately employed as
messengers of biological signal transduction by mass (i.e.,
charge) transport across the membrane.!!) Compared to
these ions, Mg®* with two positive charges is constrained
in a small atomic volume and must compensate by strong
ion pairing with anionic counterparts of high charge
densities. Phosphate anions are the most satisfactory as a
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pair component, and Mg — phosphates behave like mole-
cules in many chemical events. The high solvation energy
of the Mg" ion (454 kcal mol ') makes it difficult to use
as the charge messenger of signal transduction.

The Ca®* ion possesses properties that are intermediate,
and it is associated with various biologically important
roles. It does not favor any specific coordination structure
but still interacts strongly with ligands, especially with an
oxygen anion, to alter the charged state and geometrical
structure of the ligands, just as transition metal ions do. At
the same time, the Ca”* ion can be transferred into the cell
across the biological membrane, in spite of its high
hydration energy (379 kcal mol '), and plays a role as a
second messenger in the cell. For example, acetylcholine
is ejected into a synaptic crevasse triggered by the entry of
a Ca”* ion. However, the presence of the Ca®* ion in the
cell is hazardous because of its wide spectrum of actions
and is eliminated from the inside cell and stored in
endocellular cavities immediately after the completion
of the specific role. When the Ca®* concentration is
monitored by, e.g., Ca®*-specific sensors, a Ca®* wave can
actually be observed. When this control system is
destroyed, cells suffer fatal damage. For example, Alzhei-
mer’s and other related diseases are believed to induce
such an uncontrolled entry of Ca®* ion and to cause fatal
damage to nerve cells. The entry of the Ca”* ion was
demonstrated by single channel measurements, and its
close relationship with diseases was invoked.'”)

BIOLOGICAL ENERGY CONVERSION
AND ION CHANNELS

A biological energy conversion system stores energy first
in the form of a proton concentration gradient across the
biological membrane via coupled electron and proton
transport using the action of a photosynthetic or metabolic
energy-producing pathway in many plants and animals."’
This is a universal expression of energy storage, but it
relies on the presence of the membrane as the separation
barrier of the H'-concentration gradient and must be
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a) Extracellular side b)

_Hydrogen-
~~bondings

Fig. 1 Crystal structure of K" channel from Streptomyces lividans. a) Top: A ribbon representation of the KcsA tetramer viewed from
the side. The four subunits are distinguished by color. Selectivity filter (black sticks) locates extracellular side in interface. K* ions are
represented by green spheres. Bottom: Selectivity filter with four chains represented are comprised of the signature sequence amino
acids Thr, Val, Gly, Tyr, Gly running from bottom to top. Two K* ions (green) are located at opposite ends of the selectivity filter,
roughly 7.5 A apart, with a single water molecule (red) in between. The inner K" is in rapid equilibrium between adjacent coordination
sites. b) K* channel selectivity filter viewed from the extracellular side. Carbonyl oxygens of the main chain Thr75-Gly79, and the side
chain of the Thr are shown as red spheres. The Tyr side chains are directed away from the ion conduction pathway. Blue dotted line
represents hydrogen-bondings. ¢) Overall representation of K* channel stabilizing a cation in the middle of the membrane. A large
aqueous cavity stabilizes an ion (green) in the otherwise hydrophobic membrane interior. Oriented helices point their partial negative
charge (carboxyl end, red) toward the cavity. Fig. 1a and b were produced with a PDB file (code: 1BL8.pdb from Ref. [5]) and Raswin
Molecular Graphics (version 2.7.2, Glaxo Research and Development, U.K.).

converted to another form of stable energy in order to be Consumption of one molecule of ATP transports 3Na*
transferred to the spot where energy is required. This and 2K" ions outside or inside the cell, respectively.
transformation is accomplished by H'-ATPase, where These concentration gradients are maintained across the
the vectorial proton flux across the membrane can impermeable membrane, but large ionic fluxes are
produce adenosine triphosphate as molecular energy or generated once these ions become permeable through
the so-called ‘‘energy coin.”” This energy in the form of the membrane. This ion-permeating device, the ion
pyrophosphate bonds can be transported to numerous channel, is a molecular machine of signal transduction
energy-demanding organs. Around one-third to one- located in the brain and nervous systems.'"! Ton transport
fourth of this ATP is then consumed for the generation across the membrane, generally in a form of a large flux,
of Na/K" concentration gradient across the membrane induces a rapid change of membrane potentials. The

of nerve cells through the action of Na*/K*-ATPase.' opening and closing of the ion channels are controlled by
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the gate systems equipped intrinsically in the channel.
Ion channels can recognize cation and anion and K*/Na*
ions with high selectivities. Once a Na* channel is
opened, Na® ions accumulated outside the membrane
enter into the cell, shifting the membrane potential
toward a positive value. This channel is then inactivated
and followed by the opening of a K* channel to shift the
potential toward a negative value by the outflux of K*
ions. The temporary shift of the membrane potential is
large enough to induce the opening of a second Na*
channel, located close to the first channel, and a second
cycle follows. In this way, the wave of membrane
potential, termed an ‘‘action potential,”’ is transferred
along the nerve axon. The ion channel is regarded,
therefore, as a molecular device of signal transduction,
relying on Na*, K*, Ca?*, and CI~ ions as thepredomi-
nant messengers.

The chemistry of alkali and alkaline earth metal ions is
understood most comprehensively through analyzing the
function of ion channels, especially mechanisms of ion
selectivity and gating. An ion channel with a typical
conductance of 10 pS allows the passage of 5 x 10° jons
per second through a single molecular pore. Even op-
erating at such large ionic fluxes, ion channels generally
discriminate between different ionic species, for example,
cation and anion and K*/Na*, by passing them through the
selectivity filter. Permeability ratios, Pn./Pk, for several

K" channels are less than 0.01~0.07.!" This remarkable

selectivity of K* may be understood by examining how
the structure of a selectivity filter manages different

Extracellular side

Gly79

Tyr78

hydration energies and ionic radii. In this article, recent
advances in this area will be described in light of mech-
anisms of high selectivity and gating based on x-ray
crystallographies. Furthermore, approaches to the con-
struction of artificial ion channels are focused on these
specific functions.

STRUCTURE OF ION CHANNELS

X-Ray Analysis of Selectivity Filter and
lon-Conducting Mechanism

The first x-ray crystal structure of an ion channel appeared
in 1998 from MacKinnon’s group (Fig. 1).”! The structure
of the selectivity filter forced scientists to abandon the
previous hypothesis that K" ion should be stabilized by
cation—m interactions in the aromatic cage when sur-
rounded by four tyrosine residues. In the selectivity filter
located near the extracellular surface, one Thr OH and
four main-chain amide carbonyls from Val-Gly-Tyr-Gly
are lined up in a 12A length. Because the K channel is
composed of four identical subunits, this provides four
consecutive spherical cavities for K* binding by wrapping
each K* with eight neutral oxygen atoms. This mode of
binding is reminiscent of valinomycin and sandwiched
crown complexes. The Tyr unit does not contribute to the
direct stabilization, but it is directed outwardly toward the
pore and interacts with a Trp residue by a phenolic

b)

Extracellular side

~_ Gly79

/

Tyr78

Fig.2 Crystal structures of K* ion channel with different K* concentrations. a) K* channel selectivity filter with high concentration of
K" ions (green spheres) along the ion pathway, and water molecules (pink spheres) in the vicinity. b) K* channel selectivity filter with
low K* concentration of K* ion (green spheres). Main-chains of the selectivity filter are disordered. Fig. 2a and b were produced with
PDB files (code: 1K4C and 1K4D from Ref. [8]) and ViewerLite (version 5.0 Accelrys. Inc., UK.).




OH- - -N (indolyl) hydrogen bond (Fig. 1b). This unit may
keep the pore wide and contribute to the K* /Na*
selectivity through decreasing the stabilizing power for a
smaller Na* ion. The selectivity filter is composed
completely of neutral oxygen atoms in favor of stabilizing
the K" rather than the Na* ion, which demands stronger
electrostatic interactions. The selectivity filter of the Na™
ion is believed to contain ionic pairs,[6] and 1its structural
elucidation is highly desirable. Furthermore, the selectiv-
ity ratio Pg/Py, of this K* channel KcsA shows only a
moderate value of 11,") and it is interesting to imagine
how highly selective K* channels introduce any addi-
tional recognition principle(s). Another characteristic
point of this x-ray structure is that the transmembrane
pore contains a large water pool in the middle of the
membrane, to which helical negative dipoles direct.
Further, the inner half of the conduction pathway is lined
with hydrophobic side chains and is wide enough to be
filled completely with water molecules. These are thought
to be features that allow a high throughput of K* ions
(Fig. 1c).

The above selectivity filter constrained two K¥ ions
about 7.5 A apart. This configuration was thought to
promote ion conduction by electrostatic repulsion. With
an increased resolution, MacKinnon also determined two
crystal structures at high and low K concentration
states.’® At the high concentration, they found four K*
ions in the selectivity filter instead of two, and two more
hydrated K™ ions at its extracellular entryway. Further-

closed

Fig. 3 Schematic illustration of the closed conformation of a
CIC chloride channel. The ion-binding sites S;,; and S.., are
occupied by chloride ions (red sphere) stabilized by Cl™---H
hydrogen bondings (dashed lines). The external ion-binding site
Sext constitutes the gate and is blocked by the side chain of
Glul48 (red).
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more, the K* ion in the central cavity was fully surrounded
by eight water molecules. All of these K* ions were
embedded in a square antiprismatic geometry by water,
carbonyl, and hydroxyl oxygen-donor ligand groups
(Fig. 2). These ordered water molecules make dehydration
and hydration interconversion processes of K* ion at both
entryways easy. The similarity of the coordination
structures, one at the central cavity, four in the selectivity
filter, and two at the extracellular entryway, can promote
the smooth structural interconversion and explain the
rapid transport of K* ion through the K* channel.

The CI™ channel is a physiological counterpart of cat-
ion channels, and the analysis of CI™ selectivity may con-
tribute to the true understanding of the whole series of ion
selectivities. In the x-ray crystal structure of the closed state
of the CI™ channel, two CI™ ions detected inside the pore
were stabilized by hydrogen bonding with main-chain
amide NH and side-chain hydroxyl groups of Ser and Tyr
(Fig. 3).1910

Gating Mechanisms of lon Channels

Gating is one of the principal functions of ion channels.
Ton permeation occurs only when the corresponding ion
channels open on accepting their own stimuli. This gating
information is classified into three types: voltage across
the membrane (voltage-gated); binding of ligands such as
neurotransmitters or second messengers (ligand-gated);
and membrane deformation (mechanosensitive). In any
event, in opening the gate, massive mechanical variations
of channel structure must be performed when responding
to the sensor unit. Recent developments in crystallograph-
ic structure determination enabled the identification of the
open and closed states of several ion channels and
discussion of the mechanisms based on these experimen-
tal structures.

In voltage-dependent K* channels, the number of
gating charges amounts to 12-14 electron charges as a
result of the assembly of four identical subunits having
3-3.5 charges. This large gating charge responds sharply
to change of the membrane voltage. X-ray analysis
elucidated the movement of this gating charge across the
membrane, as shown in Fig. 4 U112 Here, the sensor
units are composed of a highly conserved Arg-rich
domain in the S4 helix. Its movement across almost the
entire membrane can deform the channel geometry from
trapezoidal to cylindrical forms and open the central pore
(Fig. 4b). This new proposal differs from the conven-
tional hypothesis of charge movement within the ‘‘gating
pore.”’ 3]

Voltage-dependent K* channels close by a process
called ‘‘inactivation,”” rapidly after opening. In drosoph-
ila mutant K* channels, the cytoplasmic amino terminus
in its own channel forms the inactivation gate. The central
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a)
closed form open form

Extraceliular shide

I open pore

Fig. 4 Movement of voltage-sensor in voltage-gated K* channel. a) Positions within the membrane of the voltage-sensor paddles
S4 (red) during closed and opened conformations, with coupling to pore opening. b) Gating charges (red plus signs) are carried through
the membrane from inside (bottom) to outside (top) by movements of the voltage-sensor paddles against the lipid membrane and
the open pore.

cavity and the inner pore of the K™ channel provide the the gate peptide is bound initially to the cytoplasmic
receptor site for the inactivation gate and inhibitors such channel surface and then enters the pore (Fig. 5b).
as hydrophobic quaternary ammonium ions (Fig 5a).'4 The structural basis of ligand gating was reported for a

The inactivation occurs by a sequential reaction, in which Ca®*-gated K* channel. Here, eight RCK (regulator of K*

AN
LAY,

T1-S1 linker
T1 domain

B-subunits

Fig. 5 Inactivation of K* channel. a) Crystal structure of KcsA K* channel with a hydrophobic cation, tetrabutylammonium TBA.
b) Composite model of a voltage-dependent K* channel. The a-subunit is shown in blue and the B-subunit in red. The pore is
represented by the KesA K* channel (5) and the TI-B complex (15). The structures of the linker (T1-S1) connecting the voltage
sensors to the T1 domain are unknown. An N-terminal inactivation gate is shown entering a lateral opening to gain access to the pore.
Fig. 5a was produced with a PDB file (1J95.pdb from Ref. [14]) and Raswin Molecular Graphics (version 2.7.2, Glaxo Research and
Development, U.K.).
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b Channel open

a Channel closed

Selectivity filter

Fixed
interface

Fig. 6 Schematic model for the gating and opening of a bacterial Ca®* -gated K* channel. a) The closed and b) the open conformations.
Three of the four subunits of a K* channel are shown in brown. The purple and red circles represent the eight RCK domains, which, after
binding Ca®", are thought to deform with respect to each other, causing changes in the pore in the center of the channel.

a) b) m Closed
= |ntermediate
090°
- m Closed
@ |ntermediate
c) TM2

B ;WV fk

Fig. 7 Modeling structure of the MscL transmembrane segments. a) Top view (from extracellular) and b) side view in the intermediate
closed state (orange ribbon) compared with closed structure (green ribbon). Not much difference between closed and intermediate siates.
c¢) Top view of open from (from extracellular) with a wide open pore. d) Side view of the open form.
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Fig. 8 Chemical structures of molecular ion channels with K* ion selectivity, 1, 2. Schematical illustration of expected structures of a
tail-to-tail dimer. The side chain opposite to the reader is eliminated for clarity.

conductance) domains assemble to form a large gating
ring at the intracellular membrane surface. The cooper-
ative binding of eight Ca®* ions from the intracellular
solution induces conformational change of the gating ring
in such a way that it can open the inner helices of the pore
to permit ion conduction. The gating behavior is shown
schematically in Fig. 6, where the upper part forms an ion
conduction pore in the membrane. The lower part from
solution represents the RCK domain, where eight Ca®*
ions are bound allosterically.!'®!”]

The open and closed conformations on binding ligands
to the nicotinic acetylcholine receptor channel were
already trapped and observed by electron microscopy.
Here again, the cooperative binding of ligands induces
large rotational movements of the pore-defining sub-
units.!'®]

Mechanosensitive ion channels act as membrane-
embedded mechanoelectrical switches that open a large
pore in response to membrane deformations. It is a way of
biological signal transformation of physical stresses such
as touch and hearing to changes into electrochemical
responses. The gating mechanism of a large-conductance
mechanosensitive pentameric channel (MscL) was eluci-
dated as shown in Fig. 7."%% Transitions from the closed
or intermediate state to the open states upon application of
tension to the membrane are accompanied by massive
rearrangements of the two transmembrane helices TM1
and TM2. The inner TM1, creating the bulk hydrophilic
pore containing Thr, Lys, and Asp units, rotates along its
principal axis and shifts away from the symmetrical axis to
open the water-filled pore of 30-40 A, leading to con-
ductance at nano-Siemens levels (Figs. 7c,d).

ARTIFICIAL ION CHANNELS

Construction of artificial ion channels according to simple
principlest'*?! is interesting for obtaining molecular
devices that mimic the biological signal transduction sys-
tem. There are two ways to prepare ion-conducting arti-
ficial pores—molecular and supramolecular methodolo-
gies, along with modification of ionophoric antibiotics.

Molecular lon Channels

A macrocyclic resorcin[4]arene with four hydrophobic
substituents in the axial position provides an ion-conduct-
ing molecular pore by tail-to-tail dimerization.””*! Be-
cause the pore size and characteristics of the entryway are
defined explicitly by the molecule, only one conductance
level is observed. The relatively simple structure is amena-
ble to systematic structural modifications and is, there-
fore, appropriate in establishing the structure—function
relationships. When a methyl ether derivative of cholic
acid was employed as the axial substituent,”*! the con-
ductance was increased by 50% to 9.9 pS, compared with
the value 6.1 pS observed for 1 with simple alkyl sub-
stituents.'”®! The cation and anion selectivity ratio Py/Pcy
was 20 for 2, showing a significantly larger selectivity
factor compared to 8 for 1. A hydrophilic molecular plane
of methoxy substituents certainly contributes to the
increase of conductance and a higher cation and anion
selectivity by the arrangement of a more hydrophilic en-
vironment at the central pore. Both ion channels exhibited
moderate K™ preferences compared to Na* by a factor of
ca. 3. The aromatic moiety provides a weak electric field
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Fig. 9 Chemical structure of supramolecular ion channels with
K" ion selectivity, 3, 4 and with voltage-dependent properties 5.
Schematic illustration of supramolecular ion channels 5 with
different mouth diameters in bilayer lipid membranes.

that can desolvate the K" ion with a lower dehydration
energy to pass through the cavity but can only partly
desolvate the more hydrophilic Na* ion (Fig. 8). The
inverse selectivities, a preference for Na* and C1™, were
not yet obtained, and their embodiment remains a
challenging target in this field.

Supramolecular lon Channels

Besides synthesizing a molecular pore of a definite di-
ameter, supramolecular pore formation provides an at-
tractive alternative. This methodology is also adopted in
Nature for the formation of the K* and acetylcholine
receptor channels as homotetramer and heteropentamer,
respectively.!!! The assembly number of artificial supra-
molecular channels is generally not controlled, and
various levels of conductance are usually observed. Two
cholic acid methyl ether derivatives were connected via
bisurethane linkages to obtain a membrane-penetrating
component in its extended conformation. The carboxylate
3 and ammonium 4 head groups provide supramolecular

Alkali Metal Cations in Biochemistry

jon channels showing stable open durations.'*>?®! Both
channels are cation selective, irrespective of different
charges of head groups. The cation and anion selectivity
values Px/Pc; were 17 and 7.9 for 3 with negative head
groups, and 4 with positive head groups, respectively.
Therefore, the terminal charges reasonably perturbed the
entry of the cation relative to the anion. The discrimina-
tion factor between K* and Na* ions was again moderate,
Px/Py, being three for both channels. The metal ion
selectivity is determined primarily at the critical domain
of the pore environment and is separated substantially
from the charged head groups.

Two head groups of carboxylic and phosphoric acids
were introduced to displace different charges at the ends
of the membrane-penetrating cholic acid dimer unit 5.1"
The head group charges should be asymmetric under basic
conditions (—1/—2 at pH 8.2). When § was introduced
into a planar bilayer membrane under an application of
the asymmetric voltage to facilitate the vectorial incor-
poration of the channel, the current values at a positive
voltage range were larger than the corresponding values
at the negative one. The current—voltage plots were
fitted by curves passing through a zero point to show
clear rectification properties. Without asymmetric voltage
application, the current observed was symmetric. The
rectification currents observed seem to be a result of the
different radii of the channel mouths controlled by the
displacement of different charge numbers at the molecular
terminals, as shown in Fig. 9.

Ion channels can produce large ionic fluxes across the
bilayer lipid membrane. Because living cells, includ-
ing bacteria, rigorously maintain ionic concentrations and
rely on the ion impermeability of the biological mem-
brane, incorporation of foreign ion channels disrupts such
osmotic balance. Recently, antibiotic activities of artificial
ion channels were demonstrated independently by Gha-
diri"®®! and Gokel.”*®! Supramolecular assembly of cyclic
oligopeptides increased ion permeability in bacterial mem-
branes, induced the collapse of the transmembrane ionic
potentials, and finally caused rapid death of the cell. Sim-
ilar activities were observed for crown-ether-based arti-
ficial ion channels against the bacterium Escherichia coli.
These are thought to have considerable potential against
the rapid emergence of drug-resistant bacterial infections.

Antibiotic-Based lon Channels

Gramicidin antibiotics form a head-to-head dimer in a
bilayer lipid membrane to afford a stable cation-selective
ion channel. A half-gramicidin unit was introduced into an
inner half-membrane with anchoring on gold surface and
the other half counterpart was incorporated into the outer
half membrane as a mobile unit.”*%! The diffusion of the
mobile half gramicidin unit carrying a guest molecule
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Fig. 10 Artificial ion channel with staphylococcal o-hemolysin («HL) with a molecular adaptor. a) Schematic of the oHL pore
showing BCD loged in the lumen of the channel with adapters, BCD and hepta-6-sulfato-B-cyclodextrin. b) Detection of organic
molecules by stochastic sensing. The pore contains a noncovalent BCD adapter, which is capable of carrying out host—guest chemistry
while lodged in the lumen. Upper trace, promethazine; middle trace, imipramine; lower trace, mixture of promethazine (100 pM), and

imipramine (100 pM).

within the outer half of the membrane was switched off by
an interaction with a receptor immobilized at the
membrane surface. This prevented the gramicidin dimer
formation and decreased the ionic currents across the
membrane. The addition of competitive guests recovered
the conductance state. In this way, the population of mo-
lecular ion channels could be switched on and off by rec-
ognition events mimicking biological sensory functions.
a-Hemolysin («HL) is a heptameric assembly of f-
sheet turns to make a mushroom-shaped large pore (near
30 A diameter) surrounded by 14 f-sheets in a biological
membrane. Through this cavity, a large ionic flux can be
generated, and o-HL is a highly toxic material. This cavity
interestingly can accommodate f-cyclodextrin ($-CD) to
make an ion channel of a moderate pore size, therefore,
affording moderate conductivities.*'**) Weakly anion-
selective a-HL becomes more anion selective when -CD
is accommodated in the middle of the channel pore due
to a favorable interaction of $-CD with anions. By con-
trast, hepta-6-sulfato-f-cyclodextrin carrying high nega-
tive charges produces reversed cation selectivities. It is
noteworthy that this molecular adapter system can gen-
erate high permeability ratios (Px/Pc;) over a 200-fold

As [-CD is an effective host for various substrates, the
binding of guests in the cavity modifies the mode of ionic
flux of the (-CD adapter channel. Depending on the
binding characteristics of the guests, the conductance and
time profiles of open—closed transitions can be modified.
Because an ion channel is a molecular device used to
amplify events at a single molecular level into a massive
ionic flux, it affords a highly sensitive stochastic sensor
for guest molecules (Fig. 10).

CONCLUSION

Alkali metal ions carry important messages and biological
signals by their movements. By controlling the ionic
species (Na®, K*, along with Ca** and Cl- ions),
magnitude of the flux (conductivity), triggering signals
(voltage variation, ligand binding, and membrane defor-
mation), and dynamic behavior (duration of open—closed
times), ion channels play critical roles in biological
processes in the brain and nervous system. The mode of
information transfer is totally different from the electronic
systems we developed for computer systems. Although the
achievements of dry electronic systems are magnificent,
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the wet biological system is still far advanced in many
respects. However, the use of wet systems in vitro is far
less developed, and we need to gain an understanding of
numerous principles of such biological systems. The
construction of artificial ion channels may help scientists
develop ways to comprehend these basic units and their
systems. With further exploration to be undertaken in this
area, the future picture can not easily be foreseen.
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Alkalides and Electrides

James L. Dye
Michigan State University, East Lansing, Michigan, U.S.A.

INTRODUCTION

Crystalline alkalides are salts with alkali metal anions
(Na™—, K™, Rb™, or Cs") that have been known since 1974,
when the first sodide was synthesized."'! The first crys-
talline electride, in which trapped electrons serve as the
anions, was first fully characterized in 1986./* The key to
the formation of both classes of materials is complexation
of the countercation (Li* through Cs™) by organic
macrocyclic or macrobicyclic molecules such as crown
ethers and cryptands. Seven electrides and 37 alkalides
have now been synthesized and their structures were de-
termined by single crystal x-ray crystallography.”! Their
properties were studied by a number of methods, including
optical, electron paramagnetic resonance (EPR), and
nuclear magnetic resonance (NMR) spectroscopy, mag-
netic susceptibility, conductivity, and differential scanning
calorimetry (DSC).

Both alkalides and electrides are powerful reducing
agents; so powerful, in fact, that most cannot survive,
even in vacuo at temperatures above about —30°C. The
organic complexant is irreversibly destroyed by cleavage
of the O—C or N—C bonds of the complexant. This
reducing ability of alkalides is, however, useful in or-
ganic synthesis when a powerful two-electron reducing
agent is needed.'! Alkalides and electrides in solution are
able to reduce nearly all metallic cations to form
nanoscale metal particles.'!

In this overview of alkalides and electrides, the meth-
odologies and special techniques used will be briefly de-
scribed, and the structural features and electronic, optical
and magnetic properties will be summarized. The refer-
ence list is far from complete, but the information given
can provide many additional references to the original lit-
erature in this field.

EXPERIMENTAL METHODS

The major concern in the preparation and study of
alkalides and electrides is their extreme sensitivity to
air, moisture, and especially elevated temperatures. Thus,
ordinary glove box procedures do not suffice without
provision to keep the samples cold (below about —40°C)
at all times during and after synthesis. It should be noted,
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however, that the formation and use of alkalides such as
K*(15-crown-5), Na~ in solution (in THF, for example)
can be carried out at room temperature in a glove box,
Schlenk line, or by syringe techniques. Thus, organic
synthetic methods that need a powerful two-electron re-
ducing agent need not be as rigorous as those required to
prepare crystalline alkalides and electrides.

Synthesis is simple and straightforward in principle.
One merely needs to prepare a solution of the com-
plexant and alkali metal in a pure aprotic solvent such as
methylamine (MeNH,) or dimethyl ether (Me,O), filter
the solution through a porous glass frit into a second
compartment of a K-cell,' and add a less polar cosolvent
such as diethyl ether (Et;,O) or trimethylamine (Me;N).
Then the more polar primary solvent is removed by
evaporation until the solution is saturated at about —40°C.
Slow cooling over a 1-or 2-day period (sometimes with
temperature cycling back to the starting temperature to
dissolve small crystals) results in crystal growth. The
crystals can then be washed with the secondary solvent by
pouring the liquid back through the frit and redistilling it
for further washes. Finally, vacuum evaporation of all
solvents leaves dry crystals for study. In some cases,
solvent molecules are included in the crystal structure so
that wet crystals must be harvested.

In practice, things are not as simple as indicated above.
Because the metal solutions are thermodynamically un-
stable, all glassware used must be rigorously cleaned, and
solvents must be free of reducible impurities. Control of
the stoichiometry can sometimes determine whether an
electride or an alkalide (or a mixture of the two) is formed.
For example, the preparation of an electride or a ceside
can be controlled by the relative amounts of 18-crown-6
(18C6) and cesium metal according to

Cs +2(18C6) — Cs™(18C6),e™ (1)
or
2Cs + 2(18C6) — Cs™(18C6),Cs™ @)

By using a slight excess of 18C6, the electride is formed,
while an excess of cesium gives the ceside. Because
cesium metal is insoluble in Me,O, this solvent can be
used as a primary solvent. When preparing the electride,
excess 18C6 is removed by washing with the secondary

Encyclopedia of Supramolecular Chemistry
DOI: 10.1081/E-ESMC 120012700
Copyright © 2004 by Marcel Dekker, Inc. All rights reserved.



Alkalides and Electrides

solvent. Again, complications often occur. It is easy to use
cryptand[2.2.2], (C222) to prepare K*(C222) Na~ by
using a mixture of K and Na metals and to prepare Na*
(C222)Na~ with just sodium. But, we have never been
able to make crystalline Na*(C222)e ™. Whenever sodium
is present in solution, regardless of the complexant used, a
sodide is formed. Another complication that can occur,
especially with MeNH, and either Et,O or Me;N, is phase
separation of the liquid solutions. One gets a concentrated
MeNH,-rich phase and a more dilute cosolvent-rich
phase. Also, of course, the growth of high-quality crystals
remains more an art than a science; we frequently obtain
apparently well-formed crystals that do not diffract x-rays
well enough to permit structure determination. In the
descriptions of structures and properties that constitute the
balance of this article, only alkalides and electrides of
known structure will be considered. Many other poly-
crystalline alkalides and electrides were prepared and
studied, but without a structure, one can never be confi-
dent that a pure compound was prepared. This is particu-
larly true of electrides, which are frequently contaminated
with alkali metal anions.

In this article, we will not describe in detail the ex-
perimental equipment used to determine the optical,
electronic, and magnetic properties of these materials.
Standard instruments were used for EPR, ENDOR, solid-
state NMR, SQUID susceptibility, powder conductivity,
optical reflectance and transmittance, and DSC, although
some home-built instruments were involved. The specific
equipment used is described in the references. The major
consideration in designing and using equipment is the
need to keep the samples cold and away from air and
moisture at all times.

ALKALIDES
Origin and Synthesis

The synthesis of crystalline alkalides had its origins in the
study of alkali metal solutions in amines and ethers.
Although genuine alkali metal anions apparently do not
form in metal-ammonia solutions, they are ubiquitous in
less-polar solvents. A great deal of confusion in early
work was removed when Hurley, Tuttle, and Golden!”)
showed that Na™ in sodium borosilicate glass was readily
exchanged by other alkali cations in solution. This
exchange yielded the peak of Na~, even when no sodium
was added to the solution. The optical absorption spectra
of alkali metal solutions in ethylenediamine at room
temperature (shown in Fig. 1) (corrected for Na~
contamination when necessary) were obtained by Dewald
and Dye in 1964." Later work! clearly identified the
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Fig. 1 Optical spectra of alkali metal solutions in ethylene-
diamine (8), corrected for sodide absorption (bottom) and from
thin solvent-free films (top). The solution spectrum labeled e is
that of lithium. Note also the shoulder due to e, in Cs, Rb, and
K solutions.

peaks of e7, Cs™, Rb™, K7, and Na™, as labeled in the
figure. Note the absence of Li~, a result of the high
solvation energy of Li".

The study of more concentrated alkali metal solutions
in a variety of solvents became possible in 1970, when
crown ethers were used!'”! to enhance the solubility of the
metal. The use of crown ethers and cryptands permitted
extensive studies of the optical spectra of solvated
electrons and alkali metal anions in solution. After the
isolation of the first sodide salt in 1974,“] the optical
spectra of polycrystalline films of various alkalides and
electrides were determined by rapid evaporation of all
solvent from a liquid film on the walls of the optical
cell.'" Displayed in Fig. 1 are the optical spectra obtained
in this way. Clearly, there is a 1:1 correspondence between
the spectra in solution and in the solid state. Although the
peak positions shift somewhat with temperature and with
the complexant used, the optical peaks can be used to
verify the presence of particular alkali metal anions or
trapped electrons. In addition to rapid solvent evaporation,
solvent-free alkalide and electride films can be made by
codeposition of the complexant and alkali metal in high
vacuum (10~ ® torr).""?! This permitted the study of optical
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Rb' (15C5),Rb

Rb' (18C6)Rb

Fig. 2 Examples of M~ chain formation (left) and isolated M~
(right) in two rubidium rubidides. The Rb* and Rb™ ions are
drawn to scale, while ball-and-stick models are used for 18C6
and 15C5.

transmission spectra, conductivity, and thermionic elec-
tron emission.!'*!

Structural Features

Alkali metal anions are large and highly polarizable. With
two electrons sharing the outer s-orbital, expansion occurs
to yield radii of about 2.8, 3.1, 3.2, and 3.5A for Na—, K™,
Rb~, and Cs™, respectively.!"*! Crystal structure determi-
nation permitted the identification of a variety of structural
motifs. In addition to isolated anions, various structures
include contact ion pairs between M* and M, dimers of
the anions, (M), and anionic chains, (M~),.!"* Although
one might think that coulomb repulsion would prevent
dimerization of M~, a theoretical study''> showed that
such dimers can be stabilized by adjacent cations. Dimers
and chains presumably form by partial hybridization of
the diffuse s-orbital with empty p-or d-orbitals.

Two extremes are shown in Fig. 2. Isolated anions,
separated from the cations by the complexant, are pres-
ent in Rb*(15C5),Rb~, while chains of Rb™ in close
contact with Rb* form in Rb*(18C6)Rb~. The cesides,
Li*(C211)Cs™ and Cs*(C222)Cs™ also form chains of
anions, while anionic dimers are present in K*(C222)K~
and Rb*(C222) Rb™. In most alkalides, the alkali metal
anions are isolated from one another and from the cations.
However, cation—anion contact pairs are present in M"
(hexamethyl hexacyclen) Na~, with M=K, Rb, Cs.['®

Properties

Many properties of alkalide crystals, powders, and films
were measured. The original alkalide, Na*(C222)Na ", has
been most thoroughly studied, in part because of the high
stability of pure samples. In contrast to most alkalides,
single crystals and vapor-deposited films of this sodide are
stable in vacuo for many hours, even at room temperature.
In addition to the crystal structure, we measured the
thermodynamics of formation by an EMF method, optical
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transmission spectra of polycrystalline films, reflectance
spectra of single crystals, single-crystal fluorescence
spectra, EPR of defect electrons, 23Na-NMR spectra of
powder and oriented single crystals, powder-and single-
crystal conductivity, exciton formation and mobility,
photoelectron emission spectra, and multiphoton photo-
bleaching. Only limited sets of such measurements were
made on other alkalides; Na*(C222)Na™~ could be viewed
as the best-understood model of an alkalide with isolated
alkali metal anions.

Optical spectra

The optical transmission spectra of polycrystalline films
are shown in Fig. 1. The spectrum clearly arises primarily
from an np «—ns transition. The peak positions correlate
well with the corresponding dissociation transitions in the
gas phase. The anisotropy in the solid leads to a small
orientation dependence of the peak position in the single-
crystal reflectance spectrum of Na*(C222)Na.""*! Recent
unpublished work in our laboratory showed that the effect
is much larger in Li*(C211)Cs™, which forms extended
chains of ceside anions.""”! This orientation dependence is
a natural consequence of the removal of excited p-state
degeneracy in the anisotropic solid.

Pure alkalides are diamagnetic insulators or semi-
conductors. It is practically impossible, however, to avoid
the incorporation of defect electrons in the structure. They
are easily detectable by EPR spectroscopy and contribute
to defect conductivity and a “‘Curie tail’’ in the magnetic
susceptibility. When defect electrons in Na*(C222)Na™
are photoexcited, they remain for many minutes in states
near the vacuum level and can be photoejected with
infrared (IR) photons."'®! The effect is completely absent
in defect-free crystals of this sodide.

NMR spectra

Alkali metal NMR spectroscopy provides a good diag-
nostic tool for isolated alkali metal anions in solution and
in solid alkalides. The chemical shifts are close to those
calculated for the gaseous anions, much more diamagnetic
(negative) than the reference state of M*(aq.). In solution,
the chemical shifts of M~ are about —62, — 100, — 190,
and —290 ppm for M=Na, K, Rb, and Cs, respectively,
compared with calculated gas-phase values of —63,
—103, —214, and —346 ppm.[lg] The values in solid
alkalides are somewhat dependent on the compound, but
for salts with isolated anions, the values are about — 61,
—105, —190, and —220 ppm, in agreement with the
solution values and, at least for Na and K, nearly the same
as the gas-phase chemical shifts. The absence of signif-
icant shifts from those of gaseous M~ is a consequence of
the large size of the anions and their nearly spherical
shape. Shifts in the paramagnetic direction (Ramsey



Alkalides and Electrides

shifts) are caused by mixing of the unoccupied orbitals of
the alkali metals with those of surrounding molecules. The
large size of the alkali metal anions tends to minimize
such shifts.

When dimers or chains of alkali metal atoms are
present, the anion chemical shift is considerably more
paramagnetic, even to the extent of having the shift of Cs™
confused with that of Cs* in early work.!'” Recent studies
indicate that dimer or chain formation can shift the peaks
of K7, Rb™, and Cs™ by hundreds of ppm. The mixing of
p or d orbitals to provide some bonding between adjacent
anions would introduce considerable spin-orbit coupling
that would result in a pronounced paramagnetic shift.

Because the alkali metal nuclei have quadrupole
moments, the lines are considerably broader than those
of nuclei with spin 1/2. The effect is small for 'Li and
133Cs and only moderate for 23Na. With 3’9K, 85Rb, and
87Rb, quadrupole broadening makes solid-state NMR
studies difficult, but even in these cases, the static line
shapes can provide considerable information about the
quadrupole coupling constants, asymmetry parameters,
and chemical shifts./*")

Stability

The tendency of alkalides to decompose above about
—30°C made the study of their properties difficult. The
decomposition mode with crown ethers and cryptands is
the rupture of O—C bonds. For example, M, (C222)My,~
(with M, and M, the same or different alkali metals) re-
leases ethylene from the —O—CH,—CH,—O—moiety
with formation of alkoxide units.”?!! The N—C bonds in
perazacryptands and cyclens is considerably more resistant
to reduction. We recently prepared the sodide and potasside
of fully methylated perazacryptand [2.2.2] and found them
to be stable at room temperature for months.** The flip-
side of this story is that aza complexants have generally
much poorer complexing ability for alkali cations. When
a complex forms, it frequently dissociates at elevated
temperatures to yield the metal and free complexant. Thus,
a synthetic challenge in this field is to find peraza com-
plexants with just the right size and lone pair orientation to
form strong complexes with alkali cations.

ELECTRIDES
Background and Definitions

In contrast to alkali metal anions, which were first posi-
tively identified as solution species in 1970, solvated
and trapped electrons have been known for more than a
century.m] With the advent of pulse radiolysis, the
solvated electron has become probably the most widely
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studied species in chemistry. Electrons trapped at defect
sites in crystals (F-centers and clusters) have also been
studied extensively for over a century.”* Alkali metal
incorporation in alumino-silicate zeolites to yield elec-
trons trapped near clusters of cations has been the subject
of many experimental and theoretical studies'®! since first
observed in 1966.”%% Even simple alkali metals, with a
“‘sea’’ of electrons filling the space between cations, have
one electron per cation. What then distinguishes true
electrides from all these other materials?

As the ‘‘-ide’’ ending suggests, the electrons in
electrides take on the role of anions.”””) This implies that
electrides are crystalline ionic compounds with one
electron per cation. They could be viewed as salts that
contain stoichiometric F-centers, with electrons as the
only anions. But because one cannot suppress the quantum
nature of electrons, these ‘‘anions’” are special. The line
between localized weakly interacting electrons and de-
localized, or metallic electrons is blurred, and both ex-
tremes are encountered in electrides. Because most of
the electron density in electrides is present in otherwise
empty, well-defined pseudo-one-dimensional cavities and
channels, they could also be viewed as forming low-
dimensional correlated electron gasses.

General Structural Features

Except for zeolite-based electrides, to be considered later,
the cations in all electrides synthesized to date are alkali
cations, Li*, K*, Rb*, or Cs", sequestered inside a
cryptand cage or sandwiched between two crown ether
molecules. Thus, the cations are well shielded from the
electrons. The temperature dependence of the '**Cs-NMR
chemical shift (Knight shift) in two electrides shows that
the unpaired electron density at the Cs* cation is less than
0.1% of the value for the isolated atom.”?®! The structures
of the complexed cations are practically identical to those
of corresponding alkalides and normal salts. Because the
electron density of the trapped electrons is too low to
detect by x-ray crystallography, the major structural
difference between an electride and the corresponding
alkalide is that the former has large voids at the anionic
sites. To a first approximation, then, the electrons could be
viewed as particles in adjacent, nearly spherical boxes.
The common feature of an intense optical absorption band
in the near IR at 1200-1500 nm, with a long tail into
the visible, is the counterpart of the optical behavior of
solvated electrons. The optical bands of solvated electrons
were attributed, for many years, to electrons trapped in
otherwise empty cavities.”®! The similarity to electrons in
electride cavities is striking.

A complication that caused confusion in the study of
electrides is structural polymorphism. Each of the elec-
trides Cs*(18C6),e~, Cs*(15C5),e~, Li"(C211)e”, and
Rb*(C222)e exists in at least two polymorphs.”! Only
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Fig. 3 Channel structures of four electrides. The general
shapes of the cavities and channels are represented. (From
Ref. [29].)

one form of each electride has a known structure, but the
properties of the two forms are different. The factors that
determine which form precipitates from solution are not
known, and transitions between the types are slow. In the
case of Rb"(C222)e”, mixtures of the two forms were
usually produced, and it was necessary to use the magnetic
properties to determine the amount of each present.!*’

Electron—Electron Interactions

The cavities and channels left by close-packing of the
complexed cations tend to form uniform one-dimensional
chains, like beads on a string, in five of the seven elec-
trides of known structure.”?® The electrons are coupled
antiferromagnetically, and the magnetic susceptibilities
are well-fit by the Heisenberg linear-chain model, with a
single negative coupling constant, J.**! The mixed crown
ether electride, [Cs™(15C5)(18C6)e 16-(18C6), has a
complex structure,®!! while K*(C222)e” has a two-
dimensional channel-cavity structure with open channels
in one direction and constricted channels in a second
direction.®?! As with the corresponding potasside
K*(C222)K™, this electride has open dumbbell-shaped
cavities that contain two electrons.'*?! The coupling is so
strong in this case that the electride is nearly diamagnetic.

Alkalides and Electrides

The temperature dependence of the susceptibility is
well-described by the alternating chain antiferromagnetic
Heisenberg model.

The correlation between the magnetic coupling con-
stant, J, and the geometry of the cavity-channel systems is
remarkable. It provides strong experimental evidence for
the theoretical finding that the excess electron density
resides primarily in the cavities and channels.** The
geometry of the channels in three electrides is shown in
Fig. 3. Becaue the distance between cavity centers only
slightly varies from one electride to another, the major
effect on the interelectron coupling is the size of the
connecting channel. Shown in Fig. 4 is the strong cor-
relation between the magnitude of the coupling constant
and the cross-sectional area at the minimum diameter of
the channel. Clearly, the overlap of the electronic wave
functions is strongly influenced by the available void
space between the electrons. This behavior of a well-
defined, one-dimensional correlated electron gas of elec-
trons should be a fruitful area for theoretical treatment.

Optical and Electrical Properties

The intense near-IR absorption of electride films (Fig. 1)
is characteristic of localized electrons with little inter-

K'(C222)e’ .

Li'(c211)e’ L’

@ Rb'(C222)e” .
<
? L4
3 p Cs'(18C6),e” =
2 B/";/K*uscs)ze' B
o Cs*(15C5),e
I i I |
5 10 15 20
Channel Area (i\)2

Fig. 4 Correlation of the antiferromagnetic coupling constants
of electrides with the minimum cross-sectional area of the
channels that connect the cavities. Reprinted with permission
from Ref. [30]. Copyright 1997, American Chemical Society.
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Fig. 5 Comparison of the conductivities of various electrides
as functions of temperature. Reprinted with permission from
Ref. [3]. Copyright 1997, American Chemical Society.

electron coupling. The electride K*(C222)e™ has a more
open structure and far stronger coupling between elec-
trons. This also has a profound effect on the optical
spectrum and conductivity. Films of this electride, formed
by high vacuum codeposition of K metal and cryptand
[2.2.2] in 1:1 stoichiometry were extensively studied by
optical transmission spectroscopy and four-probe conduc-
tivity.4

Freshly prepared films show the absorption peak of
K™. This tends to anneal with time to a combination of
a localized electron peak at ~1250 nm and an ab-
sorbance that rises steadily with increasing wavelength.
The spectra are remarkably similar to those of concen-
trated metal-ammonia solutions as they move through
the nonmetal to metal transition.?>! The rising absorb-
ance is attributed to the plasma edge that is charac-
teristic of metallic behavior. The electrical conductivity
of powders and films of this electride is far greater than
that of other electrides, as shown in Fig. 5. Whether
these conductivities are intrinsic or defect-dominated
is uncertain, but clearly, the open-channel nature of
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K*(C222)e™ has a profound effect, bringing this elec-
tride to the threshold of metallic behavior. Four-probe
single crystal studies show that the conductivity is
highly anisotropic.®® It is nearly metallic along one
direction in the plane of the channels and insulating
perpendicular to this plane.

The Search for Stable Electrides

It is likely that the study of electrides would be more
widespread if thermal stability at room temperature could
be achieved. The recent success in synthesizing a sodide
and potasside that are stable at room temperature!??!
provided the incentive to find aza-based complexants that
will permit the crystallization of stable electrides. The
cation of choice would be Li*, because there would be no
competition from Li~, an alkalide that has never been
made. A number of candidates were tried, from methyl-
ated cyclens to fully methylated azacryptands to ada-
manzane-like complexants. Thus far, none produced a
crystalline electride of known structure. When the cation
is kinetically able to leave the complexant, dissociation
without decomposition occurs. The aza complexants used
to date apparently do not form strong enough complexes
to yield thermodynamically stable electrides, although
alkalides can be made in some cases. The search for the
ideal aza complexant continues.

Inorganic Electrides

F-centers in alkali halides are stable. In 1966 Kasai and
coworkers found that electrons could be trapped in a
zeolite by incorporation of sodium from the vapor
phase.”?®! They identified the species Na,>*, an electron
trapped by a cluster of four sodium cations. Since that
time, a great deal of work was done on the inclusion of
alkali metals in various aluminosilicates,[25 ! including the
formation of a stoichiometric sodium sodalite that has
Na,>* units inside every sodalite cage.’”! In common with
electrides, these paramagnetic centers are coupled antifer-
romagnetically and undergo a Néel transition at 48 K.
While these metal adducts to zealots could be (and have
been) called “‘electrides,””™ they differ from the organic
electrides by having several cations for each electron.
We recently added alkali metals from the vapor phase
to two pure silica zealots to yield adducts that have a 1:1
stoichiometry of cations to electrons.”®! The properties
strongly point to ionization to yield alkali cations that
interact with the Si—O-—Si units that line the zeolite
channels. Apparently, the released electrons occupy the
open spaces of the channels, which have diameters of ~7
A. The electrons are strongly coupled to form nearly
diamagnetic materials. These inorganic electrides are
stable to at least 100°C. Potentially, zeolite-based systems
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might be made that would have an even closer relationship
to organic electrides. If a pure silica zeolite could be made
that contains open channels and separate cation-trapping
sites, it should be possible to prepare a stoichiometric
electride with trapped cations and electrons that are free to
roam the channels. Such systems might have interesting
properties, including, perhaps, metallic conductivity.

CONCLUSION

Although we studied alkalides and electrides for nearly 30
years, there is much that remains to be done to make them
useful members of the chemistry—physics communities.
We hope that the existence of stable, easy-to-prepare
alkalides and electrides will prompt a number of other
researchers to enter this intriguing field.
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The Allosteric Effect

Anatoly K. Yatsimirsky

Universidad Nacional Auténoma de México, Mexico City, Mexico

INTRODUCTION

The allosteric regulation of ligand binding to proteins is
the principal regulatory mechanism in living systems on
the molecular level.'! The allosteric effect means the
situation when the binding of one ligand at its binding site
is influenced by the occupation of another binding site by
another identical (homotropic effect) or different (hetero-
tropic effect) ligand (effector). In biological systems, the
allosteric effect is usually considered for oligomeric
proteins, e.g., hemoglobin, and reflects interactions
between subunits. In chemistry, it is studied with low-
molecular-weight receptors possessing two or more
binding sites, the interaction between which is mediated
by conformational changes induced in the receptor upon
occupation of one site. The positive allosteric effect, when
the occupation of one site increases the affinity to the
ligand on the other site, leads to positive cooperativity in
ligand binding and may be used for amplification of the
signal produced by the effector.*! Allosteric regulation
is a possible way to operate molecular switches, and it is
important for the functioning of molecular machines.™

BINDING ISOTHERMS FOR
ALLOSTERIC SYSTEMS

In a general case of a receptor possessing /N binding sites,
the stepwise stoichiometric formation constants are
defined as follows:

Ki = [RLi]/([RL;_][L])

where 1<i<N, and the overall formation constants are
defined as

B = KiKy. Ki_iK;

In addition, one can define a single-site binding constant

0O as
Q = [occupied single site]/([free single site][L])

The expression for the degree of complexation (or degree
of saturation) Y is defined as follows:

Y = (concentration of occupied sites)

/(total concentration of binding sites)
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It has the following form:

N .
21‘[%@]‘
Y = ———F—— (1)
N<1+;ﬁ,.[L]>

Another useful function for the analysis of binding is the
Bjerrum complex formation function i, which gives an
average number of ligand molecules bound per receptor:

n=7YN

In the case when the receptor possesses N identical and
independent sites:

Ki=QWN—-i+1)/i
and the ratio of two successive stability constants is'®

Kin1/K; = i(N = 1)/((i + 1)(N —i+1)) )

1

Evidently each next stability constant is smaller than the
preceding one due to only statistical factors. Any
deviation from the statistical ratio K;,/K; implies a
nonequivalence of binding sites or some sort of interaction
between sites, in particular due to the allosteric effect. In
the latter case, deviations from statistical binding are
commonly referred to as cooperativity, which can be
positive or negative, depending on whether the ratio of
successive stability constants is higher or lower than the
statistically expected value.'®’

The binding isotherm for the statistical binding takes a
form of Eq. 3:

Y = Q[L|/(1+ QL)) ©)

A modified linear form!® of Eq. 3 is as below:

n/[L] = NQ—-1Q @

This is known as the Scatchard equation. Eq. 3 describes a
simple hyperbolic binding isotherm, like in a case of a 1:1
complexation. The cooperative binding, however, modi-
fies to a smaller or greater extent the shape of the
isotherm, in particular, positive cooperativity leads to
“‘sigmoid’’ binding isotherms. The oldest and still popular
way to diagnose cooperativity by the analysis of the shape
of the binding isotherm is to calculate the so-called Hill
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coefficient h, which is the slope of the plot of log(Y/
(1—7Y)) versus log[L]:'®

h = dlog(¥/(1—Y))/dlog]L] B

The Hill equation was derived originally for a complex-
ation process, which involves only one equilibrium
between R and # molecules of L affording the single
complex RL,. The degree of saturation is given in this case
by the following equation:

Y = RLJ/R) = BulLI"/(1 +B,[LI") ©)

which for h>1 describes a sigmoid-binding isotherm.
Usually a linearized form given by Eq. 7 is used for the
data fitting:

log(Y/(1—Y)) = Rlog[L] +log, (7)

Evidently this equation implies an infinite cooperativity
when the binding constants for all complexation processes
with i<h=N equal to zero. In real cases, the value of
h defined as in Eq. 5 is approximately constant only in a
restricted range of concentrations of L, typically around
50% of saturation. It approaches N when the positive
cooperativity is high, equals unity for statistical binding,
and is smaller than unity for negative cooperativity.

Typical sigmoid isotherms are shown in Fig. 1 for
cooperative binding of dicarboxylic acids 16 and 17 to a
double-decker porphyrin with pyridine substituents 15a
(see below, Fig. 5). The Hill coefficient for these systems
h=4 equals the total number of bound guests as a result of
a strong positive allosteric effect.[*!

Classical models for the cooperative binding to
oligomeric proteins, which are formally applicable also
for synthetic receptors, include the symmetry model of

10.0
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107 Bl310/ 4.0

R
o
o
ll(l]llll‘llllllll‘l’

°em? dmol™!
2.0 O: 16
®: 17
0 1 1 1 I
0 2.0 4.0 6.0 8.0 10.0

[G1/ mmol dm™> ——

Fig. 1 Binding isotherms of Guests 16 and 17 to Receptor 15a
(see Fig. 5) followed by the complexation-induced circular
dichroism.*23! Reprinted with permission from Ref. [4].
Copyright 2001 by American Chemical Society.
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Monod-Wyman—Changeux (MWC modeD)” and the
sequential or induced-fit model of Koshland—Nemethy—
Filmer (KNF model).[g] In the MWC model, the positive
cooperativity is due to a mechanism that does not involve
any positive site interactions. It results from the complex-
ation-induced shift of preequilibrium between two states
of the receptor, in which all binding sites have different
conformations possessing different affinities to the ligand
[the tense (T) or relaxed (R) state in hemoglobin]. In the
KNF model, ligand binding induces a conformational
change in the receptor-binding site, which is transmitted
to other binding sites. If the interaction between sites is
strong, the conformational change may occur in a
concerted manner involving all binding sites and, in this
case, the model formally coincides with the MWC model.

A large number of allosteric systems discussed below
involve a receptor R possessing two binding sites for two
different ligands (heterotropic system). Analysis of such a
system is straightforward: one can measure the single-site
binding constant for any ligand in the absence of the other
ligand and then compare it with the binding constant
determined in the presence of the other ligand. Analysis
of homotropic systems is more complicated. Eqs. 8-11
describe such a system:

R+L = RL! (Qy) (8)
R+L = RL> (Q) )
RL'+L = RL,  (aQ,) (10)
RL>+L = RL, (aQ) (11)

Here, superscripts 1 and 2 refer to first and second binding
sites; Q; and Q, are the respective single-site binding
constants; and o is the interaction factor that shows how
the binding constant for a given site changes upon
occupation of the other site. Note that the interaction
factor is the same for both binding sites. The stepwise
stoichiometric formation constants equal:

Ki =Q+Q (12)
Ky = aQ;Q,/(Q; +Q,) (13)

Obviously, in this case, the single-site binding constants
and the site interaction factor cannot be calculated from
the experimentally determined constants K, and K, with-
out making additional assumptions concerning possible
equivalence or mutual dependence of the binding sites. In
the case of statistical binding, Q;=Q,=Q and a=1;
therefore K;=2Q, K,=Q/2, and the ratio K,/K;=1/4. If
the binding sites are equivalent (Q;=Q,=Q) but not
independent (o 1), one observes positive (K,/K;>1/4) or
negative (K,/K;<1/4) cooperativity when o is larger or
smaller than unity, respectively. Alternatively, if the
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binding sites are nonequivalent (Q; #Q,) but independent
(a=1), the ratio K,/K, equals

=QQ/(Q +Q,)°
= (Q/Q1)/(1+ Qy/Q))? (14)

Predicted with Eq. 14 is that K,/K; has the maximum
value of 1/4 at Q,/Q;=1, and, therefore, at all nonequal
values of Q; and Q,, the ratio K,/K; is less than 1/4. In
this case, a negative cooperativity without negative
interaction between the binding sites is observed.

It should be noted that cooperativity does not neces-
sarily result from site interaction. Often, the mutual
attraction or repulsion of bound ligands leads to posi-
tive or negative cooperativity, respectively. For example,
highly cooperative binding of four molecules of n-octyl
B-p-glucopyranozide to the resorcinol cyclic tetramer in
CHCl;, which is characterized by the Hill coefficient =4,
results from intracomplex guest—guest hydrogen bonding
involving the 5-CH,OH and 2-OH groups of adjacent
glucopyranozide molecules.!”’

ALLOSTERIC SYSTEMS BASED ON CROWN
ETHERS AND PODANDS

The earliest examples of synthetic allosteric systems
involved modification of binding properties of crown
ethers by changing their conformations as a result of
complexation with another metal cation at an adjacent
binding site. For example, complexation of a bipyridine
moiety of 1 (Fig. 2) with W(CO), changes the selectivity
of the crown ether from preferable binding of K™ over Na*
to preferable binding of Na* over K*.['% In a more recent
study of the cooperative binding of K* or Ca®* and
monosaccharides to Receptor 2 (Fig. 2), reminiscent by its
design of 1, a negative allosteric effect was reported.[“]
Cation-induced changes in the macrocycle conformation
produced a disposition of boronic acids unfavorable for
the saccharide complexation.

The bis-crown ether 3 (Fig. 2) showed a negative
cooperativity in binding two K* or Na* cations, which
resulted, however, from mutual repulsion of metal ions
rather than from a negative allosteric effect.!'? Binding of
two neutral Lewis acids, e.g., Hg(CN), showed a positive
cooperativity with the Hill coefficient h=1.5."?! This was
interpreted as a result of positive allosteric effect due to
the reduction of the conformational freedom of the second
macrocycle favorable for complexation conformation
upon binding of the first Hg(CN), molecule.

A strong negative allosteric effect was found for the
complexation of diquate dication by bis-crown receptor 4
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(Fig. 2) in the presence of transition metal complexes like
Cr(CO), and Ru(Bipy),**."*! Binding of these complexes
to a bipyridine moiety of 4 induces rotation of the
aromatic rings and formation of a planar structure, which
does not bind diquat dication.

A large group of receptors showing a positive coopera-
tivity in metal ion complexation is based on polyether
(podand) compounds bearing terminal groups capable of
chelation of transition metal ions.'*) As an example, in
Fig. 2 (5), a complexation-induced cyclization of a podand
bearing PB-diketone terminal groups is shown.!'>! The
resulting complex is capable of complexation of alkali
metal cations. Other examples of such pseudocrown ethers
can be found in Ref. [14]. As pointed out in the preceding
section, the interaction factor must be the same for two
binding sites of a receptor. Therefore, one should expect
that the complexation of a podand with an alkali metal
cation in its turn must promote the interaction between the
terminal groups. Such an effect was demonstrated for
system 6 (Fig. 2).161 A podand bearing two Zn(II) por-
phyrin complexes recognizes diamines by sandwiching
them between two metal centers. The addition of sodium
cations increases by a factor of 2 the affinity of the
receptor to 1,2-diaminocyclohexane.

The allosteric regulation of the binding of an organic
guest by complexation with alkali cations is illustrated by
the molecular clip 7a, Fig. 2.1'7 It exists in three confor-
mations ss, sa, and aa, interconverting slowly on the NMR
time scale. The predominant conformer sa (as well as a
minor conformer sa) converts upon uptake of a potassium
ion in the crown ether bottom unit to aa conformer, which
then binds an aromatic guest, such as 1,3-dinitrobenzene,
about four times better than without K* (Fig. 2, 7b).

The allosteric effect also plays a role in the cooper-
ative binding of anions and cations by some ditopic
receptors, such as in the case of Receptor 8, Fig. 2.['®
The positive cooperativity in the binding of Cl™ in the
presence of K' partly results from the electrostatic
attraction between oppositely charged ions. But, at the
same time, binding of H,PO,” shows a negative
cooperativity with K*, and this specificity to the type of
anion indicates a contribution of some nonelectrostatic,
most probably, conformational effects.

ALLOSTERIC SYSTEMS BASED
ON CYCLOPHANES

A cyclophane possesses a hydrophobic cavity suitable for
complexation of nonpolar organic guests. Several hetero-
tropic allosteric systems based on cavity formation in-
duced by complexation with transition metal cations were
reported. The idea is generally similar to metal-induced
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Fig. 2 Allosteric systems based on complexation with crown ethers and podands. Entry 6. From Ref. [16]. Reproduced by permission
of The Royal Society of Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS).
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Fig. 3 Allosteric systems based on complexation with cyclophanes.

cyclization of podands described in the preceding section
[see Fig. 2 (5) as an example], but instead of leading to
cooperativity between binding of two different metal ions,
it leads to the cooperativity between binding of a metal ion
and an organic molecule. Illustrated in Fig. 3 (9) is a
cooperative complexation of Zn(Il) or Cu(Il) and a
fluorescent indicator dansylamide to an open cyclophane
precursor bearing ethylenediamine terminal groups.!'!
Addition of the metal ion closes the cavity and allows the

indicator to form an inclusion complex with the stability
constant ca. 10 M~ in water. This is ca. 100 times less
than the stability constant for inclusion of the same guest
in a normal azaniacyclophane of the same size, but the
important thing is that in the absence of metal ions, the
open host does not bind the indicator.

A similar principle was applied for the construction of
metallocyclophanes 10, Fig. 3.2% For this system, it was
shown that the shape of the hydrophobic cavity depends
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on the type of metal cation: when M=Zn, the host more
strongly binds a guest that is a naphthalene derivative than
a guest that is a biphenyl derivative, but when M=Cu, the
binding preference is inverted. Thus, the distinct coordi-
nation geometries of these metals differently affect the
shape of the cavity.

Another principle operates in System 11 (Fig. 3).*"
Here, the metal binding leads to the ring contraction and
better accommodation of the organic guest in the cavity,
which is too large. The stability constant for guest
inclusion increases by a factor of 100.

ALLOSTERIC SYSTEMS BASED
ON CALIXARENES

Calix[4]arenes are conformationally flexible hosts partic-
ularly suitable for design of allosteric receptors due to a
possible communication between binding sites situated at
the upper and lower rims.”*?! Positive and negative
heterotropic allosterism was demonstrated by using a
calix[4]arene with the metal-binding lower rim and the
sugar-binding upper rim created by introducing two
boronic acid groups.”*' Additions of hard cations (Ca>",
Mg?*, or Na*) decreased, but additions of soft cations like
K", Rb*, or Cs* increased the sugar binding. This switch
from a negative to a positive heterotropic allosteric effect,
depending on the type of metal cation within a series of
cations, which are similar by their chemical natures,
demonstrates a possibility of a fine tuning of the binding
site conformation of calixarene hosts.

Receptor 12 (Fig. 4) binds urea derivatives in CHCl;
via hydrogen bonding to two aryl carboxylate groups
with a positive allosteric effect based on the conforma-
tion change induced by complexation of Na* with the
crown ether fragment of the receptor.!””! In the free re-
ceptor, carboxylic groups are at a short distance, favoring
intramolecular hydrogen bonding. The addition of Na*
leads to a larger separation between the carboxylic
groups, favoring the intermolecular hydrogen bonding
with the guest.

A similar effect of metal-induced conversion of a
calixarene conformation with intramolecularly bound
amide groups (closed form unable to bind guest mole-
cules) into a conformation with more separated unbound
amide groups (open form) capable of complexation with
amide guests operates in the allosteric regulation of the
host 13 (Fig. 4).!

Widening the opposite side of a calixarene upon
complexation of small cations to the oxygen atoms of a
calixarene lower rim leads to the positive heterotropic
allosteric effect in the inclusion of [60]fullerene in a cage
molecule 14 (Fig. 4) derived from two calix[3]aryl esters
by complexation of their pyridine groups with Pd(II)."**
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Receptor 14 binds [60]fullerene in CHCI,CHCI, with the
stability constant K=39 M~'. The addition of Li* cations
induces flattening of the cage and an increase in K up to
2100 M~ '. Interestingly, the addition of Na® cations
produces a strong negative allosteric effect.

DIMERIC PORPHYRINS

Face-to-face dimeric metalloporphyrins represent a
new class of homotropic allosteric receptors that show
strong positive cooperativity in binding different
guests.”’s’zsl As an example, in Fig. 5, the cerium(IV)
bis[tetrakis(4-pyridyl)-porphyrinate] double decker is
shown, with 15a designed for complexation of dicarbox-
ylic acids 16 and 17. The addition of any of these guests to
15a in dichloromethane/ethyl acetate (30/1) leads to the
appearance of circular dichroism spectra. The value of
[0]max at 310 nm was found to be proportional to the
amount of complexed receptor. Shown in Fig. 1 are the
respective plots of [6],.« versus guest concentration,
which have typical sigmoid shape and give 2=4 in the Hill
coordinates. The binding mode of the guests is illustrated
in Fig. 5 (18). It is proposed that successive binding of
guest molecules reduces the degree of free rotation of
porphyrin rings in the double decker, which makes the
binding of each next guest more energetically favorable.
Binding of the same guests to 15b, which can bind only
one guest molecule, is too weak to be detectable in
agreement with weak binding of the first guest to 15a
required for high cooperativity.

Interestingly, a similarly designed double decker for
the complexation of saccharide guests, 19 (Fig. 5), shows
negative cooperativity: only one guest can be bound to the
receptor. The difference between these two systems is that
in the case of 15a, binding of the guests does not change
the basic structure of the double decker. But in the case of
19, binding of the first guest induces deformation of the
receptor structure, which makes more distant other
boronic acid groups and thus precludes the binding of
additional guests.

ALLOSTERIC REGULATION OF
REACTIVITY AND CATALYSIS

Enzyme regulation is one of the most important biological
applications of the allosteric effect. There is, however,
little progress in reproducing regulation of reactivity and
catalysis in chemical systems. Earlier works demonstrated
a possibility of allosteric regulation of reactivity in several
simple systems possessing a 2,2'-bipyridyl unit as a reg-
ulatory switch relevant to allosteric receptors of type 1.12¢!
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Fig. 4 Positive heterotropic allosteric regulation of complexation with calixarene hosts. Entry 12: Reprinted from Ref. [23]. Copyright
1998, with permission from Elsevier; Entry 13: Reprinted with permission from Ref. [5]. Copyright 2001 by American Chemical
Society; Entry 14: Reprinted from Ref. [24]. Copyright 2000, with permission from Elsevier.

For example, rate of cyclization of 20 strongly increases in
the presence of Ni(Il) cations. Rates of nucleophilic
substitution in and elimination from 21 strongly increase
in the presence of Pd(II) (Fig. 6). These systems, however,
did not allow a clear separation of conformational and
electronic, in particular, inductive effects.

The allosteric 30-fold acceleration of the reduction of a
podand bearing a quinone group by 1-propyl-1,4-dihy-
dronicotinamide in the presence of potassium cations'’! is
illustrated in Fig. 6 (22). The system is based on the same

principle as 6 (Fig. 2). A different approach was proposed
for the allosteric regulation of a catalyst for the phos-
phodiester cleavage, 23 (Fig. 6).%® The catalyst is a
trinuclear metal complex with two functional metal ions
(ME), which activate the phosphodiester substrate, and one
structural ion (Ms), which has the regulatory function.
With Mg=Cu(Il), variation in Ms=Cu(II), Ni(II), or Pd(II)
leads to significant changes in the catalytic activity attri-
buted to subtle differences in the ionic radius and co-
ordination geometry of the allosteric metal ion.
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Fig. 6 Allosteric regulation of reactivity.

MISCELLANEOUS ALLOSTERIC SYSTEMS

Not unexpectedly, many attempts were made to imitate
the cooperativity of oxygen binding by hemoglobin, e.g.,
by using bis-metalloporphyrin complexes.'*”! Allosteric

preorganization of oligobipyridine ligands by coordina-
tion with Cu(I) leads to self-assembly of interesting metal
helicates with strand characteristics of DNA.PY A similar
effect was reported in complexation of Fe(IIl) with tripo-
dal hydroxamate ligands: each next step in the consecutive
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complexation of three metal ions has a larger stability
constant.”") Strong cooperativity between cation and
anion binding to a cyclopeptide in CHCl; was attributed
at least partially to the allosteric effect.*?!

CONCLUSION

Allosteric regulation requires a certain conformational
flexibility of the receptor. The positive allosteric effect
may be considered a preorganization of one binding site
by a conformational change induced by the occupation
of the other binding site. Many widely used types of
synthetic hosts, such as crown ethers, cyclophanes, and
calixarenes, have suitable conformational dynamic prop-
erties, but the recent discovery of other highly efficient
allosteric systems based on, e.g., porphyrin double-decker
structures points to the possibility of using receptors of
different structural types. It should be noted that the actual
mechanism of the allsoteric effect in many systems
remains essentially hypothetical. With oligomeric pro-
teins, binding sites are separated by large distances,
excluding any mutual interaction between bound guests.
In synthetic hosts, binding sites are close enough to expect
some contribution of such interaction to the observed
cooperativity, which is difficult to separate from the
purely conformational effect. Practically, further devel-
opment of allosteric systems promises considerable
progress in the creation of new receptors and catalysts
with tunable properties, as well as new analytical and
other devices with improved sensitivity and selectivity.
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Amide- and Urea-Based Anion Receptors

Philip A. Gale
University of Southampton, Southampton, United Kingdom

INTRODUCTION

Among the armory of functional groups capable of bind-
ing anions,'' =¥ the amides and the ureas are the most
commonly employed anion binding sites in neutral
organic anion receptor species (Fig. la, b). Oxyanion
binding in proteins occurs through hydrogen bond
donation from, most commonly, the peptide backbone
NH groups and from arginine.'”’ One challenge that has
been increasingly well met by the supramolecular chem-
istry community over the last 15 years, has been to design
anion receptors with increasing selectivity for particular
anionic guests. Of course, the supramolecular chemist
does not (yet) have the precise control over the position-
ing of functional groups in three-dimensional space of-
fered by the tertiary structure of a protein. In spite of this,
great progress has been made in the design of neutral
anion receptors, with systems now displaying exception-
ally high association constants with anions. One of the
major design criteria used in developing these systems is to
prevent self-association (Fig. 1¢) that competes with anion
complexation and, hence, lowers association constants.

AMIDES

The first synthetic amide-based anion receptor 1 was
reported in 1986 by Pascal Jr. and coworkers.!”” This
neutral cyclophane-type receptor was synthesized by
reaction of 1,3,5-fris-(bromomethyl)benzene with three
equivalents of cysteamine to form a triamine which was
then clipped with one equivalent of the tris-acid chloride
of 1,3,5-benzenetriacetic acid. The receptor contains three
amide NH groups that may be directed into the center of
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the receptor to form a binding site for smaller anions.
Preliminary 'H- and '’F-NMR studies in DMSO-d sug-
gested that there was an interaction with fluoride anions
in solution.

In early work, tris-amide-based anion receptors were
also prepared by the groups of Reinhoudt and Beer.
Reinhoudt and coworkers prepared a series of tris-amides
and sulfonamides (2—7) that are selective for dihydro-
genphosphate.”® The receptors were synthesized from
tris(aminoethyl)amine (tren) by reaction with an appro-
priate acid chloride in the presence of triethylamine
and were purified by recrystallization from methanol
with isolated yields ranging from 70-90%. Association
constants were determined with tetrabutylammonium
dihydrogen phosphate, hydrogen sulfate, and chloride in
acetonitrile by conductometry. The receptors show the
selectivity trend H,POy; > Cl~ > HSO, , with receptor 7
having the highest affinity for dihydrogen phosphate
(presumably due to the increased acidity of the sulfona-
mide NH group and m-stacking effects of the naphthalene
groups.) Beer and coworkers also synthesized tren-based
anion receptors in the early 1990s."”) These systems
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Fig. 1 (a) Amides and thioamides are excellent hydrogen bond donors to anions; (b) ureas and thioureas are complementary hydrogen
bond donors for carboxylates; (c) amides can self-associate so lowering their affinity for anions; (d) Crabtree’s isophthalamide 11—
chloride complex; (e) Loeb’s upper-rim amide functionalized calix[4]arene—benzoate complex; (f) a schematic diagram of Gale and
Loeb’s receptor 18 forming a 1:2 receptor:nitrate complex; (g) crystal structure of the perrhenate complex of receptor 18; (h) a
squaramide-acetate complex; (i) crystal structure of the sulfate sandwich formed by receptor 20 and the anion; (j) a phenolate anion
bound to a tetralactam macrocycle—a precursor to rotaxane formation. (View this art in color at www.dekker.com.)
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contained ferrocene 8 or cobaltocenium 9 moieties that
act as electrochemical reporter groups and, in the case of
9, add an electrostatic component to the anion complex-
ation.””! These systems show similar anion selectivity
trends as those shown by receptors 2—7, in addition to
being able to sense the presence of anions via cathodic
shifts in the metallocenes’ redox potentials. Receptor 8,
for example, is capable of detecting dihydrogen phosphate
anions in the presence of 10-fold excesses of chloride and
hydrogen sulfate.

More recently, some simple and yet highly effective
amide-cleft-based anion receptors were synthesized by
Crabtree and coworkers."! Receptors 10—14 are based
upon benzene or pyridine rings that are substituted in
the 1- and 3-positions, or in the case of pyridine 2- and
6-positions, with either amide or sulfonamide groups.
Proton NMR titrations in dichloromethane-d, were used
to determine the association constants of the receptors
with halide anions and acetate. All the receptors displayed
solely 1:1 receptor:anion complex stoichiometry in solu-
tion, except receptor 13 that showed behavior consistent

]

O. (0]
Ar’NH HN\Ar
10 Ar =Ph

11 Ar = p-(n-Bu)CgHg4
12 Ar= 2,4,6-MG3CGH2
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with the formation of 1:1 and 1:2 receptor:anion com-
plexes with fluoride and acetate. Among the halides, the
receptors have association constants following the trend
Cl~ >Br~ >I" with fluoride and acetate binding being
either stronger or weaker than chloride binding depending
upon the nature of the receptor. The highest association
constant observed with this set of receptors was that of
the chloride complex of 11 (K,=61,000 ML Fig. 1d).
Interestingly, the presence of the pyridine nitrogen lone
pair in receptor 14 serves to decrease the affinity of larger
anions for this receptor and so increases the selectivity for
smaller anions. For example, fluoride and chloride bind to
14 with association constants of 24,000 and 1500 M~ !,
respectively, compared to 31,000 and 61,000 M~ for
fluoride and chloride binding to receptor 11.

By arranging two amide groups in a parallel arrange-
ment in space, Cameron and Loeb developed a set of re-
ceptors that are selective for Y-shaped carboxylate anions
over tetrahedral or pseudotetrahedral oxo-anions.'!’
Calix[4]arenes 15, 16, and 17 were synthesized by reaction
of the upper-rim calix[4]arene bis-amine with mono-, di-,
or trichloroacetyl chloride. Receptor 16 proved to have the
highest affinity for anionic guests. For example, receptor
15 binds benzoate in chloroform-d with a stability constant
of 107 M ™', whereas the receptor 16— benzoate complex
has an association constant of 5160 M~ '. This increase in
binding strength is attributed to the increased electron
withdrawing effect of the dichloromethyl group in 16
compared to the monochloromethyl group in 15. Com-
pound 17 did not interact with anions, which model studies
suggest is due to the steric bulk of the trichloromethyl
groups that prevent the putative anionic guest approaching
the upper-rim anion-binding site. These receptors proved
to be selective for carboxylates over tetrahedral anions
such as perrhenate. The stronger binding of Y-shaped
anions is attributed to the calixarene adopting a so-called
“‘pinched cone’” conformation, with the calixarene rings
attached to the two amide groups becoming parallel, so
allowing the amide groups to align in a complementary
manner to the carboxylate guest (Fig. 1e).

As we have seen, calix[4]arenes offer an organic
scaffold upon which receptors may be constructed. Gale,
Loeb, and coworkers also used a platinum tetrapyridine
complex as an inorganic scaffold with which to arrange
amide groups in space.!'” The square planar Pt(II)
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complex was prepared by reaction of one equivalent of
PtCl,(EtCN), with four equivalents of n-butylnicotin-
amide and two equivalents of AgPF¢ in acetonitrile. The
anion complexation properties of 18[PF¢], were studied
using "H-NMR titration techniques. Unfortunately, a va-
riety of solvent conditions were required due to solubility
problems during the titrations, and therefore, association
constants are not directly comparable. It was found that
tetrahedral or pseudotetrahedral anions such as ReOy,
CF;S03, and HSO; form exclusively 1:1 receptor:anion
complexes with receptor 18. However flat anions such as
acetate and nitrate form 1:2 receptor:anion complexes
(shown schematically in Fig. 1f). Of particular note is the
fact that acetate anions are relatively strongly bound even
in the very polar 9:1 DMSO/acetonitrile solvent mixture.
The fact that K, (491 M ™) is greater than K, (230 M~ ")
infers that binding of the first anion has a positive
allosteric effect, which favors binding of the second. The
1:1 receptor:anion binding observed for the weakly
coordinated ReOs, CF3;SO3, and HSO; anions is
supported by the x-ray structure of 18[ReO4],. In
particular, it can be seen that in order to try and maximize
hydrogen bonding, the relatively acidic nicotinamide CHs
from the ligands on the opposite side of the square plane
form hydrogen bonds to the perrhenate anion (Fig. 1g). To
do this, the complex must significantly distort from cen-
trosymmetry, a fact that presumably disfavors the inter-
action with a second anion, resulting in the observation of
1:1 binding in solution (Fig. 1g).

In a different approach to carboxylate complexation,
squaramide (i.e., 3,4-diamino-cyclobutene-1,2-dione)
derivatives have been used by Prohens et al. as selective
receptors (Fig. 1h).["*! These receptors possess a parallel
ditopic hydrogen bond donor array (c.f. urea) that show
good to moderate association constants with acetate
anions. A variety of mono-, di-, and tritopic receptors
were synthesized, including the tris-squaramide receptor
19 that forms strong complexes with tris-carboxylates
such as trimesoate and cis-cyclohexentricarboxylate
(K,=39 x 10°M~ "and 7.7 x 10° M~ !, respectively,
in 10% D,0O/DMSO.)
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Bowman-James and coworkers showed that receptor
20, a tetraamide-bisamine macrocycle, forms strong com-
plexes with oxo-anions in chloroform solution.'"*! Proton
NMR titration experiments show that hydrogen sulfate
binds with an association constant log K of 4.50, while
dihydrogen phosphate has an association constant log K
of 4.66. In these cases, a broadening of the NMR spec-
trum during the titration may be indicative of the anions
protonating the amine moieties present in the macrocycle.
Therefore, the simple 1:1 solution-binding model used to
calculate the stability constants may no longer be valid. In
contrast, aprotic anions such as nitrate, perchlorate,
chloride, and iodide are bound more weakly (of these
anions, chloride is most strongly bound log K,=2.70.)
Most notably, the receptor forms a sandwich complex
with sulfate in the solid state. This complex was formed
by slow diffusion of diethylether into a chloroform solu-
tion of 20 and tetrabutylammonium hydrogensulfate. The
sulfate anion is bound by eight hydrogen bonds from the
eight amide groups in the sandwich (Fig. 1i).

Receptors 21 and 22, reported by Choi and Hamilton,
show a particularly high affinity for iodide and oxo-
anions such as nitrate."'”! The receptor features a central
hole of around 5 A diameter lined with three amide NH
groups and six aryl CH groups. The receptors are skewed
in a way that allows the three NH groups to form a com-
plementary hydrogen-bonding site suitable for pseudo-
tetrahedral anions (e.g., p-tosylate.) Proton NMR
spectroscopic titration studies were carried out in the
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21 R = CO,Et
22 R = NHBoc

case of both receptors using either 2% DMSO-dg/CDCl;
or pure DMSO-dj as the solvent. The results revealed that
the best-bound anion substrates, namely 17, NO3, and
TsO ™, are bound with affinity constants that are on the
order of 10° M~ . Both receptors were found to display
similar affinities for anions, indicating that the functional
groups on the periphery of the macrocycles do not serve
to modulate anion binding selectivity or affinity. Pro-
ton NMR titration curves involving tosylate anion and
subsequent Job plot analysis revealed the exclusive
formation of a 1:1 receptor:tosylate complex in the case
of both receptors. However, other anions displayed more
complex binding behavior. For example, the shift of the
amide NH resonance of 22 observed upon the addition of
iodide anions reflected the formation of a 2:1 receptor:-
iodide complex during the initial phases of the titration
(i.e., an iodide sandwich complex in solution), with the
equilibrium at higher iodide concentrations being pushed
in favor of a 1:1 receptor:iodide complex.

Anslyn and coworkers used receptor 23, a trigonal box
containing six convergently arranged amide NH groups
designed to hydrogen bond to the m-clouds of included
guests, to examine the role of hydrogen bonding in the
stabilization of enolate intermediates.'®! In particular, the
role of hydrogen bonding to the enolate m-cloud versus
binding to the enolate oxygen atom lone pairs was ex-
amined by comparing the pK, shifts of a variety of
ketones in the presence of 23 and also in the presence of
another receptor designed to form hydrogen bonds only to
the enolates’ oxygen atoms. It was found that NH-w
hydrogen bonding has a greater effect on carbon acidity
than hydrogen bonding to oxygen lone-pair electrons.

Vogtle and coworkers employed anion complexation
in new strategies for high-yielding rotaxane syntheses.!'”}
These workers discovered that phenolate anions, when
bound to tetralactam macrocycles (Fig. 1j) such as 24, are
capable of reacting with acid chlorides and therefore may
be used to form ester rotaxanes. A variety of different
rotaxanes were synthesized via this method, including
systems with carbonate and acetyl axles.
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While an amide group can donate a single hydrogen bond,
urea can donate two in a parallel fashion, and so it is com-
plementary to oxyanions such as carboxylates (Fig. 1b).
One of the earliest examples of anion complexation to
urea-based receptors (e.g., 25 and 26) was reported in 1992
by Wilcox and coworkers.!'® Although receptor 26 (the
thiourea) proved to have a higher affinity for carboxylates
than the urea-based receptor 25, the binding properties of
25 were studied in detail, as thioureas are more susceptible
to electrophilic and nucleophilic attacks. NMR experi-
ments revealed large downfield shifts of the urea NH pro-
tons upon addition of oxyanions such as carboxylates,
sulfonates, and phosphates (as their tetrabutylammonium
salts in chloroform-d), however, the association constants
were too high to be accurately determined by 'H-NMR
titration methods. Therefore, ultraviolet/visible (UV/Vis)
titration experiments were employed. It was found that of
the oxyanions used, receptor 25 binds benzoate most
strongly (K,=2.7 x 10° M.
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Fig. 2 (a) A boronate group enhances the acidity of the urea NH protons in Smith’s receptors; (b) a dicarboxylate complex of
Hamilton’s combinatorial type ditopic terpy based receptor 34; (c) the dihydrogen phosphate complex of receptors 36 and 37 (X = 0, S);
(d) an example of catalysis by stabilization of an anionic intermediate by receptor 49; (e) amidinothiourea; (f) Mingo’s anion templated
nickel-amidinothiourea cage and (g) the crystal structure of this complex; (h) Reinhoudt’s metal ion switched chloride receptor 53.
(View this art in color at www.dekker.com.)
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Smith and coworkers increased the affinity of both
amides and ureas for anions by polarizing the hydrogen
bond donor site using an intramolecular interaction from a
boronate group.!'” A variety of receptors were synthe-
sized, including receptors 27-30 (Fig. 2a). Proton NMR
titrations in DMSO-d, with acetate anions were conducted
with receptors 28—30 and analogues 31-33 which do not
contain a boronate group. The following association con-
stants (M~ ') were determined: 28/31 K,=7 x 10°/
3.7 x 107, 29/32 K,=6.9 x 10°/3.1 x 10°, 30/33
K,=7.1 x 10%2.6 x 10%. These results clearly show
the enhanced carboxylate complexation properties of
the boronate receptors as compared to the regular urea
systems 31—33. Similar results were observed with amide-
based receptors.

A number of research groups synthesized ditopic re-
ceptors containing two urea moieties for the complexation
of dicarboxylates. Hamilton and coworkers used metal-
templated receptors for this purpose.*”! A thiourea-substi-
tuted terpyridine was synthesized from methylterpyridine
by bromination with N-bromosuccinimide (NBS) followed
by Gabriel amine synthesis and finally treatment with bu-
tyl isothiocyanate. The ruthenium complex 34 was ob-
tained by heating the ligand with 0.5 equivalent of
RuCl,(DMSO), in ethylene glycol and the iron complex
35 by mixing aqueous solutions of the receptor and
Fe(NH,4)»(SO4),. Both complexes were isolated as their
PFg salts. Upon addition of dicarboxylates to receptor 35,
displacement of the terpyridine ligands occurred. Howev-
er, in the case of the inert ruthenium receptor 34,
displacement did not occur, instead the dicarboxylate
anions bound to the thiourea groups (Fig. 2b). Association
constants were determined in 5% D,O/DMSO-dg. Similar
association constants were obtained for a variety of guests
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(glutarate K,=8.3 x 10> M~ !, adipate K,=2.9 x 10°
M~ !, and pimelate=6.0 x 10> M~ 1), suggesting a
degree of flexibility in the anion-binding site.

By producing a ditopic receptor containing urea or thio-
urea groups in close proximity, Umezawa and coworkers
produced dihydrogenphosphate selective receptors.[*!!
Receptors 36 and 37 are selective for dihydrogen-
phosphate over a variety of other oxo-anions. The two
urea groups present in the receptor can simultaneously
coordinate to the same dihydrogen phosphate anion
(Fig. 2¢). Thus, NMR titration studies in DMSO-dg
revealed receptors 36 and 37 bind H,PO,4 with association
constants of 110 and 820 M~ ', respectively, while non-
complementary anions such as acetate are bound with
association constants of 43 and 470 M~ ', respectively.

Reinhoudt, Ungaro, and coworkers synthesized ca-
lix[6]arenes 38 and 39 that are substituted at the lower rim
with three urea or thiourea groups linked via alkyl
chains.”””! The threefold symmetry of the receptor imparts
a selectivity for threefold symmetric tricarboxylates such
as 1,3,5-benzenetricarboxylate. This anion was bound by
receptor 39 with an association constant of 290,000 M~ !
in chloroform-d;, while benzoate was bound with an
association constant of 1400 M~ .

NH
X 38X=0 NH
HN 39X=8
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RECEPTORS THAT UTILIZE
AMIDES AND UREAS

The complexation of biologically important amino acid
derivatives has been the driving force behind Kilburn
and coworkers’ research in this area.'””! By combining
thiourea and amide moieties in cryptand-like macrobi-
cyclic structures, e.g., 40, Kilburn and coworkers synthe-
sized receptors for amino acid derivatives that show
selectivity for particular side-chain residues. Extraction
methods were used to calculate association constants with
a number of N-protected tetrabutylammonium amino
acid salts in chloroform. Receptor 40 is selective for N*-
Ac-L-lysine (K,=13 x 10* M~ ") over N-Ac-L-glycine
(K,=68,600 M~"), N-Ac-L-alanine (K,=16,900 M~ "),
and several other protected amino-acid carboxylate salts.
Kilburn showed that D-amino acid substrates bind pre-
dominantly on the outside of the macrocycle, whereas
L-amino acid derivatives bind within the cavity of the
receptor with the acetyl amide in a cis-configuration, the
energetic penalty for forming the cis configuration being
offset by the formation of hydrogen bonds between the
cis amide and the rim of the macrocycle.

Over recent years, Davis and coworkers produced a
variety of anion receptors based upon cholic acid. Re-
cently, new urea derivatized receptors termed °‘chola-
pods’” have been synthesized that form remarkably strong
complexes with bromide and chloride anions in water-
saturated chloroform solution.** Receptors 41-44 con-
tain two urea or thiourea groups with electron withdraw-
ing substituents linked to the chloic acid skeleton, while

OC20Ha41

NCX
Gl
.

‘N \QR #M1R=H,X=0

@ 42R=CF3, X=0
43R=NO,, X=0

R 44R=NO, X=8

H,N
H
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45R=CF3, X=0
46 R=NOp, X =0
R 47R=NO, X=S

NO,

45-47 contain an additional sulfonamide group. The
attachment of the hydrogen bonding groups to the steroid
skeleton largely prevents the formation of intramolecular
hydrogen bonding, while the electron-withdrawing units
serve to increase the acidity of the urea moieties and,
hence, increase their affinity for anions. This is reflected
in the very high association constants with chloride
(K,=1.03 x 10" M~ with receptor 47). These mole-
cules may show excellent phase-transfer properties as
well as display biological activity possibly as membrane
transport agents for chloride.

Moran and coworkers also combined urea and amide
moieties, in this case, in chiral receptors that are recog-
nized chiral hydroxycarboxylates such as lactic or man-
delic acid.”! Receptor 48 combines a bis-chromenylurea
with a spirobifluorenone linker in a macrocyclic structure
and is capable of resolving a racemic mixture of the
tetramethylammonium salt of mandelic acid by thin-layer
chromatography. Proton NMR titrations in DMSO-d, gave
association constants for lactic acid [(R)-lactic acid K,=
3.5 x 10* M, (§)-lactic acid K,=3.5 x 10° M ").

t-Bu

t-Bu 48
o
o}
H H
| N NH
_N 49
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Hamilton used an anion-binding strategy with an ami-
dourea receptor (49) to stabilize an oxyanion transition
state and so catalyze the 1,4-addition reaction of a thiol to
maleimide (Fig. 2d).”°! The enolate intermediate is
stabilized via two hydrogen bonds to the urea group in
49, to a greater extent than the carbonyl oxygen present in
the starting material. Therefore, the transition state of this
reaction is stabilized relative to the starting material, and
the reaction is accelerated.

ION PAIR COMPLEXATION BY AMIDE- AND
UREA-BASED RECEPTORS

Finally we will briefly examine receptors for ion pairs that
contain amide or urea groups. An elegant self-assembly
process of an amidinothiourea (50) (Fig. 2e) with NiCl,
has been reported by Mingos and coworkers.”?”} Com-
plexation of NiCl, by amidinothiourea in methanol
yields crystals of a cage complex (Fig. 2f). The cage
[Nig(atu)gCl]Cl; consists of eight amidinothiourea units
that coordinate six nickel ions through both nitrogen and
sulfur donor atoms. A chloride anion is encapsulated
within the cage by eight NH---Cl hydrogen bonds (as
revealed by the crystal structure shown in Fig. 2g). An
analogous complex can be formed between amidi-
nothiourea and NiBr,, however, when nickel salts contain-
ing noncage complementary anions such as nitrate,
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acetate, or perchlorate salts are used, the simple monomer
[Ni(atu)2]2+ complexes are formed. Interestingly, if
chloride anions are subsequently added to these com-
plexes, the cage complex spontaneously assembles.

Kubo and coworkers synthesized a bis-thiourea func-
tionalized dibenzo-diaza-30-crown-10 51 that wraps
around potassium cations, so bringing the two thiourea
groups into close proximity, forming an anion binding
site.”®) NMR titration experiments with (PhO),P(0)O ~
anions (which form both 1:1 and 1:2 receptor:anion com-
plexes with 51) in acetonitrile-d; solution in the absence
and presence of potassium cations show an increase in K;
from 490 to 9200 M~ ' upon addition of three
equivalents of potassium cations.

In the area of amidic receptors, the fris-crown-ether
tren-based receptor 52, synthesized by Beer and co-
workers was recently shown to efficiently extract
pertechnetate anions from simulated nuclear waste
streams in the presence of sodium cations.'*!

Reinhoudt and coworkers produced a switchable anion
receptor.”? Receptor 53 (Fig. 2h) is a calix[4]arene
substituted at the lower rim with cation-binding ester
groups and at the upper rim with two distally arranged
urea groups. In chloroform solution, intramolecular hy-
drogen bonds between the urea moieties block the poten-
tial anion-binding site. Upon addition of sodium cations,
the lower rim of the calixarene contracts as the sodium
ions are bound by the four ester groups. This conforma-
tional rearrangement separates the two urea groups at the
upper rim, so disrupting the intramolecular hydrogen
bonding and, therefore, allowing anions such as chloride
to complex the receptor (Fig. 2h).

CONCLUSION

Amides and ureas have proven to be excellent anion
receptor groups, widely employed by the supramolecular
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chemistry community in receptors for anions and ion
pairs. This is due in no small part to their ease of synthesis
and stability. The roles amides play in binding to anions
in protein structures is being revealed by protein crys-
tallography, and these structures are inspiring new gener-
ations of synthetic receptors containing peptide groups
capable of functioning as anion receptors in aqueous so-
lutions.*" There is much yet to be explored in this fas-
cinating area of supramolecular chemistry. For more in-
formation, the reader is directed to reviews!" ~*! that
provide entry to the extensive literature in this area.
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INTRODUCTION

JM. Lehn first introduced the term ‘‘supramolecular
chemistry’’ in the literature in 1969 while he was studying
the inclusion complexes of Eu®* with its receptor-mol-
ecule cryptands. Lehn defined supramolecular chemistry
as ‘‘the chemistry of intermolecular bonds’’; in a
supramolecular system, the same or different chemical
compounds are held together by various noncovalent
interactions. Amino acids, the building blocks of proteins
and peptides, are useful in constructing various supramo-
lecular architectures and forming inclusion complexes
with different receptor molecules, including cyclodextrins
and calixarenes. Amino acid derivatives also form host—
guest inclusion complexes with structurally different
receptor molecules, such as chiral crown ethers and cy-
clodextrines. o-Amino-acid-derived lipids become supra-
molecular receptors through self-assembly, and they host
styryl dyes. Many o-amino acids form complexes with
various types of transition metals, including Pt>* and lan-
thanides, leading to the formation of different supramo-
lecular architectures.

Peptides composed of various coded and noncoded
amino acid residues self-assemble to form various types of
supramolecular architectures, including supramolecular
helices and sheets, nanotubes, nanorods, nanovesicles, and
nanofibers. The higher-order self-assembly of supramo-
lecular B-sheets or supramolecular helices composed of
short synthetic acyclic peptides leads to the formation of
amyloid-like fibrils. Synthetic cyclic peptides were used
in supramolecular chemistry as molecular scaffolding for
artificial receptors, so as to host various chiral and achiral
ions and other small neutral substrates. Cyclic peptides
also self-assemble like their acyclic counterparts to form
supramolecular structures, including hollow nanotubes.
Self-assembling cyclic peptides can be served as artificial
ion channels, and some of them exhibit potential antimi-
crobial activities against drug-resistant bacteria.

SYNTHETIC CYCLIC PEPTIDES
AS RECEPTORS

Artificial receptor design is an important aspect of su-
pramolecular chemistry. Synthetic cyclic peptides were
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not used extensively so far, probably due to their usual
relative flexibility compared to other macrocycles that
contain a rigid framework or backbone (e.g., crown ethers,
calixarenes, etc.). In spite of their cyclic structure, they are
hardly able to bind guests in a well-defined cavity.
However, cyclic peptides with conformationally con-
strained subunits like aromatic or alicyclic backbones or
those containing rigid subunits were used for binding
substrate molecules such as amino acid derivatives,!
aromatic compounds,” or dicarboxylic acids.”*! Follow-
ing this approach, Ishida and his colleagues demonstrated
the complexation of phosphate ions with cyclic oligopep-
tides (with six to 14 residues) containing 3-aminobenzoic
acid (AB) and protein amino acids in an alternating
sequence.”! Kubik established that a cyclic hexapeptide
composed of alternating L-glutamic and 3-aminobenzoic
acids binds to quaternary ammonium ions in CHCl;
through cation—r interactions.'’ The cation-binding prop-
erty of this cyclic peptide was enhanced by a factor of 10°—
10* in presence of certain anions (e.g., tosylate or phenyl
phosphonate). This is due to the allosteric effects of these
anions from binding to the cyclopeptide NH groups and
stabilizing the receptor structure, which is essentially
appropriate for interactions with positively charged ions.™
The introduction of L-Pro in the cyclic peptide backbone
was shown to rigidify the cyclic peptide structure and to
increase the cation-and anion-binding affinities. Kubik and
his coworkers established that cyclo[(L-Pro-AB)s] has
greater cation and anion affinity than the receptor
molecule cyclo[(L-GIu-AB)3].[6] This is because anion
complexation is reduced to a great extent. As in the latter
peptide, the amide NH groups in the L-Glu residues are
involved in strong intramolecular hydrogen bonds, and
are, therefore, not available for binding with host anions.
Consequently, the stability of the cation complex also
decreases. Using different amino acid subunits in the
cyclic peptide backbone can regulate the solution confor-
mation of these cyclic hexapeptides, which, in turn, can
tune receptor properties. All these above-mentioned cyclic
oligopeptides exhibit ditopic receptor properties for
simultaneous complexation of cations and anions. Kubik
and his coworkers improved the cation-binding affinity
and incurred a significant loss of anion-binding ability
by using intramolecular conformational control in a
cyclic hexapeptide containing alternating L-proline and
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substituted 3-aminobenzoic acid residues.!”) The presence
of methoxy carbonyl groups in the fourth-position of the
aromatic ring of the 3-aminobenzoic acid subunits helps to
form hydrogen bonds to adjacent amide NH protons,
inducing the orientation of an amide group parallel to the
aromatic rings. This causes the amide protons to point away
from the central cavity and to be unavailable for binding
with anions. The investigation of the optimum ring size
required for good cation binding revealed that cyclotetra-
peptides with alternating L-Pro and 3-aminobenzoic acid
possess a lower affinity toward cations than the cor-
responding hexapeptides.™® It was observed that the phenyl
urea substituted at the benzene ring of cyclotetrapeptide can
be used as the anion (iodide or acetate) receptor in DMSO-
de solution.’® Artificial receptors that discriminate between
two enantiomers of a given substrate are important in
bioorganic and supramolecular chemistry. Recently, Kubik
and his coworkers achieved the enantioselective recogni-
tion of a chiral quaternary ammonium ion (e.g., N,N,N-
trimethyl, 1-phenyl ethyl ammonium cation) using C3 sym-
metric cyclic hexapeptides composed of L-proline and
substituted 3-aminophenyl benzoic acid in 0.1% DMSO-
d¢—CDCl; solution.™

INCLUSION COMPLEXES OF AMINO
ACIDS AND THEIR DERIVATIVES
WITH THEIR HOSTS

Host—guest complexation, by cyclodextrins for example,
plays an important role in biomimetic and supramolecular
chemistry. Cyclodextrins (CDs) are barrel-shaped cyclic
carbohydrate molecules composed of six, seven or eight
glucose residues, which are termed o, B, or ¥ cyclodextrin,
respectively. Due to the presence of an internal cavity,
CDs can be used as versatile hosts. Amino acids form gas-
phase inclusion complexes with CDs and they can be
detected using ES-MS and a gas-phase guest exchange
reaction."'” Chiral discrimination of amino acid guests in
CDs hosts was also achieved in the gas phase. The aCDs
and BCDs form inclusion complexes with cumarin-6-
sulfonyl amino acid derivatives in water. Theoretical
modeling and fluorescence experimental results suggest
the possibility of forming 1:2 guest-host complexes for
BCD.M" A recent report described the complexation of
native L-o-amino acids with aliphatic or aromatic side
chains by water-soluble substituted calix[4]arenes.“2] The
host—guest complexation was studied using 'H-NMR
experiments. The upfield shift of some specific aromatic
protons (H meta and H para) of the guest molecules
compared to the free guest, due to the ring current effect of
the aromatic nuclei of the host, confirms the formation of
an inclusion complex. The inclusion of aliphatic or
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aromatic apolar amino acid residues within the calix[4]-
arene cavity occurs either by CH—r interaction (for L-Val
and L-Leu) or by m—r interaction (for L-Phe, .L-His, L-
Trp.). Another macrocyclic receptor, cyclotetrachromo-
tropylene, forms 1:1 host—guest complexes with various
native oi-amino acids in water at pH 7 and 25°C. This
phenomenon was studied using "H-NMR spectroscopy.'”!
Sometimes host—guest complexation helps in useful
chemical transformations like hydrolysis. A recent study
indicated the formation of inclusion complexes of y-CD
and various amino acid methyl esters. This formation
eventually leads to hydrolysis of host molecules. In the
entire process, a high stereoselectivity was observed.!'"!

METAL ION-AMINO ACID COMPLEXATION

IN SUPRAMOLECULAR CHEMISTRY

A pentadecanuclear complex of Eu™ with tyrosine at high
pH provides a novel supramolecular architecture, which
involves 15 Eu'™ jons and 10 tyrosine ligands plus
hydroxo and aquo ligands associated with hydrolysis. In
this structure, the europium(IIl) ions are assembled into
three parallel layers, and each of the layers contains five
Eu™ ions that occupy the vertical positions of a nearly
perfect pentagon. The 10 tyrosine ligands can be grouped
into two equivalent classes, each of which extends its 4-
hydroxybenzyl side chains orthogonal to the crystallo-
graphically imposed C2 axis."™ The side chains do not
take part in coordination, while the amino and the car-
boxylate groups of each tyrosine residue participate in
metal ion chelation, making each of the 10 tyrosinate
groups become a tetradentate ligand. Near physiological
pH (which is 6-7), multinuclear lanthanide complexes of
various a-amino acids (e.g., Gly, Ala, Val, Glu) form a
cubane-like cluster core that assembles to form 3D porous
framework structures.!'®!

SELF-ASSEMBLY OF
a~AMINO-ACID-DERIVED LIPIDS

Study of the inclusion behaviors of the cavity of many
commonly known macrocyclic receptors like calixarenes,
cyclodextrins and cyclic oligopeptides draws considerable
interest in supramolecular chemistry. However, the con-
struction of inclusion compounds using self-assembly of
o-amino-acid-derived lipids is relatively rare.!'” "1 -
Glutamic-acid-derived anionic lipids act as supramolec-
ular receptors and provide specific hydrophobic cavities
for accommodating cationic dyes.""”'® Cationic dyes
are incorporated inside, due to their molecular planar-
ity. Hachisako and his coworkers studied various types
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Fig.1 Packing diagram of individual columns of the tripeptide
Boc-Leu-Aib-Phe-OMe in the c¢ projection, illustrating the
formation of a highly ordered supramolecular helical assembly
via van der Waals’ interactions.
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Fig. 2 The packing diagram of the tetrapeptide Boc-Leu-Aib-
Phe-Aib-OMe showing a higher-ordered supramolecular helical
assembly as determined by x-ray crystal structure analysis along
the b axis. Hydrogen bonds are shown as dotted lines. Side
chains of Lue, Phe, and nonhydrogen-bonded hydrogen atoms
are omitted for clarity.
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of o-amino-acid-derived cationic lipids containing mul-
tiple amide linkages per molecule, to probe the role of
a-amino-acid residues and the chemical structural require-
ments needed to form specific hydrophobic cavities of
supramolecular receptors in aqueous solution.” The role
of amino acid residues on inclusion and molecular recog-
nition were examined using structurally related cationic
styryl dyes like 4[4-(dimethylamino)styryl]-N-methyl
pyridinium iodide, 2-[4-(dimethylamino)styryl]-N-ethyl
pyridinium iodide, and 2-[4-(dimethylamino)styryl]-N-
methyl pyridinium iodide. These dyes not only act as host
molecules but also serve as microenvironmental probes
due to their sovatochromic nature.

SELF-ASSEMBLY OF CYCLIC AND
ACYCLIC SYNTHETIC PEPTIDES

Supramolecular Peptide Helices

The design and construction of monomolecular peptide
helical structures using appropriate, conformationally
restricted amino acid residues were extensively studied.
However, relatively less attention was paid to the con-
struction of a supramolecular peptide helix. In biolog-
ical systems, supramolecular helices with various levels
of self-organization and self-assembly of the peptide
backbone are common. My research group is involved
in constructing various supramolecular helical structures
from acyclic oligopeptides containing noncoded amino
acids with appropriate conformations, which can act as
subunits for self-assembly.*!~2!

The majority of the backbone torsion angles of the
terminally blocked tripeptide Boc-Leu-Aib-Phe-OMe
[Aib: a-aminoisobutyric acid] falls within the helical
region, and it fails to form any intramolecularly hydrogen-
bonded turn structures. However, this helps to form a
supramolecular helical structure (Fig. 1) through nonco-
valent interactions in the solid state.?’) The scanning
electron microscopic (SEM) picture of the tripeptide Boc-
Leu-Aib-Phe-OMe shows the filamentous ribbon-like
fibrillar morphology that is reminiscent of neurodegener-
ative disease-causing amyloid fibrils.

The terminally protected tetrapeptide Boc-Leu-Aib-
Phe-Aib-OMe adopts a consecutive double-bend confor-
mation with two successive B-turns. It self-assembles
through various noncovalent interactions, including inter-
molecular hydrogen bonds, to form a supramolecular
helical structure in crystals (Fig. 2).**! Similarly, another
double-bend-forming peptide Boc-Ala-Aib-Leu-Aib-OMe
self-associates to form a supramolecular helix via inter-
molecular hydrogen bonding in the crystal structure.'*!
However, the tetrapeptide Boc-f-Ala-Aib-Leu-Aib-OMe
[B-Ala: B-alanine] adopts a new type of consecutive
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Fig. 3 A cross-eye stereo, space-filling representation of the
tetrapeptide Boc-f-Ala-Aib-Leu-Aib-OMe showing a higher-
ordered supramolecular helical assembly, as determined by
single-crystal x-ray diffraction studies. Nitrogen atoms are blue,
oxygen atoms are red, and carbon atoms are gray. Nonhydrogen-
bonded hydrogen atoms and side chains of Lue are omitted for
clarity. (View this art in color at www.dekker.com.)

double-turn structure, which self-associates to form a
unique supramolecular helix (Fig. 3).2* The terminally
protected tetrapeptide Boc-Aib-Val-Aib-B-Ala-OMe
adopts a double-turn molecular conformation that self-
assembles to form an anisotropic intermolecularly hydro-
gen-bonded supramolecular helix with an average diam-
eter of 1 nm in the crystal (Fig. 4). This supramolecular
helical structure further self-assembles to form polydis-
perse nanorods with diameters ranging from 10-40 nm. >

Supramolecular Acyclic Peptide B-Sheets

The design and construction of acyclic oligopeptide
molecules, which form supramolecular B-sheet structures,
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Fig. 4 Space-filling model of the supramolecular helical array
of the tetrapeptide Boc-Aib-Val-Aib-B-Ala-OMe showing the
staking of subunits maintaining proper registry, generating a
helical structure as determined by x-ray crystallographic
analysis. Nitrogen atoms are blue, oxygen atoms are red, and
carbon atoms are gray. Hydrogen atoms are omitted for clarity.
(View this art in color at www.dekker.com.)

comprise an emerging field. Formation of supramolecular
B-sheet structures using various noncovalent interactions
and their further self-association into highly ordered
fibrillar structures are responsible for causing many fatal
progressive neurodegenerative amyloid diseases, like
Alzheimer’s and Parkinson’s. To understand the molec-
ular bases of pathogenesis and therapeutics of these
diseases, it is important to construct supramolecular
peptide B-sheet assemblage. There are many reports of
[-sheet stabilization involving unimolecular f-sheet for-
mation and subsequent stabilization by only intramolec-
ular interactions.”**"! However, there are limited reports
elucidating peptide B-sheet formation and stabilization in
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crystals and in solution by purely intermolecular interac-
tions.*®*?! My research group is actively engaged in
constructing amyloid-like fibril-forming supramolecular
B-sheets.** %! The terminally blocked tripeptide contain-
ing noncoded amino acids [viz., B-alanine (B-Ala) and o-
aminoisobutyric acid (Aib)], Boc-B-Ala-Aib-3-Ala-OMe,
adopts a f-strand structure with an overall extended
backbone conformation with a slight kink at the middle. It
self-assembles to form a supramolecular parallel B-sheet
structure in crystal (Fig. 5) and amyloid-like fibrils in the
solid state.”® The supramolecular B-sheet structure is
formed by various noncovalent interactions, including
intermolecular hydrogen bonding. This is the first crys-
tallographic evidence of an amyloid-like fibril-forming
parallel P-sheet assemblage of a synthetic tripeptide
composed of only nonprotein amino acids. A recent
report describes that components of a series of terminally
protected dipeptides, composed of 3-aminophenyl acetic
acid and Aib/Val/Pro, share a common structural fea-
ture—an extended backbone conformation—and they
self-assemble to form an intermolecularly hydrogen-
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Fig. 5 Packing diagram of the terminally protected tripeptide
Boc-fB-Ala-Aib-f-Ala-OMe in the b projection, illustrating
intermolecular hydrogen bonding in solid state and formation
of the supramolecular B-sheet. Nitrogen atoms are blue, oxygen
atoms are red, carbon atoms are black, and hydrogen atoms are
white circles. Dashed lines indicate hydrogen bonds. (View this
art in color at www.dekker.com.)
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bonded supramolecular B-sheet structure and show amy-
loid-like fibrillar morphology in the solid state."!
Similarly, other terminally protected tripeptides Boc-
Ala-Gly-B-Ala-OMe™” and Boc-Leu-Aib-Leu-OMe!*!
self-assemble through intermolecular hydrogen bonding
to form supramolecular B-sheet structures in crystals. Both
tripeptides form the antiparallel B-sheet structure. The
tripeptide Boc-Leu-Aib-B-Ala-OMe adopts an intramo-
lecularly hydrogen-bonded B-turn conformation in the
crystals. There are two molecules in the asymeric unit to
form a molecular dimer of two different conformers.’*?!
This peptide self-assembles by intermolecular hydrogen
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bonds and other noncovalent interactions to form a
supramolecular B-sheet structure in crystals (Fig. 6). This
is the first example of a PB-turn forming short acyclic
peptide, which forms the supramolecular B-sheet structure
in crystals instead of a supramolecular helix.

Self-Assembling Cyclic Peptides

Cyclic peptides with an even number of alternating D-and
L-o-amino acids adopt flat ring-shaped structures in which
the backbone amide groups are arranged perpendicular to
the side chains and the plane of the ring conformation.

0 T 0 o
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Fig. 6 The packing of the terminally protected tripeptide Boc-Leu-Aib-B-Ala-OMe, showing the formation of a continuous B-sheet
column along the crystallographic b axis via intermolecular hydrogen bonds and van der Waals’ interactions in the crystal. Dashed lines
indicate hydrogen bonds. Nitrogen atoms are blue, oxygen atoms are red, carbon atoms are green, and hydrogen atoms are white. (View

this art in color at www.dekker.com.)
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Under favorable conditions, these cyclic peptide rings
self-assemble through intermolecular hydrogen bonding
to form open-ended hollow [-sheet-like nanotubular
structures, keeping the amino acid side chains outside
the surface of the ensemble. In a pioneering work, Ghadiri
and his coworkers demonstrated the formation of hollow
tubular supramolecular structures with an appropriate
internal diameter of 7 A from a self-assembling cyclic
octapeptide cyclo-[-(L-Glu-D-Ala-L-Glu-p-Ala-),].1** The
internal diameter of cyclic peptide nanotubes can be
altered by varying the peptide ring size. The 12-residue
peptide cyclo—[—(L-Glu—D—Ala—L—Glu—D—Ala—)3][34] was
shown to undergo proton-triggered self-assembly, which
leads to the formation of a nanotubular structure of an
enhanced van der Waals’ diameter of 13 A. A remarkable
feature of these cyclic peptide nanotubes is that the surface
properties of the tubular structures can be varied by
appropriately selecting the amino acid side chains. Cyclic
D, L-peptides with appropriate hydrophobic side chains can
be partitioned in nonpolar lipid bilayers and undergo self-
association to form transmembrane ion channels. In 1994,
Ghadiri and his coworkers demonstrated the formation of a
transmembrane ion channel based on a self-assembled,
cyclic p,L-octapeptide.”®” Single-channel conductance
measurements and fluorescence proton transfer assays
were used to examine the channel-forming properties of
cyclic D,L-peptides. These ion channels exhibit transport
activity for Na* and K* greater than 10’ ions s~ '. The
cyclic decapeptide cyclo[-(-L-Trp-D-Leu),-L-Gln-D-Leu]
with an internal van der Waals diameter of 10 10\,
was shown to transport glucose molecules across the
lipid bilayer membrane.*®! A report from Seebach and
his group noted that cyclic tetrapeptides containing only
chiral p*-amino acids can form hollow tubes similar to
those exhibited by cyclic b,L-a-peptides.’*”! Ghadiri et al.
demonstrated the formation of ion channels by two self-
assembling cyclic B-peptides.*® Described in recent
report from Ghadiri’s group was that self-assembling
cyclic D,L-a-peptides composed of six and eight residues
can serve as potent antibacterial agents against drug-
resistant bacteria®®! by enhancing the membrane perme-
ability, collapsing the transmembrane potential, and
eventually causing rapid cell death. These antibacterial
cyclic oligopeptides were found to be nontoxic in mice,
and they hold considerable promise in combating many
drug-resistant bacterial infections in human beings.

CONCLUSION

The applications of amino acids in supramolecular
chemistry are multipurpose. One purpose is to make
inclusion complexes with common macrocyclic hosts, like
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CDs or calixarenes. Other applications include complexa-
tions of metal ions with amino acids, leading to various
supramolecular architectures. In addition, various amino
acids are used to synthesize cyclic and acyclic peptides
that have wide applications in supramolecular chemistry,
such as creating nonself-assembling cyclic oligopeptides
with well-defined cavities that can be used as hosts for
various cations (including the chiral one), anions, and
electroneutral substrates. Finally, self-assembling cyclic
and acyclic peptides not only form various supramolecular
architectures, but also, cyclic oligopeptides can be used as
artificial ion channels and antibacterial agents.
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INTRODUCTION

There is great current interest in developing strategies for
the synthesis of complex molecular architectures with
novel properties and potential in a wide range of ap-
plications. During the past few years, supramolecular
chemistry provided important advances in this direction.
The increased control over the assembly of molecular
components led to the rational synthesis of novel species
such as molecular cages, helicates, rotaxanes, and cate-
nanes, among several others. A common strategy used to
prepare such assemblies involves the use of chemical
templates. As defined by Busch, ‘*‘A chemical template
organizes an assembly of atoms, with respect to one or
more geometric loci, in order to achieve a particular
linking of atoms’ (p. 389).["! When there are several
potential ways of linking a group of molecular compo-
nents, the template provides the instructions for the
formation of a single product. In the presence of another
template, a different assembly is expected, and as a
consequence, a different product should be formed. In
general, after the template has directed the formation of
the assembly, it can be removed to yield the template-free
product. However, this is not possible if the templating
agent is an integral part of the final product. In this entry,
a template (or directing agent) will be considered to be
any species that organizes an assembly of atoms or
molecules for specific linking and is either removed from
the final product or kept as an integral part of it.

ANIONS AS TEMPLATES

In contrast to the well-studied templating properties of
cationic and neutral species,”! anions have been largely
neglected as templating agents until recently. Up to 1996
there were only a handful of examples of anion-directed
assemblies, the first ones being reported in the early
1990s.1°! The relative lack of anion-templated assem-
blies has been partially attributed to intrinsic properties of
anions, such as their diffuse nature (i.e., small charge-to-
radius ratio), pH sensitivity, and their relative high
solvation-free energies.[g] However, as demonstrated over
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the past few years, these limitations can be overcome
by appropriately modifying the experimental conditions,
and several anion-directed assemblies have now been
reported. The importance of anions as templates is also
seen in biological processes where, for example, anions
have been identified as directing agents in protein
folding.!®

This entry provides a compilation of anion-directed
assemblies and analyzes some of the factors that have
made these syntheses possible. This is the first time that
the subject is specifically reviewed, even though Beer and
Gale incorporated a section on this topic in their three
reviews on supramolecular chemistry of anions.”’ %! The
current entry will be divided into two main sections:
anion-directed synthesis of metalla-assemblies, and an-
ion-directed assembly in organic synthesis. While in the
first type of assemblies the anions use mainly electrostatic
and Lewis-acid—base interactions to direct the syntheses,
in the second case hydrogen bonds play a very important
role. The size and geometry of the templating anions are
also essential in dictating the final structure to be formed
(as it is in any other templated reaction). Due to space
limitations, this entry will concentrate on anion-directed
assemblies that yield well-defined molecular species. The
anion-directed assembly of polymeric materials, although
an important area within supramolecular chemistry, is out
of the scope of this review.

ANION-DIRECTED SYNTHESIS OF
METALLA-ASSEMBLIES

Metalla-Macrocycles and Circular Helicates

One of the first anion-directed assemblies is the [12]mer-
curacarborand-4 (1) reported by Hawthorne in 1991,
which can be prepared in high yields by reacting 1,2-
dilithio-carborane with mercuric chloride (see Fig. 1.
This compound consists of four bivalent 1,2-carborane
cages linked by four mercury atoms forming a macrocycle
with a chloride ion located at its center. The anion displays
strong Lewis-acid—base interactions with the four mercury
atoms of the macrocycle. Such interactions play an
important role in directing the formation of the cyclic
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(i) -(i)

(i) - ()

(Ni) = INI(CHiCN)PP*

X = BF,, CIO,

Fig. 1 The anion-templated assemblies reported by Hawthorne,*'”! Lehn,!"*'?! and Dunbar."*'*) (View this art in color at

www.dekker.com.)

structures as opposed to the noncyclic ones. The same
authors later showed that an analogous cyclic tetramer is
obtained when mercuric iodide is used for the cyclization
reaction but, in contrast, an acyclic polymer is formed in
the presence of mercuric acetate.!'”!

Elegant examples of anion-templated synthesis are the
penta- and hexanuclear circular helicates reported by Lehn
(see Fig. 1).[1 L1211 this work it was demonstrated that the
self-assembly of iron(II) salts and a rris-bipyridyl ligand
(L) is highly dependent on the presence of specific anions.
With FeCl,, the pentanuclear circular helicate [FesLsCl°*
(2) is obtained, while the hexanuclear analogue [Feq-
Le(SO1'°* (3) is formed in quantitative yields with
FeSO, [hexanuclear systems are also formed with Fe(BF,),
and FeSiFg]. The structural characterization of [Fes-
LsC11°* demonstrated it to be a circular double helix with
an inner cavity radius of 1.75 A. The chloride ion is
contained within this cavity (which provides an excellent
size match for this halide) and is tightly bound thanks to
the 10 positive charges from the five iron(Il) centers lo-
cated in the periphery. By increasing the size of the tem-
plating anion, it is then possible to assemble structures
with larger cavities such as [FegLg(SO4)]'°*. In these
examples, electrostatic interactions and good ion-to-cavity
size match are the directing forces behind the anion-tem-
plated self-assembly process. Using a similar approach,
McCleverty and Ward reported the synthesis of the cyclic
supramolecular complex [COngz(CIO4)]3+ (where L= bis
{3-(2-pyridyl)pyrazol-1-yl }dihydroborate) with a perchlo-
rate anion encapsulated in the central cavity."'*! The anion
is likely to play an important role in the selective forma-
tion of this structure.

More recently, Dunbar demonstrated that the structures
resulting from the self-assembly of metal cations with the
bis-chelating ligand 3,6-bis(2-pyridyl)1,2,4,5-tetrazine
(bptz) are strongly dependant on the anions present in

the reaction mixture."*'> In the presence of BF,~ and
ClO, ", the molecular squares [Nig(bptz)4(CH3;CN)g][X]g
(4-X) (X = BE; , ClO4 ) are formed in approximately
75% yield (see Fig. 1), while in the presence of SbFs
the molecular pentagon [Nis(bptz)s(CH3CN);0]l[SbFs]i0
(5) is obtained (in 60-70% yields). The structural
characterization of the molecular square 4-BF, showed
that it has a void space with an approximate diameter of
4.6 A, which is of the ideal size match for the BF;~
anion. In the case of the pentagon, the void space at its
center is larger, providing a better size match for larger
anions such as SbFg~ . The structures observed in the
solid state are retained in solution, as demonstrated by
ESI mass spectrometry. ‘

Examples of metalla-macrocycles where hydrogen
bonding (in addition to electrostatic and Lewis-acid—base
interactions) is used by the templating anion to direct
the assembly are the Ni/Pd boxes reported by Vilar (see
Fig. 2).1'8) The Ni(atu), fragment (atu=deprotonated
amidinothiourea) reacts with PdX,(PPhs), to selectively
form the metalla-macrocycles [Pd,Ni,(atu),(PPh3),X]**
(6-X) (X=Cl, Br, and I) in 55-74% yields. In the
presence of other anions such as triflate, nitrate, or
acetate, the formation of the macrocycle is not observed,
and instead monometallic species are obtained. Interest-
ingly, if stoichiometric amounts of chloride, bromide, or
iodide are added to these mixtures, the corresponding
macrocycles are formed quantitatively, confirming the
templating role of the halide anions. The structural
characterization of these macrocycles demonstrates that,
in the solid state, the halides located at their center form
hydrogen bonds with four NH groups from the am-
idinothiourea ligands and with several C—H groups from
the phenyl rings of the phosphines. The halides also
interact with the palladium centers in a Lewis-acid—base
fashion. *'P-NMR studies revealed that the halides
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Fig. 2 Anion-templated metalla-macrocycles 6-X!'®! and silver-alkynyl cages 8-X.2 (View this art in color at www.dekker.com.)

bound to the metalla-macrocycles can be exchanged
in solution.

Metalla-Cages

The first examples of metalla-cages synthesized by anion-
directed processes are a series of polyoxometallates
reported by Miiller.!>!”! In these species, anions control
the aggregation of V"*O, polyhedra into cage-type struc-
tures such as [HV;304.4(NO3)]'%*, [HV,,05,(SCN)I°*,
and [H,V,5040(PO4)]”", in which the anions are situated
inside the cavity of the cages. With other anions such as
acetate, V-0 aggregates are formed in which the anions
are located on the outer surface of the shell. Similarly,
Zubieta reported that the synthesis of a series of
oxovanadium-organophosphates such as [(VO)g(tB-
uPO3)sCl] may be directed by the encapsulated chloride
anion,!'®!

An interesting example of anion-directed assembly is
the ‘‘super-adamatoid’” silver cage [Age(triphos),X,]**
(7-X) [X=05SCF;, ClOy, and NOs; triphos=(PPh,CH,);-
CMe] reported by James and Mingos.!'” The formation
of these cages is anion-specific, because they are only
obtained in the presence of the above-mentioned anions.
When other species such as BF,~ and SbFg~ were used,
the corresponding rigid cages were not formed but
instead, more labile products in which the phosphines
dissociate were obtained. These results indicate that, in
order to form the silver cages, a nucleophilic anion with
the appropriate geometry to bridge three silver atoms is
essential. This process has been further exploited by
James to prepare metallo-dendrimers by using benzylsul-
fate dendrons to direct the assembly of the silver cage.'*"!

Another example of silver assemblies obtained by
anion-directed synthesis™®! are the silver cages [Ag4-
(C=CBw),X]* (8-X) (X=F,Cl,Br). The reaction of t-
butylalkyne and AgBF, in the presence of a base yields
the organometallic polymer [Ag(C=CBu)],, which is
converted (in high yields) into the cages [Ag4(C=C'
Bu);,X]" (see Fig. 2) upon addition of fluoride, chlo-
ride, or bromide salts (but not when other anions such as
triflate or tosylate are used). Their structural character-
ization demonstrated cages 8-X to have a rhombohedral
geometry with the corresponding halide encapsulated at
their center. The cavity generated by this specific as-
sembly is of the right geometry and dimensions to en-
capsulate spherical anions with a maximum radius of
approximately 2.0 A. Electrospray ionization mass spec-
tometry (ESI-MS) and solution state infrared (IR) studies
demonstrated that the cage-type structure is retained
in solution. The silver atoms are held together by the
bridging alkynyls and a combination of metallophilic
attractions between the silver centers and Lewis-acid—
base interactions between the silver atoms and the en-
capsulated halide.

Fujita reported a wide range of systems formed by the
self-assembly of several nitrogen-donor ligands and
palladium and platinum centers.”?! In the assembly of
some of these systems, the templating properties of anions
play an important role. When the square planar complex
[Pd(en),(NOs),] is reacted with 1,3,5-tris(4-pyridyl-
methyl)benzene in the presence of anionic species having
a hydrophobic moiety (such as 4-methoxyphenylacetate),
the nearly quantitative formation of the cage structure 9 is
observed (see Fig. 3).”’! In the absence of the anionic/
hydrophobic species, this reaction gives rise to a con-
siderable amount of polymeric material. Similarly, the
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X =Cl, Br; M = Ni, 11eX
Pd, 12X

Fig. 3 Anion-directed cages 9, 11-X, 12-X,?*>?326 and Fujita’s nanochannels.** (View this art in color ar www.dekker.com.)

quantitative formation of coordination channels such as
10 has been reported to occur when [Pd(en),(NO3),] is
reacted with oligo(3,5-oligopyridine)s in the presence of
rod-like anion species such as 4,4'-biphenylenedicarbox-
ylate (see Fig. 3).”* In these examples, the template
directs the assembly not only through electrostatic
interactions but also through m-m stacking and the use of
hydrophobic effects.

A combination of metal- - -anion and hydrogen-bond-
ing interactions has been used in the anion-directed syn-
thesis of a series of hexametal cages.”>?®! The nickel
complexes [Nig(atu)sX]** (11-X) can be prepared by
mixing stoichiometric amounts of NiX, and Hatu (X =
CLBr; Hatu = amidinothiourea) in methanol. The struc-
tural characterization of the resulting compounds demon-
strated that the six nickel atoms are assembled in an
octahedral geometry around a central anion and are linked
by eight deprotonated Hatu ligands. The correspond-
ing halide anion is encapsulated at the center of the cage
and forms eight H-bonds with the ligands’ NH groups.
There is also an important attraction between the NiS,
units located at the poles of the cage and the central anion.
The analogous hexanuclear cages [NiPd,(atu)gX]**

A
Ty

13

14

(12-X) (X = CL,Br) can be prepared by reacting four
equivalents of the preformed Ni(atu), complex and two
equivalents of Pd(PhCN),X,. In the presence of other
anions (such as I, ClO;~, OAc™, or NO3; ), the
hexanuclear cages do not form, indicating the important
geometrical constrains (both regarding their volume and
spherical shape) imposed by the templating halides for the
formation of these specific structures.

ANION-DIRECTED ASSEMBLY IN
ORGANIC SYNTHESIS

Macrocycles

Cation-directed synthesis of organic macrocycles such as
crown ethers is a well-established procedure that has been
widely utilized for many years. However, the use of
anionic species for this purpose has only recently begun to
be exploited. One of the first examples of anion-directed
organic synthesis is the oligopyrrolic macrocycle 13
reported by Sessler (see Fig. 4).””! This macrocycle was

—’2+

@ " ’

O

15

Fig. 4 Products of the anion-directed macrocyclization reactions reported by Sessler,?”! Alcalde,'*® and Kim.!*!
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prepared quantitatively using HNOj (rather than HCI) as
acid catalyst for the cyclization. Under these conditions,
the nitrate salt of the protonated macrocycle precipitated
out of the reaction mixture. These results led the authors
to suggest a possible templating effect exerted by the
anionic species. Similarly, Alcalde recently reported™®®
the chloride-directed synthesis of a series of [14]imidaz-
oliophanes such as 14 (see Fig. 4). The macrocyclization
reaction leading to these species was studied in the
presence of a wide range of anions and demonstrated to
give greatly increased yields when chloride (and in some
cases, bromide) was used. In the presence of larger anions
(such as BF,™, PFs~, and H,PO, ), the yields were
considerably lower, suggesting a good size-match be-
tween the cavity of the macrocycles and the two halides.

Another example in which anions seem to play an
important directing role is in the synthesis of oligoamide
macrocycles.[*”! Following observations that certain salts
(such as LiCl and CaCl,) have an influence on the
formation of polyamides, Kim engaged in studying the
influence of such salts in model macrocyclic compounds.
Specifically, the high dilution reaction between iso-
phthalic acid chloride and m-phenylenediamine was
studied and reported to yield a complex mixture of cyclic
and oligomeric species. However, when this reaction was
repeated in the presence of CaCl,, the main product
obtained was the cyclic hexamer 15 (see Fig. 4) in pref-
erence to the other cyclic and oligomeric species.
Structural characterization of 15 demonstrated it to have
a CaCl; ™ anion (formed in situ from CaCl, and free
chloride) positioned in the inner cavity of the macrocycle.
These results suggested a directing effect of the anion,
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because in its absence, the main product of the reactions
was not the hexamer 15 but oligomers and rings of
different sizes.

Rotaxanes and Pseudorotaxanes

The interest in rotaxanes, pseudorotaxanes, and catenanes
(i.e., molecules that contain non-covalently interlocked
components) stems from their potential use as building
blocks in molecular devices. Their syntheses usually rely
on some sort of template assistance, such as the pre-
organization of the assembly’s components around a
metal center. While cationic templates have been widely
used in this context, only a few examples of anion-
directed synthesis of interlocked molecules have been
reported. In fact, although rotaxanes and pseudorotaxanes
have been prepared in this way (as discussed in this
section), to date there is no reported example of anion-
directed synthesis of catenanes.

Stoddart and Williams reported the first example of
anion-assisted self-assembly of a pseudorotaxane.*”’ By
mixing four equivalents of [NH,(CH,Ph),][PFs] with one
equivalent of a large macrocycle (tetrakis-p-phenylene
[68]crown-20), the pseudorotaxane (16) shown in Fig. 5
was obtained. This superstructure was structurally char-
acterized, revealing the presence of the PF¢ ™~ anion at
its center, which forms multiple C—H - - - F hydrogen
bonds with the hydroquinone methine and the benzylic
methylene hydrogen atoms. The presence of an encap-
sulated PFs~ and its multiple interactions with the re-
ceptor suggest that it plays an important directing role in
the self-assembly of this superstructure. Further studies in

16

Fig. 5 Two examples of pseudorotaxanes reported by Stoddart and Williams

www.dekker.com.)
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Fig. 6 Reaction scheme for the anion-directed synthesis of Vogtle’s rotaxanes.?! (View this art in color at www.dekker.com.)

the presence of other anions would provide interesting
insight into this reaction.

Beer recently reported the anion-directed assembly of
the [2]pseudorotaxane 17.B In this system (see Fig. 5), a
chloride anion has been employed as the central core
about which two ligands (the macrocycle and the liner
species) are orthogonally disposed by means of H-
bonding to the anion. The formation of 17 was studied
in solution by UV/Vis spectroscopy and 'H-NMR and
confirmed in the solid state by an x-ray crystal structure.
While chloride was demonstrated to be a good directing
agent for the formation of 17, other anions such as Br ™,
17, and PFg~ proved to be poor templates. This de-
monstrates the importance of the geometries and dimen-
sions of the templating anion for the formation of a
specific assembly.

In 1999 Vaogtle reported the first example of anion-
directed synthesis of rotaxanes.”* The first step in this
synthesis consisted of forming a strong host—guest com-
plex between a tetralactam macrocycle and a phenolate
anion (see Fig. 6). With this, the anion (also a good nu-
cleophile) is properly positioned to further react with the
adequate component to form a rotaxane. Using this meth-
odology, different rotaxanes were prepared depending on
whether the phenolic functionality was located at the
stopper component or at the axle precursor.

Helicates

In contrast to the well-documented assembly of helicates
around metal centers, there are only two examples of

well-identified anion-assembled helicates. De Mendoza
reported the first in 1996,°% while Kruger and Martin
only recently published the second.®* The former
reported that a tetraguanidinium strand self-assembled
around a sulfate anion to produce a double helical
structure. The formation of this assembly was proposed
on the basis of NMR and CD spectroscopic studies. More
recently, Kruger and Martin structurally characterized a
double helicate formed by assembling a diammonium-bis-
pyridinium salt around two chloride anions. In both of
these examples, the directing forces to form the as-
semblies are based on H-bonding interactions between the
anions and the N—H groups present in the ligands.

CONCLUSION AND OUTLOOK

Important developments in the supramolecular chemistry
of anions were seen in the last few years. As a con-
sequence, anion-directed assemblies have started to
emerge, providing synthetic chemists with a new ap-
proach for the synthesis of complex molecular architec-
tures. The anion-directed assembly of macrocycles,
molecular cages, nanotubes, helicates, rotaxanes, and
pseudorotaxanes is already a reality. These examples have
established the foundations for a systematic and rational
approach to the anion-directed synthesis of novel supra-
molecular (and molecular) structures. Moreover, they
suggest that even in well-known reactions, the partic-
ipation of anions might have been ignored until now. In
the years to come, we will certainly see an increasing
number of assemblies prepared through anion-directed
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approaches, which will provide new methodologies for
synthetic chemistry.
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INTRODUCTION

The [n]annulenes may be defined as cyclic polyalkenes
possessing a closed circuit of n m-conjugated p,-orbitals.
The first three small annulenes are shown in Fig. 1 and
include [4]annulene (cyclobutadiene), [6]annulene (ben-
zene), and [8]annulene (cyclooctatetraene). The bracketed
number, 7, can be classified as either a 4n+2 (Hiickel
aromatic/Mobous antiaromatic) or 4n (Hiickel antiaromatic/
Mobius aromatic) delocalized nt-electron species. That said,
it is not surprising that the concept of aromaticity!" i
closely associated with the annulenes. Indeed, the first three
annulenes listed cover the concepts of Hiickel aromatic,
antiaromatic, and nonaromatic properties (see Fig. 1).

Given that the annulene literature is vast and has
already been covered within many excellent reviews,**
this work is not intended to be comprehensive. Instead,
this review will reflect a sampling of current annulene
chemistry, focusing on representative aspects of [4]-, [6]-,
[8]-, [12]-, [14]-, [16]-, and [18]annulenes.

DEFINITIONS AND ACRONYMS

For convenience, definitions of key terms and acronyms
used in this review are provided below:

ACID (Anisotropy of the Current-Induced Density): A
theoretical method for visualizing, as an isosurface,
delocalization of electrons in molecules.

[r]Annulene: A cyclic polyalkene possessing a closed
circuit of n n-conjugated p,-orbitals.

Antiaromaticity: A property associated with [r]annulenes
possessing either 4n electrons (Hiickel) or 4n+2
electrons (Mdbius), such that the acyclic homologue
is more stable than the cycle. A paratropic compound.

Aromaticity: A property associated with [r]annulenes
possessing either a 4n+ 2 (Hiickel) or 4n (Mobius)
number of delocalized m-electrons capable of sus-
taining a ring current.'’

Hiickel aromaticity: An aromatic annulene composed of
a continuous circuit of p,-orbitals oriented along the
same axis (or plane) and possessing 4n+2 electrons.

Mobius Aromaticity: An aromatic annulene composed
of a continuous array of p,-orbitals containing a 4n

Encyclopedia of Supramolecular Chemistry
DOI: 10.1081/E-ESMC 120019198
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number of m-electrons, arranged such that an (ideal)
180° twist occurs within the orbital circuit.

BLE (Bond Localization Energy): The energy neces-
sary to localize a common bond between two cyclic
n-systems. See the work of Mitchell, sited herein.*!

Diatropic ring current (‘H-NMR): An induced ring
current within the annulene n-circuit that opposes the
applied magnetic field, resulting in a downfield shift
of protons on the outside of an aromatic annulene.

Frost’s circle: A simple, geometrical approach to approx-
imating the HMO energy levels for planar annulenes.
The lowest energy MO has an HMO energy of o.+2f.

HMO theory (Hiickel Molecular Orbital theory): A
simple molecular orbital theory applied to planar
n-conjugated systems. A key simplification involves
treatment of the m-system independently from the
o-system. The HMO molecular orbital energies are
in terms of o and B, where o is equated with the
energy of an isolated p, orbital, and B is the reso-
nance integral, equated to the energy associated with
having electrons shared by atoms. As reference, ben-
zene is 4p more stable than an isolated p, orbital.

Homoaromaticity: Cyclic conjugation of a m-system that
bypasses one (or more) saturated atoms.

NICS (Nucleus-Independent Chemical Shifts): A theo-
retical method for determining the ring current at the
center (or any position in space) of an annulene or
other delocalized system.

Paratropic ring current (‘"H-NMR): An induced ring
current within the annulene m-circuit that aligns with
the applied magnetic field, resulting in an upfield
shift of affected protons.

[4]JANNULENES

The instability of [4]annulene (a neutral 4n m-electron
annulene) can be gleaned from either Frost’s Circle' or
HMO theory.!”? As shown in Fig. 2, the former predicts an
open-shell triplet, implicating instability. The latter reports
no gain in energy (0 B) relative to its acyclic analogue,
butadiene. Experimental evidence shows that cyclobuta-
diene is, in fact, a closed shell species, with alternate single
and double bonds. Regardless, as predicted, [4]annulene
proved to be an unstable compound.
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[4]annulene [G]annulene

4n T electrons 4n+2 T electrons E?A?In”flgt’:ens

rljizlzkel antiaromatic n:_.1 ; n=2 eeere
Hickel aromatic non-planar

non-aromatic

Fig. 1 Depicting the first three simple [#]annulenes along with
their m-electron count and Hiickel aromatic/antiaromatic/nonar-
omatic classification.

[4]annulene:
cyclobutadiene

Fig. 2 Frost’s circle applied to [4]annulene.

Harnessing the reactivity of [4]annulenes has allowed
for their controlled use in [47+2m] cycloaddition reac-
tions, playing the role of diene, dieneophile, or both.*!
Transient tetraalkylcyclobutadienes can be readily pre-
pared via DMF-promoted decomposition of the corre-
sponding tetraalkylcyclobutadiene-aluminum trichloride
complex. The complex is stable and can be readily pre-
pared by reaction of aluminum trichloride with a dial-
kylacetylene. In the absence of a good dienophile, the
reactive tetraalkylcyclobutadienes undergo dimerization
to yield 1,2,3,4,5,6,7,8-octaalkyl-tricyclo[4.2.0.0* ]octa-
3,7-dienes (Scheme 1). In the presence of a good di-
enophile, such as acetylenedicarboxylic acid or its cor-
responding esters, the Diels—Alder adduct can be isolated
in high yield."%"" 1t is noteworthy to mention that the
product of this [4n+2x] reaction is a substituted Dewar
benzene, itself a high-energy isomer of [6]annulene. Thus,
from a synthetic standpoint, a substituted [4]annulene can
be converted to its isomeric [6]annulene via two pericyclic
reactions: a thermal [4m, + 2m,] followed by a pho-

O, COOCH;

a (CO)}Fe R
ST

R = COOMe
b E.R =Me

R =

o/

(CO)sFe
&

C
I__dir MezN

Annulenes

R AICI R R
3 R R R R
AICI, R R DMSO
I — —= — ]
E——¢E
E = ester R
R
RJE | = hvor R E
R R E A R E
Dewar form R

[6] annulene from

Scheme 1 Synthesis of a [6]annulene via its Dewar benzene
isomer. The Dewar form is prepared via a [4n+2n] cycloaddi-
tion with [4]annulene and a substituted acetylene.

tochemical 4m electrocyclic ring opening (Scheme 1).
Due to this fact, Dewar benzene was proposed as a
supramolecular protecting group for aromatic rings,
preventing aryl-aryl stacking interactions from biasing
solid-state properties."!!

An elegant use of [4]annulene chemistry utilizes the
stable tricarbonylcyclobutadiene iron complex as a pro-
tected cyclobutadiene.[8’9] One advantage over the alumi-
num cyclobutadiene complex is the ability of the
tricarbonylcyclobutadiene iron complex to be amenable
to synthetic modifications of the four-membered ring.
Typically, ceric ammonium nitrate (CAN; or other
oxidants) may be used to oxidize the iron and liberate
free cyclobutadiene. An example of this methodology
is shown in Scheme 2, as applied to the synthesis of
(+)-asteriscanolide. Further examples of reactions utiliz-
ing this chemistry are shown in Table 1.

[6]JANNULENES

Benzene embodies aromaticity and is the standard by which
the property of aromaticity is measured. Given that fact, it is
worthwhile to provide an overview of recent techniques that
attempt to quantify the property of aromaticity.

(CO)sFe
s
O

(+)-Asteriscanolide

0]

Scheme 2 (a) hv, C¢Hg; Fe,(CO)g, 50°C (64%); (b) LAH, BF;-OEt, (93%); (c) Me,NCH,NMe,, H;PO,, CH;CO,H, 100°C (67%);
(d) Mel, THF; NaH, 5,5-dimethyl-cyclopent-2-enol, THF/DMF (50%); and (e) Me3NO, acetone, 56°C (63%).
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Table 1 Showing substrate and cycloadduct product from the intramolecular [4n+2m] cycloaddition involving the

[4]annulene moiety

Substrate Cycloadduct Substrate Cycloadduct
MeO,C CO,Me o) o]
(CO)sFeO] | N OBz OBz
. 88% (COpFe®] || | - |
O : o
0 o]

Ph Ph
(CO)Fe1©] |
83%
o) o)
Ph Ph
(CO)Fe1O] |
88%
o O 0”0

cOo)Fe©] || g3%
R = SOgp-tol
N
R

N
R

(CO)aFe*g Alg — 83%
0

o e}

From a theoretical standpoint, simple analysis via
Frost’s circle yields a closed-shell system, implying
stability (compare to cyclobutadiene) (Fig. 3). The HMO
theory renders benzene ca. 1 § more stable than its acyclic
analogue, hexatriene. Although these pen and paper
methods cannot compare to modern computational meth-
ods presently available for a desktop computer, they are
elegant in their simplicity and qualitative predictive
power. However, given the interest in quantifying some
measure of aromaticity (or antiaromaticity) among differ-
ent annulenes,” much higher levels of theory are desired
and have been developed. Recently, two new tech-
niques were reported that integrate the power of ab initio
calculations with simple protocols that are generally ap-
plicable to a wide variety of annulenes and related com-
pounds. Both methods can take advantage of the popular
Gaussian''?! suite of computational chemistry programs.
Given their generality, availability, and ease of setup, they
were highlighted in brief below.

NICS

Proton chemical shifts of annulenes have long been
utilized as probes of ring currents."* For example,
protons outside and inside of an aromatic annulene will

(O x5

Fig. 3 Frost’s circle applied to [6]annulene.

[6]annulene:
benzene

shift downfield and upfield, respectively, as a function of
the induced ring current. In general, those protons at (or
above) the annulene center experience a greater magni-
tude of shift than those outside the annulene ring. One
synthetic/experimental limitation of this ‘‘internal probe’’
technique is the ability to place an NMR active nucleus at
a ring center. A theoretical technique designed to
overcome this problem places a ghost atom at the ring
center (or any position in space). Absolute magnetic
shieldings can then be calculated using available compu-
tational chemistry programs. This facile technique, known
as Nucleus-Independent Chemical Shifts (NICS), is
established as an effective aromaticity criterion. Some
values are given in Table 2 (note that negative NICS
values denote aromaticity, and positive NICS values
denote antiaromaticity).

ACID

The ACID method (anisotropy of the current-induced
density) provides a method to visualize, as an isosurface,
delocalization of electrons in molecules.!"* ') One major
advantage of this method is its invariance with respect to
the relative orientation between molecule and magnetic

Table 2 Nics values for several aromatic and antiaromatic
species

Annulene Point group NICS (6-31 + G*)
Benzene Dey, —-9.7
[8]Annulene dianion Dgy, —13.9
[4]Annulene Dy, +27.6
Naphthalene Dy, -99
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0-£ % o

Fig. 4 ACID surface mapped onto the localized, tub conformer
of [8]annulene (left), and the planar, delocalized [8]annulene
dianion (right). Discontinuous surfaces imply no delocalization
at those corresponding points in space (with respect to the
selected isosurface value; here set at 0.05). (View this art in
color at www.dekker.com.)

field. Furthermore, it is not a simple function of the
electron density, and it utilizes the same symmetry as the
wave function. In the proverbial sense that ‘‘one picture is
worth a thousand words,”” the ACID technique is best
summarized by direct visualization of such an isosurface.
As such, illustrated in Fig. 4 is an ACID isosurface
mapped onto both the (localized) tub conformer and
(delocalized) planar conformer of [8]annulene and its
aromatic dianion, respectively.

In addition to the classical [6]annulene, benzene,
neutral in-plane trishomoaromatic ‘‘benzene’” frame-
works (such as that depicted in Fig. 5) were also stud-
ied.!"” Although not yet synthesized, these compounds
were collectively studied using a variety of computa-
tional techniques. Unique from benzene, the six over-

a) z [ (b)
X-y plane ij

Annulenes

lapping p-orbitals lie in-plane (as opposed to orthogo-
nal). Given that this arrangement constitutes a closed
circuit of 4n+2 m-electrons, the system, according to
the definition provided herein, constitutes a (homo-)
[6]annulene. Within the reported series, a maximum
NICS value of —30.1 ppm was found at the ring center.
Ultimately, it was determined that such in-plane annu-
lenes may possess more than one third the aromatic
stabilization energy of benzene, thus constituting the
best candidates yet proposed for a neutral trishomoaro-
matic compound.

[8JANNULENES

[8]Annulene is a 4n m-electron system, and thus, the
(neutral) planar form would be expected to exhibit
antiaromatic behavior. Indeed, Frost’s circle analysis
predicts an open-shell species (as with [4]annulene; see
Figs. 2 and 6). Extensive studies of cyclooctatetraene were
performed,”"®'” and it was established that the neutral
state avoids the problem of antiaromaticity by adopting a
tub conformation. Both the anion and dianion are known
to exist in a planar conformation, the latter being aro-
matic.!"¥ This fact is also predicted by simple analysis of
the [8]annulene dianion by Frost’s circle (see Fig. 6). It is
predicted that the planar [8]annulene dianion is a closed-
shell system.

Nbe?
x-y plane
/|
\\a::;‘m_,:_:;:; {: \
’ N\

™,

Fig. 5 (a) Benzene p-orbitals are orthogonal to the x—y plane. (b) In an in-plane benzene, six p-orbitals lie in-plane. (c) Stereoview

(cross-eye) of an in-plane benzene skeleton.

[8]annulene:
cyclooctatetraene

E

4#4& 2o

25

Fig. 6 Frost’s circle applied to [8]annulene and its dianion.
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+4e O ?

Fig.7 Stereoviews (cross-eye) of a shape-changing cyclophane composed of two [8]annulene moieties. The stereoviews were modeled
at the PM3 level of theory and optimized only for illustrative purposes (structures may not correspond to true global minima).

At the ab initio level of theory, a NICS calculation of
the dianion yields an (aromatic) value of — 13.913) (see
Table 2), and ACID! clearly illustrates the corre-
sponding shift from the localized neutral tub conformer
to the delocalized planar dianion (see Fig. 4).

The redox-induced conformational change associated
with [8]annulene was utilized as the key element in the
design of shape-changing molecules. A shape-changing
cyclophane was reported,”?” likely capable of functioning
as a redox-triggered two-state host (Fig. 7). In an analogous
manner, a polymer composed of tetra[2,3-thienylene]
monomers (a thiophene-fused [8]annulene) was also
reported,’*' 3 a design intended to translate additive tub-
to-planar conformational changes into an overall perturba-
tion of polymer chain length (i.e., a polymeric electrome-
chanical actuator or molecular muscle, see Fig. 8a,b and
Table 3). In contrast to the aforementioned conformation-
ally dynamic [8]annulenes, oxidation of the constrained
tub conformer of octamethoxytetraphenylene (an o-dial-
koxybenzene-fused [8]annulene), yields electrochromic
switching via redox-triggered reversible carbon—carbon
bond formation (Fig. 80).[24]

Tetra[2,3-thienylene] was also utilized as a rigid unit, a
double-helical scaffold.”™ Specifically, a racemic mix-

(a) (b)

Il

© MeO OMe

MeO O O OMe
-2e

Fig. 8 (a) Depicting tetra(2,3-thienylene) and correspond-
ing descriptors, ® and d (see Table 3). (b) Poly(tetra[2,
3-thienylene]), a putative molecular muscle. (c) Depicting re-
dox-induced reversible carbon—carbon bond formation in octa-
methoxytetraphenylene.

ture of the corresponding octaaryl double helix, shown in
Fig. 9, crystallizes to yield homochiral, supramolecular
polymer chains extending in the direction of the long
crystal axis. Edge-to-face stacking of neighboring (in-
termolecular) terminal phenyl groups dominated the
homochiral supramolecular assembly (Fig. 9). Simi-
larly, tetraphenylene was also used as a scaffold for
the synthesis of octaaryl double-helical monomers
(Fig. 10).1¢

Mo6BIUS [4N]JANNULENES: [12]-,
[16]-, AND [20JANNULENE

Although the concept of Mobius aromaticity was put forth
in 1964,?”) no neutral [4n]annulene exhibiting a Mobius
strip conformation (Fig. 11) and Mdobius aromatic char-
acter has yet been prepared. It was originally predicted
that all [4n]anulenes > [20]annulene should be capable of
accommodating a Mobius strip conformation with mini-
mal strain. Recent theoretical studies revealed that the
[4n]annulenes, [12]-, [16]-, and [20]annulene, exhibit
Mobius conformers (local minima) and corresponding
aromatic character (NICS values of —14.6, —15.6, and
—10.2 ppm at ring center, respectively), although the
lowest-energy conformers (global minima), in all cases,
are of Hiickel topology.”®®' Clearly, control of conforma-
tion via the targeted synthetic design of a [4n]annulene

Table 3 Reporting the redox-induced perturbation of S-C-C-S
dihedral angle, @, and corresponding dimensional change, d (see
Fig. 8a)

Compound Charge  ®(deg) d(A) Ad (%)
Monomer 0 49.5 6.87 —_
Monomer 1+ 34.8 7.27 5.69
Dimer 0 48.9 6.90 —
Dimer 1+ 38.6 7.14 3.54
Dimer 2+ 31.4 7.33 5.92

Charges were determined via electrochemical analysis of tetra(2,
3-thienylene) monomer and dimer, and conformer data was calculated
at the B3LYP/6-31G(d,p) level of theory.
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racemic

racemic

(a) phenylacetylene, PdIL4, Cul, NH(i-Pr),, BusNI, DMF

Annulenes

homochiral supramolecular
polymer

Fig. 9 Synthesis of a racemic octaaryl double helix utilizing tetra[2,3-thienylene] as a core. Supramolecular self-assembly of the
racemic mixture yields homochiral supramolecular polymers (dimer repeat shown).

with true Mobius topology will be required to provide
supporting experimental data to this study.

[14JANNULENE: DIHYDROPYRENE
VALENCE TAUTOMERISM AND
APPLICATIONS DERIVED THEREFROM

The [14]annulene, dimethyldihydropyrene (DHP), exhi-
bits rich chemistry that was reviewed elsewhere in
detail. > A key reaction of this annulene is the
symmetry-allowed photochemical transformation between
the closed [14]annulene form, and the open metacyclo-
phanediene form (CPD; see Scheme 3a). The transition
between colorless and colored forms, the perturbations in
conjugation pathways, and the 'H-NMR shift associated
with the two methyl groups poised near the ring center
(thus, reporting changes in ring currents) made DHP an
excellent scaffold from which to design photochromic
switches and other n-functional molecules.

The current state-of-the-art DHP photochromic switch
is capable of accessing three unique states (CPD-CPD,
CPD-DHP, and DHP-DHP; see Scheme I13b).[2%% This
multistate photochromic switch was prepared by fusion of
two benzo[e]dimethyldihydropyrene moieties. The states
can be optically read and written, although the DHP-DHP

t-Bu t-Bu t-Bu t-Bu

Fig. 10 An octaaryl double helix formed from the fusion of
two tetraphenylene units.

state rapidly converts back to the CPD-DHP state via a
thermal (symmetry forbidden) process.

The DHP to CPD interconversion also perturbs
conjugation pathways around the perimeter of the mole-
cule. This fact was capitalized upon to yield an optoelec-
tronic redox switch (Scheme 3c).*! Specifically, the 16-1
linear circuit extending from thiophene A through DHP to
thiophene B is interrupted upon conversion to Th-CPD-
Th. This process is reversible, and only the DHP form
exhibits anodic activity within a window of 0.0-0.75 V.
Thus, the state of the photochromic switch can be written
photochemically and read electrochemically (the CPD
form is redox silent, and the DHP form is redox active).

In addition to functioning as a switch, DHP also serves
as a tool with which to probe aromatic character by NMR
(via monitoring the “‘reporter’” methyl groups).*! It was
shown that the BLE of any aromatic annulene benzannu-
lated onto DHP (i.e., [n]annulene, shown in Fig. 3d) can
be determined by the following equation:

BLE = [4.18 + 5(Ar)]/2.59

where 8(Ar) is the average chemical shift of the internal
methyl groups.

This equation is true due to the sensitivity of the methyl
groups to the ring current of the DHP skeleton, as well as
to the fact that annulated DHPSs can be dissected into two
m-circuits (i.e., red and blue according to Scheme 3d). The

Fig. 11 A conceptual illustration of 12 p, orbitals arranged in a
Mobius strip conformation.
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Scheme 3 (a) The DHP-CPD photochemical interconversion;
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{
{
A

t-Bu

(b) a DHP-based three-way switch; (c) a thiophene-DHP copolymer

capable of attenuating effective conjugation length via the DHP-CPD photochemical interconversion; and (d) the two m-circuits in a
benzannulated-DHP: blue corresponds to the DHP skeleton, and red corresponds to a benzannulated aromatic. (View this art in color at

www.dekker.com.)

larger the resonance energy in the red fragment, the less
delocalization in the blue circuit (i.e., DHP), hence, the
smaller the diatropic shift of the methyl groups. Of course,
one drawback of this method is that it requires covalent
attachment between the DHP ‘‘probe’’ and the aromatic
[n]annulene to be studied.

[16]- AND [18]JANNULENE

The [16]-annulene and [18]annulene are the smallest
annulenes (antiaromatic and aromatic, respectively),
possessing internal protons to be thermodynamically
stable at room temperature (Fig. 12). Not surprisingly,

H/D

Fig. 12 [18]Annulene, emphasizing internal versus external
H/D environments.

steric interactions between internal protons affect the
conformer distribution of these systems. Perdeuterated
[16]- and [18]annulenes were synthesized in an effort to
attenuate these internal sterics, given that C-D bonds are
shorter than C—-H bonds.® The results demonstrated
increased ring currents in both of the perdeuterated
annulenes, as determined by 'H-NMR analysis (paratropic
and diatropic, respectively). It is proposed that the shorter
C-D versus C-H bond reduces internal sterics, allowing
the o-framework of the annulenes to achieve near ideal
(120°) C-C==C bond angles, and thus increasing the
enforcement of m-delocalization. It should be emphasized
that achieving near ideal bond angles was determined to
be more important than achieving complete planarity (i.e.,
all internal H/D atoms in the same plane).

CONCLUSION

Selected examples of recent properties and applications of
[n]annulenes (n=4, 6, 8, 12, 14, 16, and 18) were
presented. Despite years of investigation, it is apparent
that these cyclic m-systems possess intrinsic properties
that remain relevant to even the most ‘‘modern’” of
applications (for example, molecular devices). Further-
more, some interesting properties of as-yet unprepared
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annulenes were predicted from accurate levels of ab initio
theory. When coupling these facts and recognizing that
the area of annulene chemistry extends far beyond this
review, it is clear that interest in these systems will remain
keen for many years to come.
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INTRODUCTION

Anticrowns are peculiar antipodes of crown ethers and
their thia and aza analogues. They contain several Lewis
acidic centers in the macrocyclic chain and so are able to
efficiently bind various anions and neutral Lewis bases
with the formation of unusual complexes, wherein the
Lewis basic species is simultaneously bonded to all Lewis
acidic atoms of the macrocycle. This remarkable property
of anticrowns, being reminiscent of the behavior of
conventional crown compounds in metal cation binding,
makes them prospective aids in the areas of molecular
recognition, ion transport, as well as organic synthesis
and catalysis.

The first reports on the anion-binding capacity of
anticrowns emerged in the late 1980s—early 1990s.
Subsequently, a considerable amount of information on
different aspects of the chemistry of these novel reagents
was accumulated. Nowadays, data on complexing prop-
erties of macrocycles containing two, three, four, and five
Lewis acidic centers in the chain were published.
Especially impressive results were obtained for polymer-
curamacrocycles, which proved to be efficient hosts for
binding various anionic and neutral Lewis basic species.
Polytin- and polysilicon-containing macrocycles were
also studied as anticrowns.

In the present article, host-guest chemistry of anti-
crowns as well as available data on their applications in
catalysis and as ionophores will be briefly reviewed.
Strictly speaking, only macrocycles with three and more
Lewis acidic centers in the chain can be considered as
genuine anticrowns. Nevertheless, the binding properties
of some macrocycles containing only two Lewis acidic
atoms in the ring will also be discussed.

HOST-GUEST CHEMISTRY OF ANTICROWNS

Polytin- and Polysilicon-Containing
Macrocycles

In 1987, Newcomb et al.''l reported the synthesis of the
macrocycles [Cl,Sn(CH,), ], (n=8, 10, 12) containing two
tin atoms in the macrocyclic chain, and they showed by
"9Sn-NMR method that these macrocycles form com-
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plexes with chloride anion in an acetonitrile solution.
It was suggested that the anionic species in the resulting
complexes is bonded to both tin atoms of the cycle.
The most stable adduct was formed from the macrocycle
with n=8.

The interaction of halide anions with a series of
macrobicyclic compounds (1-4) containing two tin atoms
in bridgehead positions was also studied by ''’Sn—
NMR."! It turned out that bicyclic host 1 is able to bind
fluoride anion, but it does not react with bulkier chloride,
bromide, and iodide ions. By contrast, compounds 2-4
readily coordinate chloride ion but they are unable to bind
fluoride anion. According to x-ray diffraction data, the
fluoride ion in the complex with 1 is bonded to both tin
centers of the Lewis acidic host, whereas the chloride
ion in its adduct with 2 is coordinated only to a single
tin atom.

(CHy)y
Cl—Sn—(CH,);—Sn—Cl

(CHy);

1(n=6),2(n=8),3(n=10),4(n=12)

In 1989, Jurkschat et al.”®! described the synthesis of the
12-membered macrocycles [R1R2Sn(CH2)3]3 [RI:R2=CI
(5); R'=Me, R*=CI (6)] containing three tin atoms in the
macrocyclic chain. According to ''?Sn-NMR spectra, both
macrocycles are able to bind successively at first one and
then the second chloride ions. The complex of 5 with one
chloride ion was isolated from the reaction solution. An
x-ray diffraction study of this complex revealed that the
anionic species is coordinated here with two Lewis acidic
centers of the cycle. For the analogous 1:1 complex of
macrocycle 6, the structure including the simultaneous
coordination of CI™ with all three tin atoms of the cycle
was proposed.

In a subsequent study, the ability of the 15-membered
polytin-containing macrocycle [Me,Sn(CH,)4]3 to bind
chloride and bromide anions as well as to transport them
through liquid membrane was demonstrated.” Similar
capacity to transport halide anions (CI~, Br™) through
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liquid membranes was previously established for the
macrocycle [Me,Si(CHj)3]5 containing three silicon
atoms.”! Recently, the synthesis of the eight-membered
macrocycle [cyclo-CH,{Sn(Cl,)CH,Si(Me,)},0] with
two tin and two silicon atoms in the ring was described.'!
This macrocycle reacts with chloride, fluoride, and
hydroxide ions to form 1:1 complexes, wherein only tin
atoms of the cycle are involved in the coordination with
the anionic guest.

Perfluorinated Polymercuramacrocycles

The possibility of using polymercuramacrocycles as anion
receptors was demonstrated for the first time in 1989,
when it was reported that cyclic trimeric o-phenylene-
mercury (0-CgH4Hg)s (7)) containing three Hg atoms in
a planar nine-membered cycle is capable of binding halide
anions (C1~, Br™, I") in halomethane solutions.”™ How-
ever, the resulting complexes could not be isolated here
due to, apparently, their insufficient stability. Further
progress in mercury anticrown chemistry was achieved
when the perfluorinated analogue of 7, viz. cyclic trimeric
perfluoro-o-phenylenemercury (0-C¢F,Hg); (8) was
employed as a macrocyclic host."'”!'" The presence of
fluorine atoms in the aromatic rings of 8 sharply increases
the Lewis acidity of the Hg centers and, as a consequence,
quite stable and isolable complexes of unusual structures
are formed in the interaction of this macrocycle with
anions and neutral Lewis bases. Subsequently, one other
perfluorinated polymercuramacrocycle, [(CF3),CHg]s
(9),"*! with five Hg atoms in a planar 10-membered ring
was also successfully used as an anticrown.

Macrocycle 8 exhibits a high affinity toward various
anionic species (C17, Br~, I, SCN~, BH, , closo-
[BIOHlo]%, closo—[B]Qle]z_, etc.), forming complexes
with compositions and structures that are strongly depen-
dent on the nature of the anion and the reagent ratio. In the

F
F F
F
Hg
F Hg F
F
F F
F

69

case of bromide, iodide, and thiocyanate ions, the isolated
compounds [(0-C¢F4Hg);X] ™ (X=Br, I, SCN) contain one
anionic guest per one molecule of the macrocycle.'%!!-13]
The reaction of 8 with chloride ions gives the complex
{[(o—C6F4Hg)3]3CI2}2*, containing two anionic species
per three macrocycle molecules.!'”!

An x-ray diffraction study of the complexes of 8§ with
bromide and iodide anions showed!'®'" that they are
polymeric in the solid state and have unprecedented struc-
tures of polydecker bent sandwiches [(---8---X--),]"~
(X=Br, I), wherein every halide anion is simultaneously
coordinated to six Hg atoms of two neighboring molecules
of 8. A unique feature of the complexes is that the role of
the coordinating centers in their molecules is played not
by the metal atoms or cations, as in the case of normal
sandwich complexes, but by the anions of the halogen.
An analogous polydecker sandwich structure was estab-
lished for a 1:1 complex of 8 with thiocyanate anion.!>!
The anionic species in this complex is bonded to the Hg
centers of 8 through the sulfur atom. However, the
coordination of the anionic guest with Lewis acidic host is
here less symmetrical: every SCN™ ion forms with each of
the macrocycles two relatively short and one considerably
longer Hg—S bonds. One may suggest that the above-
mentioned complex of 8 with chloride anions, {[(o-
C6F4Hg)3]3C12}2*, has a structure of triple-decker sand-
wich."® Quantum—chemical calculations also predict the
possibility of the existence of double-decker sandwich
complexes of macrocycle 8 with halide and sulfide
anions.!'¥

In the interaction of 8 with borohydride anions in THF,
the complexes of three different compositions, viz. {[(o-
CeFsHg)sx(BHy)} , {[(0-CeFsHE)31(BHy)} , and {[(o-
C6F4Hg)3](BH4)2}27 are formed depending on the
reagent ratio.">! According to IR spectra, the bonding of
the BH, ™ ions to the Hg atoms is accomplished here
through B-H-Hg bridges. Quantum—chemical calcula-
tions of the complexes suggest that they should have
unusual double-decker sandwich, half-sandwich (pyrami-
dal), and bipyramidal structures, respectively. The com-
plexes are quite stable. For example, the stability constant
of {[(0-C¢F4Hg)3],(BHy)}™ in THF at 20°C reaches a
value of 107 I* mol™ 2.

The first structurally characterized double-decker sand-
wich complexes of perfluorinated polymercuramacro-
cycles with anions were obtained from the reactions of
polyhedral closo-[ByoH 0]” ~ and closo-[B1,H,5]*~ dian-
ions with the excess of 8.'°! The anionic guest in these
remarkable complexes {[(0—C6F4Hg)3]2(Ban)}2* (n=10,
12) is located between the planes of two macrocycles and
is bonded to each through B-H-Hg bridges of two types.
One type is the simultaneous coordination of the B-H
group to all Hg centers of the neighboring molecule of the
macrocycle. The other type is the coordination of the B-H
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moiety only to a single Hg atom of the cycle. When the
interaction of 8§ with the above polyhedral dianions is
conducted at an equimolar ratio of the reagents, the
corresponding half-sandwiches {[(0-C6F4Hg)3](Ban)}2 -
are produced.'®

For macrocycle 9, complexes with halide, acetate,
trifluoroacetate, and sulfate anions were obtained. In the
case of halide ions, the isolated compounds, {[(CF3),
CHg]SXz}Z* (X=Cl, Br, I), contain two anionic species
per one macrocycle molecule and have bipyramidal
structures.!'*!7'8! The halide anions in these adducts are
arranged above and below the metallacycle plane, and
each is symmetrically bonded to all Lewis acidic centers
of the cycle, so that the coordination number of the
halogen atoms here becomes equal to five. In the bis-
acetate and bis-trifluoroacetate complexes of 9, the
anionic guests are also disposed on different sides of the
metallacycle plane and are bonded to 9 in the same
manner.!"” In each of the carboxylate ligands, one of the
oxygen atoms is coordinated with three metallic centers of
the cycle, whereas the other is bonded to two remaining
metal atoms. Different coordinated geometry is observed
in the complex of 9 with sulfate anion."® In this 1:1
complex {[(CF;), CHgls(SO4)}*", the anionic guest
behaves as a tetradentate ligand and forms three types of
the Hg—O bonds with the macrocycle. One type is the
cooperative binding of one of the oxygen atoms of the
SO~ ion by all Lewis acidic sites of the host. This
oxygen atom is located nearly in the plane of a 10-
membered mercuracarbon ring. Two other oxygen atoms
are coordinated each to a single Hg atom of 9, while the
fourth oxygen atom is bonded to two Hg centers.

Macrocycle 8 is able to bind effectively not only anions
but also various neutral Lewis bases, such as nitriles,[zo]
carbonyl compounds,m’22J aromatic hydrocarbons,m] and
some others.””!! As a result of the reactions, complexes
containing one, two, or three Lewis basic species per one
macrocycle molecule are produced, depending on the
nature of a Lewis base. For example, the interaction of
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8 with acrylonitrile,”” acetone,**! acetaldehyde,'*” and
benzophenone?? gives 1:1 complexes having pyramidal
structures in which the Lewis basic species is coordinated
with all mercury centers of 8. The reactions of 8 with
acetonitrile,?”! N,N—dimethylformamide,[2” and aceto-
phenone!*?! afford complexes containing two Lewis bases
per molecule of 8, and these complexes have the
corresponding bipyramidal structures, with the Lewis
basic moieties being located on different sides of the
metallacycle plane. And, at last, from the interaction of
8 with benzonitrile,[2O] ethyl acetate,m] and acetone,m]
complexes containing three molecules of a Lewis base
were isolated. Interestingly, in the case of the benzonitrile
complex [(0-CgF4Hg)3(PhCN);], all the nitrile ligands are
disposed on one side of the metallacycle plane and, in
addition, differ from each other in the geometry of
coordination with the macrocycle. By contrast, in the 1:3
complexes of 8 with ethyl acetate and acetone, two of
three molecules of a Lewis base are located above and
below the metallacycle plane. It should be stressed that
independent of their structure, all the 1:3 complexes
contain at least one fragment wherein the Lewis basic
guest is simultaneously bonded to all Lewis acidic sites
of the macrocycle. Note also that according to IR
spectra, the complexation of the above carbonyl com-
pounds with 8 leads to a significant weakening of their
C=0 bonds, which is of interest for organic synthesis
and catalysis.

The reactions of macrocycle 8 with benzene, biphenyl,
naphthalene, and triphenylene result in the formation of
1:1 complexes with polydecker sandwich structures in the
solid state.** The bonding of the aromatic molecules to
8 in these unusual complexes is due to secondary m-
interactions between the C=C bonds of the arenes and the
Lewis acidic Hg centers. Thus, even weak Lewis bases
such as aromatic hydrocarbons are able to form host—guest
complexes with 8.

o-Carboranylmercury Macrocycles
(Mercuracarborands)

o-Carboranylmercury macrocycles or mercuracarbo-
rands'****! also exhibit a high efficiency in the binding
of anions and neutral Lewis bases, which is due to the
electron-withdrawing character of the carborane cages
increasing the Lewis acidity of the mercury centers. This
class of anticrowns was developed by Hawthorne
et al.”*?) At present, data on the synthesis and complex-
ing properties of mercuracarborands (0-C,BoH;0Hg)4
(10), (0-C,BoH;oHg); (11), and their substituted deriva-
tives, containing four and three Hg atoms in 12- and 9-
membered cycles, respectively, are available.
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In 1991, Hawthorne et al. reported that the reaction of
1,2-dilithio-o-carborane 0-C,BoHoLi, with HgCl,
results in the formation of a 1:1 complex of mercuracar-
borand 10 with chloride ion.**?*! The anionic guest in
this unique complex [(0-C,BoH;0Hg)4Cl]™ (12) resides
nearly in the center of the mercuracarbon ring and is
symmetrically coordinated to the four Hg atoms of the
cycle. It was proposed that the chloride ion plays a role of
a template in this macrocyclization reaction. Similarly, a
treatment of 0-C,B;oH;oLi, with Hgl, afforded the
corresponding mono- or diiodide complexes, [(0-C,B1g
H;oHg)sl]™ and [(0-CBioHoHg)4lo]* ™ (13), depending
on the reaction conditions.**?*! As in the above-men-
tioned diiodide complex {[(CF5),CHg] sL,}? ", the anionic
species in 13 are arranged above and below the metalla-
cycle plane, but their coordination with the mercury atoms
is less symmetrical here, which can be explained by the
electrostatic repulsion of the iodide anions. The same
indirect procedure was utilized successfully for the
synthesis of halide complexes with a number of substi-
tuted derivatives of 10.**! In particular, a 1:1 complex
of the tetraphenyl derivative of 10 with iodide ion, [(3-Ph-
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0-C,B1oHoHg)4I]™, having a symmetrical pyramidal
structure, was synthesized in this way."

The free macrocyclic host 10 was prepared by the
reaction of its diiodide 13 with silver acetate.”***! In a
similar fashion, a series of substituted derivatives of 10
was obtained from the corresponding dihalide complexes
and silver acetate. The structure of 10 in a form of the
10-(THF)4- (H,0O), adduct was established by an x-ray
diffraction study. A treatment of 10 with I regenerates
the initial 13.

Macrocycle 10 reacts with two equivalents of KNOj3 in
acetone in the presence of 18-crown-6 to give the bis-
nitrate complex [(o-CzBloHlng)4(NO3)2(H20)]2_ 14)
containing one coordinated water molecule.”®! Both
nitrate ions in 14 behave as monodentate ligands but
differ strongly from each other in the mode of coordina-
tion with the host. One of the NOs™ ions in 14 is bonded
through the oxygen atom to all four Hg centers of 10,
while the second nitrate is bonded to only two Hg atoms.
The remaining coordination site between two other Hg
centers is occupied by a molecule of water. Interestingly,
when the reaction of 10 with potassium nitrate is
conducted at a NO3; ™ :10 molar ratio of 3:1 the bis-nitrate
complex [(o-CzBloHlng)4(NO3)2]2* (15) containing no
water is formed, and this complex has a different struc-
ture.”! A remarkable feature of 15 is that each of the
nitrate ions here is coordinated to 10 in an unprecedented
tridentate, face-on fashion, and, in addition, all four Hg
atoms of the macrocycle are involved in the bonding to the
anionic guests.

The interaction of 10 and its octaethyl derivative (9,12-
Et,-0-C,BoHgHg), (16) with closo-[BoH;]>~ anions in
acetone solution affords 1:1 adducts even in the presence
of an excess of the anionic guest, which is indicated by
NMR spectra. However, the crystal product isolated from
the reaction of 16 with closo-[Bi1oH 0]~ contained two
polyhedral dianions per one macrocycle molecule. This
unusual supramolecular aggregate has a bipyramidal
structure wherein each of the [BioH;ol*~ species is
bonded to all Hg atoms of the cycle through B-H-Hg
bridges.?**) In the case of the bulkier closo-[Bi,H;,]* ™
ion, no complexation with 10 and 16 occurs. The bi-
pyramidal complexes of 16 with neutral closo-9,12-1,-o0-
C,B1oH o and closo-9-1-12-Et-0-C,BoH;o species were
also described.® In these 1:2 complexes, an iodine atom
of each of the boron-containing guests is bound to four Hg
centers of the macrocyclic host.

Mercuracarborand 11 is structurally similar to the
above-mentioned perfluorinated polymercuramacrocycle
8. It was synthesized by the interaction of 1,2-dilithio-o-
carborane with Hg(OAc)z.[24’25 ! The same method was
applied for the synthesis of hexamethyl derivative of 11,
(9,12-Me,-0-C,BgHgHg); (17). The formation of 11
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rather than acetate complex of 10 or free 10 in the above
reaction can be explained by the greater strength of a
mercuracarbon ring in 11 than in 10, as well as by the
inability of noncoordinating acetate ion (in contrast to
halide ions) to act as a template and thereby to direct the
process of the cyclization toward 10.

Both mercuracarborands 11 and 17 are able to bind
halide anions and acetonitrile molecules. In the case of 17,
the resulting complexes with halide anions (C1~, Br, 17)
contain two molecules of the macrocycle per one anionic
guest and have unique structures of double-decker
sandwiches.”’! The halide ion is situated here between
two parallel mercuracarbon rings and is symmetrically
bonded to six Hg centers. Thus, the coordination number
of the halogen atom in these sandwiches as in the above-
discussed polydecker bent sandwich complexes of 8 with
bromide and iodide anions is equal to six. Structures of
the halide adducts formed by macrocycle 11 are not
yet determined.

From the interaction of 11 with acetonitrile, two
cocrystallized complexes, [(0-C,B;oH;90Hg)3(MeCN)3]
and [(0-C,BoH;oHg)3;(MeCN)s], containing three and
five nitrile molecules, were isolated.'**?*! In each of these
complexes, two acetonitrile ligands are coordinated
through the nitrogen atoms with all Hg atoms of the cycle.
In contrast to 11, macrocycle 17 gives with acetonitrile the
sole complex [(0-C,BjoHgMe,Hg); (MeCN);s], wherein
only one MeCN ligand is simultaneously bonded to all Hg
centers of the mercuracarbon ring.

The reaction of 17 with acetone/water (50:1) mixture
yields the complex containing one water and three ace-
tone species per one macrocyclic host.”®! The water
molecule in this complex is coordinated by its oxygen
atom to three mercury atoms, while the carbonyl oxygen
atom of each of the acetone ligands is bound only to a
single Hg center. Interestingly, all four guest species in
this adduct are arranged on one side of the metallacycle
plane. An even more unusual host-guest complex {[(o-
C,BoHgMe,Hg)3(H,0)],(CeHg)} was obtained from the
interaction of 17 with benzene and water in dichloro-
methane."*®! In this complex, every H,O molecule is 1°~
coordinated at the center of 17, and the benzene ligand is
disposed between two [(0-C,B;oHgMe,Hg)3(H,0)] frag-
ments, forming m-hydrogen bonds with both hydrogen
atoms of each water molecule. The driving force for the
formation of such multiple n-hydrogen bonds with
benzene seems to be an increase in the acidity of the
hydrogen atoms of water due to its n°-coordination with
the Lewis acidic centers of 17.

Other Polymercuramacrocycles

In 1987, Wuest et al. published data on the synthesis of a
2:1 complex of THF with the 22-membered macrocycle
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[0-C¢H4HgOC(0)(CF,);C(0O)OHg], (18) containing four
mercury atoms in the ring.[zg’m] In this adduct, each of the
THF ligands is coordinated with two Hg centers of the
corresponding o-phenylenedimercury unit. Subsequently,
a complex of the octamethyl derivative of 18, [0-Cgq
Me HgOC(O)(CF,);C(O)OHgl,, with four 1,2-dime-
thoxyethane (DME) ligands was prepared and structurally
characterized.”*>"! In this complex, one oxygen atom of
each molecule of DME is bound with two Hg atoms of a
o-phenylenedimercury moiety, while the other oxygen
atom is bonded to a single mercury center. Evidently, the
sizes of both macrocycles are too large, and the distance
between o-phenylenedimercury fragments is too long for
cooperative binding of a Lewis base by all Lewis acidic
sites of these macrocyclic compounds. Wuest et al. also
described a 2:1 complex of diethylformamide with dicat-
jonic macrocycle [(0-CeMe,HgO(H)Hg),]** (19) con-
taining four Hg atoms in a planar 10-membered
ring.*** The complex has a bipyramidal structure. The
amide molecules in 19 are located above and below the
metallacycle plane, and each is symmetrically coordinated
through the oxygen atom with all four metal centers of the
host. A high Lewis acidity of this macrocycle is due to its
dicationic character.

Me Hg/@\Hg Me

Me Hg Hg Me

19

APPLICATIONS OF ANTICROWNS IN
CATALYSIS AND AS IONOPHORES

There are at least two types of reactions wherein anti-
crowns could be successfully used as catalysts. The first
type is reactions catalyzed or promoted by conventional
monodentate Lewis acids. An application of anticrowns in
such reactions could result in an additional increase in the
reaction rate due to cooperative effects of several Lewis
acidic centers. The ability of anticrowns to form lipophilic
anionic species as a result of the complexation with anions
suggests that these compounds will be capable of
effectively transferring various organic and inorganic
cations from an aqueous phase to an organic phase.
Therefore, another field of synthetic organic chemistry in
which anticrowns could be useful is phase-transfer
catalysis of electrophilic reactions.



Anticrowns

The first example of the successful application of
anticrowns in phase-transfer catalysis was reported in
1989, when it was shown that nonfluorinated polymer-
curamacrocycle 7 is able to catalyze the azo-coupling
reaction between benzenediazonium halides PhN,"X™
(X=Cl, Br) and B-naphthol in the two-phase H,O-
CH,Br, system.”® Diphenylmercury proved to be totally
inactive in this reaction.

Subsequently, it turned out that perfluorinated poly-
mercuramacrocycle 8 displays high efficiency in the
phase-transfer nitration of acenaphthene with 21% nitric
acid in the presence of sodium nitrite as an initiator and
NaCl as a promoter.[33J The process proceeds at room
temperature and gives a quantitative yield of 5-nitro- and
3-nitroacenaphthenes (in a 90-93:10-7 ratio) after 40 min
(facenaphthene],=0.5 M, a 100:15 PhH-PhNO, mixture
as an organic phase). In the absence of 8, the yield of the
nitro compounds does not exceed 1%, even in 3 h. Note-
worthy is that macrocycle 8 is stable under the nitration
conditions for at least 1 h and can be recovered from the
reaction mixture in a 95% yield. Even greater activity in
the nitration of acenaphthene with 21% HNOj is exhibited
by macrocycle 9, in the presence of which a practically
full conversion of the starting aromatic substrate into its
nitro products is reached after 10 min.**! According to the
kinetic data, the introduction of 9 in the system increases
the initial nitration rate by more than three orders of
magnitude. Mercury dichloride and bis(perfluorophenyl)-
mercury show no catalytic activity.

Macrocycles 8 and 9 also catalyze the phase-transfer
nitration of pyrene, acenaphthene and 1,3-dimethylnaph-
thalene with a mixture of sodium nitrite and 25.6% H,SO,
(i.e., with nitrous acid) in the presence of sodium
chloride.®> The reaction proceeds according to the
following stoichiometric equation:

ArH + 3 HNO, — ArNO; +2 NO +2 H,O

The highest nitration rates are observed for pyrene,
which in the presence of 8 is quantitatively transformed
into 1-nitropyrene within 9 min in a dinitrogen atmo-
sphere ([ArH],=0.092 M, a NaNO,:ArH molar ratio
is 4:1). When the catalyst is absent, no nitration occurs
for at least 4 h. The ability of 8 and 9 to transfer protons
from an aqueous phase to benzene was also reported.***%
This result opens prospects for using macrocycles of
such a type in the phase-transfer catalysis of acid-cata-
lyzed reactions.

Mercuracarborand 17 and octamethyl derivative of 10,
(9,12-Me,-0-C,BoHgHg)4 (20) were applied as catalysts
for the Diels—Alder reaction of a thionoester trans-
MeCH=CHC(S)OMe with cyclopentadiene.*® It was
found that on carrying out the reaction in CH,C1, at 0°C
in the presence of 20 (diene:20=7.5:1, [thioester],=1 M)
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racemic mixtures of endo and exo adducts (in a 60:40
ratio) are formed with an 89% total "H-NMR yield (75%
isolated yield) after 2.5 days. When 17 is used as a
catalyst, almost exclusively, the endo isomer in a 94% 'H-
NMR yield (83% recovered yield) is produced after 7.5
days under similar conditions. The replacement of 17 or
20 by monodentate bis(closo-9,12-dimethyl-1,2-carboran-
l-yl)mercury (21) leads to a further decrease in the rate of
the process (65% isolated yield of the endo isomer after 11
days). In the absence of a catalyst or when Hgl, or
Hg(OAc), were employed instead of 17 or 20, no reaction
was observed. For an explanation of the greater activity
level of macrocycle 20 as compared to 17 and 21 in this
reaction, it was assumed that among the carboranyl-
mercury compounds tested, only 20 is capable of co-
operatively binding the C=S group of the thionoester by
all Lewis acidic centers. Methyl crotonate does not form
Diels—Alder adducts with cyclopentadiene in the presence
of 17, 20, or 21, which is due to its inability to coordi-
nate with the mercury atoms, as indicated by 199Hg-
NMR spectra.

Anticrowns are also promising reagents for the devel-
opment of a new type of anion-selective electrodes. The
first success in this important area was achieved by
Hawthorne et al.,®”! who described highly sensitive and
selective chloride liquid/polymeric membrane electrodes
based on mercuracarborand 11 as an ionophore and
tridodecylmethylammonium chloride as a cationic addi-
tive. Optimized electrodes show a near-Nernstian behav-
ior toward chloride anions over a wide concentration
range and are characterized by a fast response time, short
recovery time, long lifetime, insensitivity to pH changes
over the pH range of 2.5-7.0 as well as by micromolar
detection limits. Subsequently, highly selective optical
sensors for chloride ions based on the same mercuracar-
borand 11 as an ionophore were developed.”® In their
selectivity coefficients toward chloride, both types of
sensors meet the requirements for clinical applications.

CONCLUSION

Investigations of latter years led to the discovery of a
novel class of highly efficient anion receptors—anticrowns
that can be considered as charge-reversed analogues of
crown ethers. The host—guest chemistry of anticrowns
toward various anionic species was explored; the first
promising results were also obtained on the use of
anticrowns as catalysts and ionophores. The efficacy of
the anion binding by anticrowns depends strongly on the
Lewis acidity of metal centers incorporated in their
macrocyclic chain, the number of these electron-deficient
centers, and size of the macrocycle. The most effective
anticrowns were found among perfluorinated polymercu-
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ramacrocycles and mercuracarborands containing three,
four, and five Lewis acidic Hg atoms in 9-, 10-, and
12-membered mercuracarbon rings. Various neutral Lewis
bases such as nitriles, carbonyl compounds, aromatic
hydrocarbons, and some others can also be bound by
anticrowns. A unique feature of anticrowns is their
capacity to bind Lewis basic species simultaneously by
all Lewis acidic centers of the macrocycle. Such cooper-
ative binding sharply increases the strength of the host—
guest interaction and leads to the formation of complexes
of unprecedented structures.

One of the serious problems of anticrown chemistry is
a poor assortment of synthetic routes to these remarkable
reagents. As a result, the range of the presently known
anticrowns is narrow, being limited only by a number of
polymercury-, polytin-, and polysilicon-containing mac-
rocycles. One may expect that a successful solution of this
important synthetic problem will lead to the wide appli-
cation of anticrowns in various branches of chemistry.
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INTRODUCTION

Study of artificial enzymes began as early as in the mid-
twentieth century in pioneering work on enzyme model
reactions." ™ On the basis of a vast amount of findings on
structures and catalytic mechanisms of naturally occur-
ring enzymes from the physical, chemical, and biological
viewpoints, we can now discuss the properties and re-
actions of enzymes in great detail at the molecular level.
In general, enzymes are ingeniously designed biocatalysts,
exhibiting marked rate enhancement, high substrate spec-
ificity, and distinct reaction selectivity under mild reaction
conditions. Such characteristic features of enzymes are
generated essentially through the formation of specific
enzyme—substrate complexes as key intermediates. On
these grounds, various artificial enzymes capable of per-
forming substrate-binding behavior were developed up
to the present time. In addition, while well-known hydro-
lases such as o-chymotrypsin, lysozyme, and ribonuclease
do not require cofactors, many enzymes exhibit catalytic
activity in collaboration with coenzymes and metal ions.
For simulation of the latter class of enzymatic reactions,
molecular design of artificial holoenzymes comprising an
apoenzyme model and a cofactor is important.[S‘g] Arti-
ficial enzymes can be classified mainly into the following
three categories: macrocyclic compounds, molecular as-
semblies, and macromolecules.

MACROCYCLIC COMPOUNDS AS
ARTIFICIAL ENZYMES

In general, the active site of an enzyme is regarded as a
hydrophobic cavity or cleft created by folding of the
polypeptide chain. Such a substrate-binding site is
provided by macrocyclic compounds such as cyclodex-
trins!’ (Fig. 1), crown ethers,“o_m cyclophanes,['3_'5]
and calixarenes,“(’_'g] each having an inclusion cavity as a
basic skeleton of potent artificial enzymes.
Cyclodextrins (1) are cyclic glucose oligomers of cy-
lindrical shape having primary hydroxyl groups at the
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more restricted rim of the cylinder. The three most
common cyclodextrins are o-, -, y-species, which are
composed of six, seven, and eight glucopyranose units,
respectively. In early work in the 1950s and 1960s, it
was shown that the oxyanion of cyclodextrin could react
with pyrophosphates and carboxylate esters bound in
the cyclodextrin cavity in aqueous media, and that acyl-
group transfer from the esters could be accelerated with
moderate substrate selectivity. Since then, many kinds
of modified cyclodextrins were developed by introduc-
ing a catalytic group selectively into the primary or the
secondary hydroxyl moieties. By employing the func-
tional groups similar to those in the side chain of amino
acids, such as imidazolyl and thiol groups, the resulting
cyclodextrin derivatives were expected to serve as
mimics of hydrolases. In fact, cyclodextrins bearing a
metal-binding site worked as hydrolytic metalloenzyme
models. Various functionalized cyclodextrins bearing a
cofactor, such as vitamin B, B,, Bg, B, nicotinamide,
or porphyrin, were prepared as holoenzyme models. The
introduction of multiple functional groups into cyclo-
dextrins is essential to design more sophisticated artifi-
cial enzymes. For example, a f;-cyclodextrin bearing two
imidazolyl groups (2) acts as an excellent artificial
ribonuclease, showing turnover behavior possibly through
bifunctional catalytic assistance of the imidazolyl groups.
A compound (3) carrying a pyridoxamine and an ethyl-
enediamine unit attached to f-cyclodextrin on the neigh-
boring primary methylene groups behaved as a potent
artificial aminotransferase. Aromatic L-o-amino acids
such as phenylalanine, tryptophan, and phenylglycine
were generated with high (90-96% ee) enantiomeric
excess by the catalysis of 3. In addition, the prototropy
rate observed with 3 was drastically enhanced relative
to simple pyridoxamine. However, the true catalytic cy-
cle, exhibiting amino group transfer from an o-amino
acid to an a-keto acid, was not successful with this modi-
fied cyclodextrin.

While cyclodextrins are used as enzyme mimics in
aqueous media, crown ethers can act as a key component
of artificial enzymes in organic solutions (Fig. 2). Crown
ether was discovered by Pedersen in 1967, which
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Fig. 1 Cyclodextrin (1) and its derivatives (2 and 3) as artificial enzymes.

eventually won him, together with Cram and Lehn, the the pyridinium within the intermediate complex in ace-
Nobel prize in 1987. This discovery triggered the research tonitrile. In addition, the potentiality in enantioselective
on host—guest chemistry and artificial enzymes at large, reductions was examined with a series of chirally bridged
including practical applications. For example, binding of macrocyclic 1,4-dihydropyridines of crown ether type. In
a pyridinium substrate to a crown ether bearing dihydro- the reduction of ethyl benzoylformate by 5 having L-
nicotinamide moieties (4) led to enhancement of the valine residues in the macrocyclic skeleton, (S)-mandelate
hydrogen-transfer rate from the dihydropyridine moiety to was obtained with an enantiomeric excess of 90% in
o
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Fig. 2 Examples of crown ether derivatives (4 and 5) as artificial enzymes.
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acetonitrile-chloroform at room temperature in the pres-
ence of Mg(Il) ions.

Cyclophanes with a sizable internal cavity also proved
to be useful as supramolecular elements of artificial
enzymes. While a relatively limited range of structural
modifications is possible with cyclodextrins, a wide
synthetic variation of cyclophanes can be achieved so
that an appropriate recognition site with regard to size,
shape, and microenvironment is provided for a target
substrate molecule. In an early study in the 1970s,
[20]paracyclophanes and [10.10]paracyclophanes were
employed to demonstrate that cyclophanes are effective
as macrocyclic enzyme models. Since then, various
cyclophane derivatives were developed as artificial en-
zymes. While binding constants of simple cyclodextrins
with typical substrates in aqueous media are ca. 10* M ™'
or less in general, the substrate-binding ability can be
enhanced by various types of molecular design of the
cyclophane skeleton, especially by creating three-dimen-
sionally extended hydrophobic cavities. Enzyme mimetic

% @w c@

(CH2)4NH_C*(CH2)2“

G ", (CHy)15CH
HsC— N(CH2)5 C—NH™ ~C-N 72187
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Artificial Enzymes

reactions catalyzed by the artificial enzymes of cyclo-
dextrin type would be duplicated and improvable by
employing functionalized cyclophanes. For example, the
octopus cyclophane (6) bearing eight hydrocarbon chains
on a macrocyclic tetraazacyclophane ring provides a
large and flexible hydrophobic cavity in which to in-
corporate as large as a hydrophobic vitamin By, deriv-
ative (7) through the induced-fit mechanism (Fig. 3).
The resulting host—guest complex acted as an efficient
vitamin Bj,-dependent artificial holoenzyme, showing
turnover behavior for carbon-skeleton rearrangement
reactions specifically catalyzed by methylmalonyl-CoA
mutase and glutamate mutase. In addition, this artificial
enzyme also catalyzed unique ring-expansion reactions
for which naturally occurring vitamin Bj,-dependent
enzymes are not known.

Calixarenes developed by Gutsche'® belong to a
family of cyclophanes by definition, and much attention
has focused on their catalytic functions as artificial en-
zymes based on their versatile molecular recognition

Fig. 3 An example of artificial holoenzyme formed with the octopus cyclophane (6) and the hydrophobic vitamin B, derivative (7).

(View this art in color at www.dekker.com.)
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abilities. Other macrocyclic compounds such as cryp-
tands, spherands, and cucurbiturils seem to be feasible as
equally promising enzyme mimics.

MOLECULAR ASSEMBLIES AS
ARTIFICIAL ENZYMES

There is another type of enzyme mimics that provide a
substrate-binding site as a result of self-aggregation of
functional elements through noncovalent intermolecular
interactions in solution: reversed micelles in organic
solutions, and micelles and lipid bilayer membranes in
aqueous media.!*'8-2!1

Reversed micelles formed with various surfactants in
apolar solvents in the presence of small amounts of water
were extensively studied on their characteristic features
of cores in enzyme-mimetic reactions. In the spatially
restricted microenvironment of reversed micelles, a
unique catalytic behavior analogous to enzymatic reac-
tions was observed.

Aqueous micelles are typical and simple aggregates of
surfactants, and numerous applications as enzyme models
were accumulated up to 1980 (Fig. 4). In general, mo-
lecular structures characteristic of micelle-forming am-
phiphiles are composed of a polar head moiety, a long
hydrophobic chain, and in some cases, an additional func-
tional group for effective catalysis. Cationic amphiphiles
having an imidazolyl (8) or a thiol moiety (9) in the polar
head are typical examples. While micelles provide hy-
drophobic reaction sites effective for the acceleration of
various enzyme-mimetic reactions, those aggregates are
generally soft, and it is difficult to fix the disposition of
substrates in space for regio- and stereospecificity of re-
actions to appear.

Another type of well-known molecular aggregate in an
aqueous media is a bilayer membrane. In general, the
bilayer membrane is superior to aqueous micelles with
respect to aggregate rigidity and spacial orientation of
component molecules, so that substrate specificity, cata-
lytic activity, and reaction selectivity are more readily
exhibited. In addition, phase states, gel and liquid crys-
talline, and phase-separation behavior among the compo-
nent species can be utilized to control catalytic pathways.

R

HN™ N

—{ s
H,C—N—(CHp)1sCHs  CI™
CHj
8
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Preparation and characterization of liposomes formed
with natural phospholipids were well established. How-
ever, in using liposomes for simulation of enzymatic
functions, especially in acid-base catalysis, difficulties
would be encountered due to their chemical and morpho-
logical instabilities. Thus, bilayer membranes composed
of synthetic amphiphiles are more favorable candidates
for enzyme mimics. For example, artificial vitamin Bg-
dependent enzymes were constructed from catalytic bi-
layer membranes in combination with a bilayer-forming
peptide lipid (10), a hydrophobic vitamin B¢ derivative
(11), and metal ions (Fig. 5). The catalyst acts as an
artificial aminotransferase, showing marked substrate
specificity, high enantioselectivity, and turnover behavior
for the transamination of o-amino acid with a-keto acids.
In addition, the reaction fields provided by the catalytic
bilayer membranes are suitable to establish multienzyme
systems through functional alignments of artificial en-
zymes and natural ones in a sequential manner.

MACROMOLECULES AS
ARTIFICIAL ENZYMES

On the basis of structural resemblance to enzymes, various
kinds of macromolecules were developed as artificial
enzymes. These macromolecules are classified mainly
into two categories: modification of biopolymers and
totally synthetic functional polymers.

The design of artificial enzymes through site-directed
mutagenesis is well established.””?! By single or multiple
replacement of an amino acid residue placed in the enzyme
protein, enzymatic functions such as reactivity, substrate
specificity, and reaction selectivity, can be altered. Al-
though the site-directed mutagenesis gives rise to only a
small change in the amino acid sequence of a target
protein, such modification can induce a drastic change in
the catalytic behavior. Incorporation of unnatural amino
acids and nonamino acids into proteins is also possible.

Development of catalytic antibodies or abzymes is an-
other fascinating approach to artificial enzymes."! The
concept of catalytic antibodies is that if a putative tran-
sition state analogue of a reaction for which a selective
and efficient catalyst is desired is used to elicit antibodies,

CHs
HSH,CH,C—N™(CHp)11CH;  CI™
CHj

9

Fig. 4 Examples of micelle-forming amphiphiles (8 and 9) as a component of artificial enzyme.




80

H (CH2)sNH;

CH3 %,
HC—N'(CH,)s—C—NH C—N<(CH2)1SCH3 Br-
CHa o o  (CHy)y5CHg
10
HO  CH,
CH,)45CH
onc— \N+—CHZCH2—Ni( 2)15CH3 o
— (CH)15CH3
HOH,C 11
Metal ion

=

o,

Fig.5 An example of an artificial holoenzyme formed with the
bilayer-forming peptide lipid (10), the hydrophobic vitamin Bg
derivative (11), and metal ions.' (View this art in color at
www.dekker.com.)

they are likely to catalyze the reaction of a parent com-
pound. Because antibodies are specialized only for bind-
ing of ligands called antigens or haptens, semisynthetic
strategies for introducing catalytic functionalities into the
active site of an antibody is additionally necessary in some
cases. Catalytic antibodies were elicited for reactions for
which no enzyme exists, such as the Diels—Alder reaction,
Claisen rearrangement, and oxy-Cope rearrangement.
Although the site-directed mutagenesis and catalytic
antibody technique are useful genetic methods, chemical
modification of enzymes remains a valuable tool for pro-
tein engineering. The latter approaches are divided into

Artificial Enzymes

direct modification of an enzyme protein and modification
of a cofactor bound to the enzyme.m”%] These chemical
methods led to modification of existing enzyme activity
or introduction of new enzyme functions into proteins
and enzymes.

As regard to enzyme mimics formed with totally
synthetic polymers, relatively simple water-soluble poly-
mers with catalytic functionalities were employed in
the early work before 1980."! Although simulation of
enzymatic behavior was successful to a certain extent by
employing such prototype models, recent interests focused
on more intelligent synthetic polymers, such as imprinted
polymers™ and dendrimers.”*”!

When a polymer is prepared in the presence of ‘‘print
molecules’” as the transition state or intermediate anal-
ogues, which are extracted after polymerization, the
remaining polymer may contain catalytic cavities capable
of recognizing the print molecules. By analogy to the
catalytic antibodies, where a function complementary to
that of the hapten can be induced in a specific place,
polymers can be imprinted with print molecules contain-
ing suitable catalytic functionalities. Because dendrimers
are structurally regulated polymers with an inner core like
an enzyme active site, their characteristics as enzyme
mimics also attract attention.

CONCLUSION

In recent years, the traditional definition of biocatalysts
with enzymes that are proteins having catalytic functions
in biological systems was expanded to a point where a
series of ribonucleic acids, called ribozymes, also acts as
a biocatalyst. Much effort was devoted to developing
artificial ribozymes as well.”®! In such approaches, a
combination of strategies to mimic ribonucleases and to
simulate complementary molecular recognition of nucleic
acids is essential.

As mentioned above, studies on artificial enzymes
were extensively developed to date. Although the catalytic
performance of artificial enzymes rarely surpasses that
of the corresponding naturally occurring enzymes from
every point of view, some of them close in on catalytic
performance of the natural counterparts. In addition, ad-
vantages of artificial enzymes relative to those of natural
ones are flexibility in molecular design, structural stabil-
ity, and possible applications to substrates and reactions
for which natural enzymes are not available.

One of the targets in the study of artificial enzymes
would be creation of integrated reaction systems on the
nanometer scale inspired by the reaction network in cells,
from the viewpoint of nanoscience and nanotechnology.
For such a purpose, construction of artificial multienzyme
systems, collaboration between enzymes and receptors,
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and synchronization of individual supramolecules seem to
be essential.[7212%-2]
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INTRODUCTION

The word ‘‘aurophilic,”” derived from the Latin word
““Aurum’’ (gold) and the Greek word ‘‘Philos’” (with an
affinity for), was coined in the late 1980s!' 3! to describe
the tendency of gold(I) compounds to form dimers, oligo-
mers, chains, or even layers via gold(I)-gold(I) interac-
tions. In these interactions, the distances between the
adjacent gold atoms range from 2.7-3.6 A, and are shorter
than the sum of their van der Waals radii (3.6 A). These
interactions have a strength between 20-50 kJ/mol, close
to that found in hydrogen bonds. This result is surprising,
as two gold(I) centers with an external dav° configuration
would normally be expected to repel each other. In
addition, gold attractions are already present in metallic
gold, where the gold—gold distances are shorter than the
corresponding silver—silver distances. This phenomenon,
although it can be consider a general feature when
comparing the metallic radii of the second- and third-
row elements, cannot be considered as the result of a
lanthanoid contraction, because the rest of the ‘‘anoma-
lies’” of gold, such as its high electroaffinity and elec-
tronegativity or the presence of highly stable Au, mole-
cules in the gas phase, cannot be explained in these terms.
Of course, with these properties, it is considered to be
the “‘king of the metals.”’

THEORETICAL CONSIDERATIONS

The latest contributions of physicists and the theoretical
chemists to the explanation of this phenomenon stem from
the results of ab initio and density functional theory
calculations, which refute the previous s-d hybridization
proposed by the extended Hiickel theory. They suggest
that the metallophilic attraction can be considered a
correlation effect strengthened by the relativistic effect,
which is important in the case of gold."!
Postlanthanide elements have a large number of
protons in their atomic nuclei (79 protons for gold).
Moreover, the electrons move in a field with a high
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nuclear charge, and therefore, their speed is similar to
that of light. Electrons moving at such a speed cannot be
treated in terms of classical physics, rather they have to
be treated on the basis of Einstein’s Theory of
Relativity: m,=m(1 —veH 12, According to this equa-
tion, the relativistic mass (m,) of these electrons is larger
than the conventional nonrelativistic mass (m,), result-
ing in a contraction of orbital radius. This effect, known
as relativistic contraction, is particularly important for
the orbitals with radial functions that have local max-
ima in the neighborhood of the nucleus, particularly in
the s-orbitals. Thus, the expected marked effect on the 1s
electrons of postlanthanide elements also has continuity
in the 2s, 3s, 45, 55, and 6s orbitals, as they are
orthogonal to one another. The ratio of the relativistic
radius of the valence electrons to their nonrelativistic
radius as a function of the atomic number strongly deviates
from unity and reaches a local minimum for gold.
Therefore, gold occupies a unique position among all
the elements.

The main consequences for gold are that the energy gap
between the 5d, 6s, and 6p orbitals diminishes, the closed-
shell configuration 54'° is no longer chemically inert,
and the interaction between two gold(I) centers can be
explained. Furthermore, the formation of linear two-
coordinate gold(I) complexes is also favored.

Let us analyze some examples where this interaction is
present. These examples establish a great affinity between
gold atoms, which are as close as possible to each other
and, generally, at distances even shorter than the ones
found in metallic gold (2.88 A). We excluded gold
clusters with formal metal-metal bonds and oxidation
states between 0 and +1 from the description. We will
refer only to the interactions among atoms with closed-
shell configurations.

GOLD(I)-GOLD(I) INTERACTIONS

The term ‘‘aurophilic interactions’” was first coined
in connection with the chemistry of gold(I). Gold(I)
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Scheme 1 Some attractive interactions in gold(I) complexes.

complexes are of general formula X-Au-L, where the
ligands X and L may be neutral or anionic and have a
linear geometry. After the advent of crystal structure
analysis in the 1960s, it became apparent that virtually all
such complexes are packed or arranged in such a way that
the gold(I) atoms are as close as possible to each other.
This attractive interaction gathers the gold atoms in pairs,
rings, chains, or even layers (Scheme 1).

As can be seen in the scheme, the presence of ligands
acting as bridges between the gold centers favors the
appearance of such interactions (c, d, e, f) and, sometimes,
ligands have even been considered responsible for their
presence. In the e case, inter- and intramolecular interac-
tions are present in the same molecule. Nevertheless, the
existence of these interactions is undoubtedly evident in
hundreds of examples of nonbridged complexes (types a
and b), where the distances between the adjacent gold
atoms depend on the electronic nature of the ligands
and their steric requirements.m‘m] A particularly sophis-
ticated structural arrangement appears in the complex
[Au(CsHsNS),]ClO4, where five of the six cations in the
unit cell are linked to one another by short Au---Au
contacts leading to a linear chain. The sixth cation is
monomeric and does not show interaction with other
cations.''” In the ¢ case, dinuclear complexes with two
gold centers bonded by a monoatomic bridge ligand are
limited to elements of the 16 and 17 groups. Therefore, the
structure proves the existence of metal-metal interactions
in the cationic complex [Auz(u-Cl)(PPh3)2]CIO4“ Yor the
neutral derivatives [Au,(u-X)(PPhs),] (X=8,1%! Sel'?).
In these examples, the environment surrounding gold is
almost linear and, interestingly, the Au-X-Au angle is
shorter than expected from the involvement of p orbitals
of the heteroatom.

An aryl group can also act as a bridging ligand,
bonding the two metal atoms with a carbon center. This is
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the case of the complex [Au,(n-CgF3H,)(PPh3),]Cl104
obtained by substituting the chloro atom of the chloro-
bridged complex by its reaction with [Ag(2,4,6-CcFsHy)].
In this case, due to the narrow Au-C-Au angle (79.3°), a
three-center two-electron bond was suggested.'¥]

Other amazing cases of a single atom bridging more
than two gold(I) metal centers are the complexes with
Q1131 g 1161 g 1171 N 18191 p 201 o € 21-22) which include
striking cases of hypervalence at these atoms, a situation
unknown to typical p-block chemistry or postulated as an
unstable intermediate. In these examples, the aurophilic
interactions seem to be the driving force that stabilizes
these complexes and determines their geometry. For
example, the complex [S(AuPPh3)4]2+ adopts a pyramidal
structure instead of the expected tetrahedral one (Fig. 1).

On the other hand, some complexes that attracted
considerable attention for the study of aurophilicity are the
homo- or heterobridged diauracycles. In these complexes,
the two metallic centers are bonded by two bidentate
ligands such as diphosphines, bis(ylide) or dithiocarba-
mates, and intra- or intermolecular interactions appear. In
most of the examples described, it is possible to observe
a deviation from linearity around the gold centers caused
by gold—gold interactions. Besides, the nature of the
bridging ligands also has an impact on their strength. Thus,
while [Au,(u-S,CNEt;),] has gold—gold distances of
2.782 (intramolecular) and 3.004 A (intermolecular), the
heterobridged complex [Au,(p-(CH,),PPh,)(1-S,CNEL,)]
shows distances of 2.865 (intramolecular) and 2.9839 A
(intermolecular), and the complex [Au,(p1-(CH,),PPh,);]
only has an intramolecular distance of 2.977 A3

A hexanuclear complex with three pairs of gold atoms
displaying short contacts can be obtained by using bis-
(diphenylphosphino)methanediide as ligand, which can
act as an eight-electron donor bonded to four gold atoms.
The reaction of [Au,(u-(PPh,),CH),] with[Au(PPhs)(tht)]-
ClOy leads to a tetranuclear derivative that can be further
deprotonated by reaction with [Au(acac)(PPhs)] to give
the hexanuclear complex'>¥ (Scheme 2).

On the other hand, and as we already mentioned,
gold(I) usually has a linear two-coordinate geometry.
Nevertheless, three- and four-coordination, although
much less abundant, is also well established.”” Unlike
linear coordination, where the gold(I) molecules are often

S
/.-Au
Au= ‘Al'u-‘: ~‘Au\
PPh)
Ph;P PhP PPh

Fig. 1 Structural arrangement of the cation [S(AuPPhs),]*".
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Scheme 2 Reactions from [Au,(p-(PPhy),CH),].

associated to form dimers, trimers, chains, or even layers
through gold—gold interactions, in the rest of geometries,
the presence of these interactions is almost an anecdote.
Thus, there are a few cases reported, and most are
examples of gold diauracycles, where solvent molecules
or anions, with a coordinating capacity, interact with one
or more gold centers. For instance, this is the case of the
complex [AuzClz(dppm)z][zﬁ] with a gold—gold distance
of 3.028 A, visibly longer than that of the homologous
[Auo(dppm),](BE4), complex?”! with a distance of
2.931 /QX, and with anions that do not interact with the gold
atoms. In addition, the ligand coordination causes a small
deviation from the original linearity in the L-Au-L angles.

An outstanding example of mixed coordination num-
bers and geometries of gold(I) is the complex [Au,(PPhj)3-
(SCH,CH(OH)CH,OH)](BF,;), where the coordination
spheres of the two gold atoms are completely different.
One of the atoms has a conventional linear two-coordina-
tion, whereas the other has a slightly distorted trigonal
planar coordination with one sulfur and two phosphorus
atoms. The gold centers exhibit a short gold—gold contact
of 3.0162 A, which is not forced by the presence of
bidentate bridging ligands™®® (Fig. 2).

Che’s laboratory studied the strength of the three-
coordinate gold—gold interaction by Raman spectroscopy
in the complex [Auy(dmpm);](ClOy), [dmpm=Dbis(dime-
methylphosphine)methane], with atoms that exhibit an
interaction of 3.050 A. They obtained a wave number of
79 cm ™! for the gold—gold stretching mode. Significantly,
the wave number increased to 165 cm ™', and the gold—
gold distances decreased when the sample was irradiated

PPh;
A —PPhs

Au
OH > PPh,

Fig. 2 Structural arrangement of the cation [Au,(PPh3)3(SCH,-
CH(OH)CH,OH)]".

with 256 nm ultraviolet radiation, suggesting that the
gold—gold interaction was strengthened in the excited
state.*”) This result opens a new research field.

GOLD(I)-GOLD(lll) INTERACTIONS

In addition to gold(I), gold(IIl) with a d® configuration
and a square-planar geometry can be considered a closed-
shell cation. Thus, interactions with other closed-shell
centers such as gold(I) can be covered by the general
term aurophilicity. Nevertheless, in spite of the huge
number of examples of gold(I)-gold(I) contacts, interac-
tions involving gold(IIl) centers are less represented, and
many times, the oxidation states of the gold atoms are
not completely clear. This is the case of the complexes
obtained in the reaction of double-bridge ylide derivatives
with gold(I) or gold(IIl) precursor complexes, such as
[Au,(u-(CH,),PPh,),Au(C¢F5);] obtained by reaction
of the dimer [Au,(u-(CH,),PPhy),] with the gold(III)
complex [Au(CgFs)3(OEt,)]. Nevertheless, the shorter
distance between the two gold(I) centers of the dimer
compared with the starting product, as well as the gold(I)—
gold(IIl) distance of just 2.572 A, are indicative of a
more convincing Au(I)-Au(Il)-Au(Il) sequence than the
expected Au(I)-Au()-Au(IIl) one."*”

On the other hand, the reaction between the gold(Il)
dimer [Aus(u-(CH,),PPh,),(CeF5)(tht)]C10, and NBuy-
[Au(CgFs),] leads, after the displacement of the weakly
coordinated tht, to a pentanuclear complex, where a for-
mal gold(I) unit acts as a bridge between two adjacent
gold(Il) dimers. But, in this case, the theoretical calcula-
tions provide a sequence of Au(IIl)-Au(I)-Au(I)-Au(l)-
Au(III) oxidation states based on the charges identified in
the gold atoms.”!! Interactions in mixed-valence double-
bridged ylide systems are often proposed due to the
geometry of the ligands.?*>]

Apart from these cases where the double-bridged ylide
systems force the gold atoms to be in close proximity,
there are some other examples where the gold(I)—gold(III)
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interaction seems not to be influenced by the ligand
architecture. This is, for instance, the case of the poly
nuclear sulfur-centered complex [{S(Auzldppf)}{AuHI—
(C6Fs)3}IOTE [dppf=1,1"-bis(diphenylphosphino)ferro-
cene; 0Tf=triﬂuoromethylsulfonate],[36] the derivative
[Au'Au™Me,(C4Fg(PMe;),)]12") or the novel [Au'-
(CeFs)2{PPh,CeH4N(AU'PPh;3),}1C10,,%% which have
Au(D)-Au(IIl) distances close to 3.3 A.

Finally, the case of interacting gold(Ill) centers
with a @ configuration is unknown. Even with the most
appropriate structural arrangement, i.e., a single atom
bridging two gold(IIT) metal centers, this type of interac-
tion does not appear. Examples of this are, among
others, [S(AuPPhs),(Au(Cg¢Fs)3),1%"" or [Se(AuPPhs),-
(Au(CgFs)3),1.1% In all these cases, the Au(III)—Au(Il)
distances are longer than the sum of their van der
Waals radii.

FUTURE PERSPECTIVES

The great development of structural analyses in the last
few years allowed us to realize that the interactions among
metal centers at distances shorter than the sum of their van
der Waals radii are not exclusive to homometallic gold
systems. In fact, they also appear in molecules containing
gold and other closed-shell metal centers. Therefore,
words such as aurophilicity or aurophilic interactions are
being replaced with more general terms such as metallo-
philicity or metallophilic interactions. Apart from the
unquestionable interest of these molecules from a theo-
retical point of view, recent studies on their synthesis are
being performed due to their fascinating and unique
physicochemical properties, properties such as lumines-
cence or conductivity, for instance, which might be
exploited by industry in the near future.!*!

There are many examples of heterometallic molecules
with gold-closed-shell interactions, including ions such as
Rh(), Ir(), Pd(II), or Pt(Il) with a d8-square planar
configuration, or Cu(l), Ag(l), or Hg(Il) and TI(I) and
Pb(II) with d'° and s* configurations, respectively.[*>1 A
recent ab initio study on bridged dinuclear Au-Ag and
Au—Cu molecules concludes that the presence of just one
gold atom is enough to induce metallophilic attractions in
their group congeners and that this effect can be
modulated depending on the gold ligand™*! involved. In
this case, the relativistic effects of gold force a numismo-
philicity. On the other hand, theoretical studies on an Au—
Pd interaction show that the dispersion is the key
contribution to the Pd(II)-Au(I) attraction, whereas the
charge-transfer type contributions are about half as impor-
tant, considering that the two contributions Pd — Au and
Au — Pd are energetically comparable.'**!
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In short, it is clear that gold makes an essential
contribution to metallophilic interactions. Thus, the design
of synthetic strategies to prepare systems with these bonds
of unique versatility and flexibility must include gold as
an essential building block.
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INTRODUCTION

The binding of a small-molecule ligand to a protein en-
zyme or receptor is governed by a host of weak non-
bonding electrostatic effects like hydrogen bonds and van
der Waals interactions. Entropic changes caused by dis-
placement of water and by changes in ligand flexibility
are also important in determining binding strength. An
understanding of these processes is crucial for the design
of novel enzyme inhibitors and other protein ligands.
This is an area of great importance in the pharmaceutical
industry, where more protein targets are becoming avail-
able. We now have high-resolution structures of over
1700 protein—ligand complexes as determined by protein
x-ray crystallography."") This information coupled with
the measured binding data of many protein—ligand sys-
tems is now providing insight into what factors are im-
portant for ligand binding. We provide a broad overview
of the field, with examples of structures from a variety
of ligand classes (Table 1). Current computational ap-
proaches for discovering new ligands and estimating the
strength of ligand binding are also described.

ENERGETICS OF
PROTEIN-LIGAND INTERACTIONS

The simple picture of protein—ligand binding is given by
a bimolecular equilibrium (Eq. 1) in which a ligand in
solution binds to the receptor protein to form a complex.
In the context of this article, we define a ligand to be a
mainly organic molecule with a molecular weight of up to
1500 Dalton, which may be reasonably expected to form a
complex with a protein. We restrict our discussion to
noncovalent complexes, though as in the case of
enzymatic reactions or the binding of suicide inhibitors,
covalent bonds can frequently be formed. The binding
constant (or equilibrium constant) relates the concentra-
tions of free and bound components.

PL2P+L )
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where K4 = [P][L)/[P-L] or (the reverse reaction) K}, =
[P-L/[P][L), K4 = dissociation constant, Ky = binding
constant, [P-L] = concentration of protein—ligand com-
plex, [P] = concentration of unbound protein, and [L] =
concentration of unbound ligand.

Drug-—protein interactions tend to have dissociation
constants (Ky) in the nanomolar to picomolar range. In the
field of drug discovery, so-called lead ligands with
potentials for being developed into drug candidates bind
to their target proteins with Ky values in the micromolar
range. The dissociation constants'”) can be converted
(Eq. 2) to binding energies from the following:

AG® = —RTInKd
= —5.6log, K

x (at room temperature 20°C or 293°K) (2)

where K, = dissociation constant (Mol), AG° = Gibbs
free energy change of the reaction (kJ mol "), R = 8.31
(J/° mol), and T = temperature (°K).

Thus, a change in the binding constant by an order of
magnitude only corresponds to a difference in binding
energy of about 5.6 kJ/mol. A K4 of 107 M gives a
calculated dissociation energy of +50.4 kJ/mol (which
equals a free energy of binding of —50.4 kJ/mol), while a
ligand that binds with a micromolar Ky has a dissociation
energy of +33.6 kJ/mol (see also Table 5).

This overall binding energy can be regarded as
consisting of a number of components including hydrogen
bonding, van der Waals interactions, and other thermo-
dynamic terms. Approximate energies for these compo-
nents (Table 2) were calculated by correlating structural
data with measured thermodynamic binding data.'>* A
number of empirical energy terms were published, and
one such example is shown in Eq. 31341

AGbinding = AG0 + AGpOlar + AGz\polar + AGsolv
+ AGflexi (3)

As shown in Table 2, AGy, AGhy, AGion, AGrot, AGaro,
and AGegp are enthalpic terms that describe contributions
made by H-bond, ionic, rotational, aromatic, and nonspe-
cific interaction energies. The AGy;p, includes lipophilic
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Table 1 Selected PDB entries of protein—ligand complexes indicating structural diversity and biological function
Biological class Protein-ligand complex Ligand structure PDB ID
Saccharide Porcine pancreatic amylase Pseudo-octasaccharide CHO IPIG
V-1532 (trestatin A) ol X"
Human lysozyme Hexa— N-acetyl-chitohexose 1LZS
Strep. Pneumonia Hyaluronic acid HO  HO 1C82
hyaluronate Lysase
Concanavalin-A Alpha-methyl- SCNA
D-mannopyanoside®
Lipid Human serum albumin Decanoic acid HC 1E7F
Bovine B-lactoglobulin Palmitate® 1BO0
Mycobacterium tuberculosis Hexadecenoyl-thioester 1BVR
enoyl-ACP reductase
RAt P-450:nadph-p450 Butenoic acid Q 1LFO
reductase 6
Signal Rat phosphatidylinositol Phosphatidylcholine 0 1FVZ
molecule transfer protein (Pitp) 9 O-f-0
Catalytic domain of human Guanosine diphosphate® 0-p-0 © © o 4021
c-H-ras p21. o O:b‘N/:N o
Growth factor receptor-bound Phosphatyrosyl heptapeptide H j)\N( 1TZE
protein 2 Nx
M
Retinol related  Rat cellular retinol binding Trans-retinol 1CRB
Protein c-RBP
Bovine plasma Fenretinide 1FEL
retinol-binding
protein (bRBP)
Steroid Rat o-hydroxysteroid Testosterone 1AFS
dehydrogenases (3 o-HSDs) %
Human sex hormone-binding Dihydrotestosterone, (androgen) OH 1D2S
globulin (SHBG) HOp ¢
17-B-hydroxysteroid 17-B-estradiol (estradiol)® 1FDT
dehydrogenase
Antibiotic p-Lactamase mutant Penicillin-G (open)* o 1GHP
Cephaloridine Z7 0 1GHM
L
0
HOOC
Drug molecule ~ HIV-1, protease C33-cyclic urea 1AJX
inihibitor Aha001? Q
Drug molecule  Human rhinovirus, 16 coat protein Vp63843 (Pleconaril) 5 1C8M
Drug molecule  Influenza virus, neuraminidase Carboxamide inhibitor 2QWK
Thyroxin Human transthyretin (TTR) Thyroxin N/(éfH 2ROX
é OH
0% \n
O 4

“Denotes structure shown.
Source: From Ref. [1].
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Table 2 The relationship and approximate value of individual
energy terms to the change in Gibbs free energy of binding (AG)

Energy Value Interaction

component  (kJ/mol) type Example

AG, -2.8 AGy, Nonspecific

AGy, -3.2 AGpolar =0:---H---0

AGionic —-5.7 AGyorar NH; ---COO~

AGiip, —-0.09 AGory C,——-H,O

AGrm +1.0 AGﬂexi C—- —CH3
Rotation about
single bond

AGgro —-2.6 AG ipolar C---C

AGlipo water -13 AGso]v Cn" - 'HZO

AGegrep +0.5 AGpotar NH; " ---COO~

interaction energy as a function of all pair-wise atom—atom
interaction energies. The AGip, wawer describes energy
change through desolvation effects. These energy terms
contribute to a simple representation of the components
that make up AGyinging, including polar (AGpg1ar), apolar

Table 3 Techniques for measuring binding constants

Biological Ligands

(AGgpotar), solvation (AGgy), and flexibility (AGpeyi)
interactions as given in Eq. 3. Approximate energies for
these terms were calculated by correlating structural data
with measured thermodynamic binding data.>*

MEASUREMENT OF LIGAND
BINDING STRENGTH

A number of spectroscopic and thermodynamic measure-
ments can be used to measure the strength of protein—
ligand interactions, including fluorescence spectroscopy,
surface plasmon resonance, calorimetry, and enzyme
inhibition. The change in property (for example, fluores-
cence signal,'” heat of reaction,’® crystallographic
occupancy,”) and NMR chemical shift®) is measured
as a function of increasing concentration of added ligand
until a maximum signal is obtained. For a simple protein—
ligand binding experiment (with no substrate or other
inhibitory ligand present), the Ky value can be simply
determined by titrating a ligand solution into a protein
solution of known concentration. The Kj is the slope of

Technique

Description

Example

Ref.

NMR (>N-HSQC)

Fluorescence spectrophotometry

X-ray crystallography

Isothermal calorimetry (ITC)

Surface plasmon resonance (SPR)

Enzyme inhibition

Observation of change in two-dimensional 'H- or
>N-heteronuclear single quantum correlation
(HSQC) backbone chemical shift spectra upon
ligand binding; described as

[L]/([L] + Ka)

Measurement of fluorescence signal quenching
of an active-site tryptophan as a function of
ligand binding; described as

AF = AFp. — Ka(AF/[L))

Crystallographic refinement of ligand occupancy
from a range of ligand soaking concentrations
Isothermal titration calorimetry (ITC) measures
the enthalpy change caused by a binding event;
the gradient of the generated ITC curve can be
used to determine the binding constant Ky
SPR-biosensors measure the change in refractive
index units (RU) of a solvent near the surface
that occurs during complex formation with an
immobilized protein target

The measurement of the rate (v) of
products/reactants formation can be measured
by spectrophotometry; the dissociation constant
K4 corresponds to the concentration of inhibitor
at which the observed constant (k) is half

its maximum value

AS('H,PN) =

FKBP

FKBP

Cyclophilin

OppA

HIV1-protease

Bovine cyclophilin

(9]

(5]

[7]

[10]

(6]

(9]
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the straight-line plot of [PL] against [PL]/[L] used to fit
Eq. 4.

[PL] = Py — Kd({PL]/[L}) (4)

where [PL] = concentration of the ligated protein,
[L] = concentration of the ligand, and [P,] = total
protein concentration.

The ICsq value is the ligand concentration that pro-
duces 50% reduction (or increase) in the measured effect
(i.e., the concentration of unbound protein [P] equals the
concentration of ligand-bound protein [PL]). For a simple
binary protein—ligand mixture, the dissociation constant
K, is identical to the ICsq value.

In Table 3, a description of different techniques
employed in the measurement of binding constants is
presented, where AS('H,"°N) is the average weighted
change in 'N- or 'H-amide chemical shift in two-
dimensional 'H- or '’N-heteronuclear single quantum
correlation (HSQC) spectra, where [L] and K, are ligand
concentration and dissociation constants, respectively. The
AF and AF . is the change in fluorescence measured at
340 nm.

The relationship between ICsy and Ky (Eq. 5) for
competitive enzyme inhibition or competitive receptor
ligand studies is complicated by the additional presence of
substrate (S). Note that in such experiments, Ky the dis-
sociation constant and K, the inhibition constant can be
used synonymously:

Ki = IC50*Ku/([S] + Kn) (5)

where K; = equilibrium dissociation constant of the in-
hibitor ligand, ICsy = inhibitor concentration that pro-
duces 50% change in the measured effect, [S] = substrate
concentration used in the assay, and K, = substrate con-
centration (in the absence of inhibitor) at which the
velocity of the reaction is half-maximal.

The K; is an equilibrium dissociation constant cor-
responding to the concentration of the inhibitor ligand [I]
that would bind to half of the binding sites at equilibrium
(in the absence of other substrates). If [S] is small (usually
in the nanomolar range) and the ICsq is in the micro-
molar range, then measured ICsq still closely approxi-
mates the K.

FINDING NEW LIGANDS

Over the last 10 years, the pharmaceutical industry
invested in automating high-throughput screening (HTS)
methods that enable libraries of ligands consisting of over
250,000 compounds to be screened in biological assays. A
typical threshold for a hit is binding to or inhibiting a
ligand with a K; of less than about 10~ ¢ M. It was es-
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timated that it takes over 2 million trials to discover one
lead compound (roughly defined as a ligand that proceeds
to preclinical trials). A complementary approach to high-
throughput screening is a structure-based computer-aided
approach. A prerequisite is the availability of an accurate
three-dimensional structure of the protein target. The pro-
tein data bank PDB! now contains nearly 20,000 entries
mainly determined by protein x-ray crystallography. Of
these, over 650 are different domain folds,"" and 1700
are protein—ligand complexes.')

The structure of a protein’s ligand-binding pocket
provides a template into which novel (mainly inhibitory)
ligands can be designed and visualized with the aid of
computer graphics. The traditional method is to make use
of a known inhibitor complex and make small changes to
the ligand to modify the binding properties. This is
exemplified in the development of influenza neuramin-
idase antivirals.'"* Prior to the elucidation of the crystal
structure of influenza neuraminidase, N-acetylneuraminic
(Neu5Ac) inhibitors had K; values of above 1 uM.
Knowledge of the enzyme structure allowed the addition
of the bulky basic substituents at the 4-position to produce
the 4-guanidino-Neu5Ac2en. Known as Zanamivir, this
compound has a K; of 0.1 nM. An ester prodrug of a
cyclohexene—carboxylic derivative of Zanamivir called
GS4071 was resolved to 1.8 A (2QWK) complexed with
wild-type neuraminidase. GS4071 has subnanomolar
potency against Types A and B influenza neuramin-
idase.'"” An overlay of the crystal forms of wild-type
neuraminidase complexed with GS4071 and a carboxy-
amide analogue (G2800) can be seen in Fig. 1.

~ L

ASN294
ARG37L ™,
GLU277

TYR406
( Axc‘us

’ ; ﬂn\\?\"é‘z} ?JV 1{ ARG224
N s
GLUNY s
) % : ILE222

' TRPI78

Hydrogen bond

Fig. 1 A superimposition of two neuraminidase—inhibitor
complexes. (View this art in color at www.dekker.com.)
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Shown in Fig. 1 is a superimposition of the inhibitor
GS4071 and a carboxyamide analogue crystallized with
wild-type influenza neuraminidase. The clinical inhibitor
GS4071 (2QWK) and the carboxyamide analogue G2800
(2QWG) can be seen to be making a range of electrostatic
and hydrophobic interactions with the residues of the
sialic acid-binding pocket of wild-type influenza neur-
aminidase (blue).['?)

COMPUTATIONAL TECHNIQUES
IN LIGAND DISCOVERY

De novo Design, Database Mining,
and Fiitering

A more radical approach is to attempt the design of
completely novel entities in the binding pocket with the
required complementarity of shape and charge properties.
Computer programs such as LUDI"?! and SMoG!"*! use
libraries of small chemical building blocks to generate
such theoretical inhibitors.

Another related computational approach to ligand
discovery is the method of database mining. Here, the
HTS approach is essentially carried out in-silico. Libraries
of small molecules are converted to three-dimensional
structures using molecular mechanics methods incorpo-
rated into programs such as CONCORD''! and COR-
INA.'® These three-dimensional libraries of small
molecules can, in theory, contain almost infinite numbers
of potential ligands. In practice, it is convenient to
consider compounds that are already (commercially)
available. The Available Chemicals Database (ACD),[”]
for example, contains some 260,000 compounds and is
frequently used as the basis for database mining trials.

Further prescreening steps in the search for potential
drug ligands can be made by excluding molecules with
properties that make them unlikely to be biologically ac-

1 2
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cessible. These properties are summarized in Lipinski’s
Rules,""®! which are based on the fact that 2245 known
small molecular drugs (as cataloged in the USAN!*Y) show
poor absorption or permeation when the following occur:

1. There are more than five H-bond donors (expressed as
the sum of OHs and NHs).

2. The molecular weight is over 500.

3. The LogP is over 5.

4. There are more than 10 H-bond acceptors (expressed
as the sum of Ns and Os).

LogP is a partition coefficient defined as the ratio of
concentrations of a compound in aqueous phase to the
concentration in an immiscible solvent (e.g., octanol).
According to Ghose et al.,'*”! 80% of all drugs fall in the
range of 160-480 Da, with an average of 357 Da, and
have calculated log P values in the range of —0.4-5.6,
with an average value of 2.3. Theoretically, there are at
least 10'> compounds that would fit these Lipinski
criteria. (The estimate is based on molecules derived
from consideration of a tetrahedral lattice of 20 points,
each of which can be occupied by four possible
substituents.) Current HTS approaches, even using
libraries of 1 million compounds, are therefore sampling
less than one millionth of potential ligands.

Automated Docking

A number of computer programs are now available to
carry out the automated docking of molecules selected
from databases into the protein-binding pocket.

Shown in Fig. 2 is a schematic representation of the
stages of automated docking of ligands into a protein-
binding pocket. The stages include the generation of a
description of a binding pocket using spheres or grid
points (1), matching the ligand to the points or spheres
(2). Finally, the fitted ligand is given an energy score (3).

Fig. 2 Stages of automated docking.
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Table 4 Scoring functions employed in docking algorithms
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Docking
algorithm Scoring functions Attributes Ref.
GLIDE AGhinging = AGyg + AGhpond Z g, (Ar)g, (Ax) Screens at 6 min per ligand [24]
il
+AGetal Z f(tam) + AGiipo Z f(rm) Includes entropic flexibility
aM IL penalty
+AGrotHrot
AGy is a nonspecific energy term. AGppona Y u81(Ar)g2(Aa) is Lipophilic terms account for
an H-bond term between ligand and receptor atoms with an ideal long-range terms
bond length and angle deviation penalty. AG et avf{Fanm) 1S
a term accounting for metal atoms. AGyip, » 1 f(ri) accounts for Incorporates metal ligand
lipophilic atoms. AG,oH, is a flexibility penalty for frozen bonds. binding
GOLD Score = Y (—Epair — (Ejj + (Ejia + Eij))) Screens 12 min per ligand [25]
= —H-bond energy — ( Internal energy -+ Complex energy) The genetic algorithm (GA)
explores full ligand and partial
receptor flexibility
Epair is a weighted H-bond interaction energy term between
donor—acceptor atom pairs, accounting for water displacement. AG difficult to calculate,
Ej; is a ligand steric energy using 6—12 Leonard—Jones factors as only enthalpic consideration
accounting for dispersion of atom pairs caused by ionization is considered
and polarization. Ejjy is a ligand torsion angle value calculated
with a Tripos forcefield for four connected atoms. Eij is an Surface-accessible area term
energy distance constraint with a 4—8 Leonard—Jones potential, is not included
accounting for close contacts with a covalent bond energy term.
FlexX AG = AGg + AGyy X Nyt + AGpyp Z f(AR, Aar) Screens at 3 min per ligand [23]
natural hbonds Large number of ligand
+AG;, z F(AR, Act) 4 AGqro Z f(AR, Ac) conformations are generated
ionic int. aro int.
+AGiipo Z f*(AR) Lipophilic interactions are
lipo cont. accounted for
AGy, AGyy,, AGio, AGro, AG,y, are entropic terms that describe Limited to ligands with less
contributions made by nonspecific, H-bond, ionic, rotational, than 17-20 rotatable bonds
and aromatic interaction energies offset by an idealized penalty
function fIAR,Aa). AGy;p, includees lipophilic interaction
energy as a function of all pair-wise atom—atom interaction energies.
DOCKv4 Gbinding = O1A(SAyp) + f.VDW — 6,A(SA) + Gpol Screens at 7 min per ligand [22]
GB/SA

A(SApp) and A(SA) are a measure of change in hydrophobic
and total accessible surface areas. o;, o, are solvation
parameters for nonpolar atoms and a linear coefficient for
the scaling of van der Waals interactions 5 .VDW. G,
includes ligand-receptor electrostatic energy and partial
desolvation energy terms for receptor and ligand atoms.

The desolvation states of

ligand and receptor are included
in term accounts for hydrophobic
interactions

Effects of translational,
rotational, and conformational
entropy loss upon binding not
included in function
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The process allows for whole libraries of ligands to be
screened against a single binding pocket.
The steps in the process are as follows:

1. Generate a description of the binding pocket. This is
usually in the form of a set of grid points or spheres.

2. Match the ligand to the grid points by fitting atoms of
the ligand onto grid points that have appropriate
electrostatic properties.

3. Calculate an energy score showing how well the
ligand fits into the binding pocket.

4. Rank and order the hits.

The well-established DOCK algorithm!®!! generates a
sphere-filled inverse representation of the binding pocket,
subsequently matching thousands of ligand orientations to
the spheres. DOCK version 5% includes a desolvation
term in its scoring system to account for the shedding of
water upon ligand binding. The incremental construction
algorithm FlexX®* considers ligands as totally flexible;
fragment placing allows subsequent reconstruction of the
ligand within the receptor. The scoring function (Table 4)
is relatively computationally efficient and includes
entropic terms covering lipophilic, aromatic, and ionic
interactions. The GOLD (genetic optimization for the
ligand docking) program!*’ developed at the Cambridge
Crystallographic Data Centre (CCDC) employs a genetic
algorithm to fully explore ligand flexibility within a
partially flexible receptor. The scoring system uses
observations of nonbonded contacts from crystal struc-
tures to rank ligand orientations.

A BROAD SURVEY OF LIGAND CLASSES

For structural and thermodynamic data for a selection of
different classes of protein—ligand complexes, see Table 5.

Peptides: OppA Complexed with 8-Peptides

The structures of eight OppA—peptide complexes were
determined by protein x-ray crystallography!'” (Fig. 3a).
OppA is a peptide transport receptor in gram-negative
bacteria that binds a wide range of peptides between two
to five amino acids in length. In a study by Davies et
al.,!"% eight complexes of tripeptides K-X-K (X = ab-
normal side chain) were prepared, and the enthalpy,
entropy, and binding affinity were measured when bound
to OppA. The resultant K, values ranged from 15 nm-29
pm. The complexes revealed a rigid binding pocket with
well-ordered water molecules. The OppA system shows
preferential binding for hydrophobic groups over posi-
tively charged groups. Small differences in ligand side
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chains cause a disproportionately large effect on ligand
binding, resulting in an inability to rank or predict bind-
ing affinities within classes of ligands. Predictions of
binding affinities are complicated due to favorable en-
thalpy changes being offset by a compensating cost in
entropy change, making it difficult to correlate structure
with binding affinity. The observed water displacement
upon ligand binding associated with the Opp—A system
and the resultant enthalpy—entropy compensation makes
predicting binding affinities using scoring functions that
do not account for unreliable solvent interactions.

Peptides: Cyclophilin A Complexed
with Cyclosporin A

Cyclosporin A (CsA) is a cyclic undecapeptide that has
seven of the 11 amides in the N-methylated form and is
used as an immunosuppressent to prevent the rejection of
organs after transplant sugery. CsA’s immunosuppressive
qualities arise from the formation of a tightly bound
complex of CsA with Cyclophilin A (CypA); a ubiquitous
165 amino long cytosolic protein. The CsA/CypA
composite surface binds and inhibits the serine/threonine
phosphatase calcineurin, preventing further signal trans-
duction. The CsA/CypA complex was solved to 1.8 A
resolution. Analysis of 11 CypA/CsA derivative crystal
complexes by Kallen et al.*”! provides a useful database
of protein—ligand interactions, revealing the effect of
small chemical differences on hydrogen bond, van der
Waals, and water interactions. Only six of the CsA
residues form van der Waals or hydrogen-bonded contacts
with the binding pocket of cyclophilin. There is an
excellent complementarity of fit between the MeVal side
chain and the hydrophobic active site pocket of
cyclophilin, which is designed to accommodate proline.
There are five direct hydrogen bonds between CsA and
CypA and a solvent-excluded area of 150 Az, Despite
only half the residues being involved in the interaction
with the protein, there is a strong interaction with a Ky of
15 nM. The conformation of the ligand undergoes a
dramatic conformational change from its uncomplexed
state in organic solvents.

Macrolides: FKBP Complexed
with FK506 and Rapamycin

FKBP is the soluble receptor for the immunosuppressant
drug FK506 (see Fig. 3b). The native crystal structure of
FKBP as well as with FK506 and rapamycin-bound
forms were determined to a resolution of better than 2.0
APl A range of bound ligands describes the enthalpic
and entropic contributions caused by differing electro-
static, chiral, and solvation properties of the ligand. X-ray
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structures of a series of ligand molecules related to
dimethylsulfoxide were complexed with FKBP. The
structures allow for the correlation of physiochemical
properties with experimentally observed binding affini-
ties.”™ Analysis of macrolide and small-ligand FKBP
complexes reveals an active site cavity able to flex in
relation to the size of the bound ligand. Comparison of
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FKBP complexed with DMSO and methyl sulfinyl-
methylsulfoxide (DSS) shows similar protein and solvent
structures. The observed threefold increase in Ky in the
FKBP/DSS complex compared to DMSO can be contrib-
uted to increase in enthalpic (van der Waals) interactions
energy due to the presence of the methyl sulfide group.
The correlation of three-dimensional structure with

Fig. 3 (a) OppA K-HpH-K complex (1B1H.pdb); (b) FKBP-FK506 complex (1FKF.pdb); (c) FABP-palmitate complex
(2IFB.pdb); (d) ConA —dimannose complex (1I3H.pdb); (¢) HIV-I protease —cyclic urea inhibitor (IHVR.pdb). Pictures generated using
LigPlotv4.0. Source: From Ref. [26]. (View this art in color at www.dekker.com.)
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Fig. 3 (Continued).

ligand-binding data suggests that for each A? contact
between ligand and protein contributes between —0.1 kJ/
mol™ up to an estimated —0.5 kJ/mol binding energy."”’
FK506 binds to human FKBP with a K4 of 0.4 nM. With
an estimated 134 A? buried contact area, each A? contact
contributes — 0.4 kJ/mol binding energy.

Lipids and Fatty Acids:
FABP-Palmitate Complex

Fatty acid binding protein (FABP) is involved in fatty
acid transport (Fig. 3c). High-resolution crystal- and
NMR-derived structures of apo and holo forms of rat
intestinal FABP complexed with palmitate allowed
Bakowies et al.*®! to derive a 5 nsec molecular dynamics
(MD) simulation.’”®! The FABP family shares a common
B-barrel motif with a large internal binding cavity, which
when uncomplexed, contains 20 to 25 well-ordered water
molecules. Thermodynamic studies conclude that binding
is enthalpically driven but cannot distinguish between
entropic compensations between the ligand and water
effects. Side-chain H-bond interactions are consistent
between MD simulations and crystal structures, however,
crystal and NMR representations show poor agreement in
the apo-FABP form. The holo-FABP complex MD
simulation shows that palmitate ligand moves 3-4 A
back toward the cavity entrance. Crystal structures
overestimated the electrostatic contribution; while the
MD simulation shows that palmitate is able to sustain

substantial flexibility and motion while bound in the
protein cavity. The apo-FABP shows a high-density
droplet of water in the cavity center. The holo-FABP
complex reveals that water molecules are displaced from
the cavity by palmitate, with one water molecule being
replaced by three methylene fragments. The observed
high mobility of water molecules within the interior and
exterior of FABP when palmitate binds is due to a
combination of water droplet dispersion and a more
favorable exchange pathway via the portal region of
FABP. Displacement of several f-strands around the exit
channel observed in the NMR and MD representations but
absent from the crystal form of apo-FABP show the
importance of solvation on the overall protein structure.

Saccharides: Concanavalin-A
Complexed with Dimannose

The interaction of plant lectin concanvalin-A (Con A)
with different saccharides was studied in great depth and
provides a unique insight into protein—oligosaccharide
interactions. Sanders et al.!*! crystallized the structure of
Jack Bean Con A in complex with dimannose (Man-(ot1-
2)Man) to a resolution of 1.2 AP Comparison with the
complexed and uncomplexed forms shows that the water
displacement that occurs upon ligand binding forms a
network of well-defined H-bonds that helps to stabilize
the Con A—dimannose complex. The H-bonding network
provides an explanation for the observed preferences in
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binding o1-2 linked disaccharides. The formation of eight
direct hydrogen bonds (and seven indirect interactions,
with well-observed waters) between dimannose and Con
A combined with a buried contact area of 70.2 A2 gives a
K4 of 42 mM. The high resolution of the structure
revealed the protonation of an Asp208 ODI, a feature
that was unaccounted for in previous modeling studies
(Fig. 3d).

Steroids: Estrogen Receptor Complexed
with 17B-Estradiol and Raloxifene

Estrogens play an important role in tissue growth,
development, and homeostasis. These steroids mediate
their effects through direct interactions with a ligand-
inducible nuclear transcription factor termed the estrogen
receptor (ER), resulting in the activation or repression of
target genes. How estrogens mediated their biological
effects at the molecular level has been a source of
continuous debate. The cocrystallization of the endoge-
nous estrogen agonist 17B-estradiol (3.1 A) and the
clinically used selective antagonist Raloxifene (2.6 A)
with the a-estrogen receptor, respectively, by Brzozowski
et al. provided insight into the molecular basis of agonism
and antagonism of the ER.*”) Comparison between these
structures reveals that the large side chain of Raloxifene
protrudes from the cavity and causes a 10 A rigid body
displacement of one of the receptor helices (Helix 12).
The formation of three hydrogen-bond interactions and a
179 A? buried contact area between Raloxifene and the
ER results in Raloxifene having an ICsy of 0.2 nM. It is
proposed that the failure of Helix 12 to fully cap the
entrance of the binding cavity prevents the formation of a
competent transcriptional activation function (AF-2) site
that is able to effectively recruit coactivators. It is thought

Table 6 Online ligand—protein databases

Biological Ligands

that this observed helical rearrangement of Helix 12 leads
Raloxifene to behave as an antagonist in certain tissues.

Related in Table 5 are protein—ligand complexes
described with the number of intermolecular contacts
made and solvent-accessible surface area to thermody-
namic binding data. The number of H-bonds, inhibition
concentration (Kj), and change in Gibbs free energy (AG),
respectively, were taken from original sources. The
number of non-H-bonded contacts was generated using
the Ligand—Protein Contact software.®') The solvent-
accessible surface was generated using the Connolly?!
accessible surface of the ligand in isolation and when
bound in the protein (without water). The buried surface is
taken as the difference between these values. A probe
radius of 1.5 A was used with the implementation of the
Connolly algorithm within the modeling program WIT-
NOTP.™?

Synthetic Drugs: HiIV-1 Protease Inhibitors

In the fight against HIV, the National Cancer Institute
developed a database of HIV protease—ligand complexes.
The HIV-PR database'* holds the coordinates for 142
different crystal structures of HIV protease—ligand com-
plexes (Table 6). In conjunction with the Autodock3
docking package, a modified combined energy weighted
grid system was used to predict the correct ligand-binding
conformation for 21 of these complexes. The results
showed that the energy grid could allow structural flexi-
bility of the binding site and distinguish between ligands
that required water for binding. The cyclic urea inhibitor
that was tested, which does not require the presence of
water for binding to HIV protease, was accommodated
within the energy grid system, returning a predicted con-
formation close to that of the crystal structure.”>

Database Description Web address

LIGAND Contains compound, metabolic, and http://www.genome.ad.jp/ligand/
enzymatic information

RELIBASE Easy searching of protein-—ligand http://relibase.ccdc.cam.ac.uk/
complexes

PLD Binding data for 150 protein—ligand http://www-mitchell.ch.cam.ac.uk/pld/pld2.html
complex’s

BindingDB Database of measured binding affinities http://www.bindingdb.org

LPC Automated analysis of interatomic contacts http://bioinfo.weizmann.ac.il:8500/oca-bin/lpccsu/

in protein—ligand complexes
HIV Structure database of HIV proteases
Protease complexed with their inhibitors
Database

http://srdata.nist.gov/hivdb/




Biological Ligands

Described in Table 6 is a list of online databases that
hold thermodynamic data on protein—ligand complexes.

CONCLUSION

The event of ligand binding is thermodynamically
complex and is composed from a range of enthalpic and
entropic factors. Recent technological developments
allowed for improved experimental measurement of
ligand binding. Linking binding data to the type of
intermolecular forces observed within protein—ligand
complexes (Table 5 and Fig. 3) provides a route to
improving energy terms used in structure-based drug
design. Listed in Table 6 are online databases that give
thermodynamic and enzymatic information about selected
protein—ligand complexes. However, current techniques
can still only sample a small percentage of the total
available ligands. Increasingly, computational techniques
such as de novo design, database mining, and automated
docking are being employed to predict new sources of
protein—ligand interactions

The future prospects for this in-silco technology de-
pends on incorporating improved parameters for describ-
ing the dynamic effects of water and protein flexibility in
the system. The ability to achieve these computational
advances will be helped by the increasing number of high-
resolution crystal structures of protein—ligand complexes
becoming available in publicly accessible databases. Such
structures provide an opportunity for the detailed analysis
of the poorly defined factors that influence the strength of
protein—ligand interactions.
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INTRODUCTION

The ability to mimic and take advantage of the complexity
of living matter as a way to store and transfer information,
accelerate chemical reactions, selectively recognize chem-
ical species, self-replicate, and so on is at the basis of
supramolecular chemistry in the biological field. The
concepts that spurred the growth of supramolecular
chemistry came from the biological world, as scientists
started to comprehend the extreme difficulty (if not the
impossibility) of obtaining complex systems with specific
function just by connecting building blocks via covalent
synthesis. It is apparent that in the biological world, the
most challenging and intriguing systems express their
functions as collections of simpler elements held together
not by covalent bonds but by reversible, singularly weak,
interactions. Supramolecular chemistry was the response
of scientists to this clear evidence: complex structures able
to perform spectacular achievements can be obtained
minimizing chemical synthesis and relying on weak
interactions, i.e., the way molecules reciprocally commu-
nicate without the formation of covalent bonds."! In order
to do this, they had to master the way these weak inter-
actions (like hydrogen bonds, hydrophobic forces, for
instance) operate.

In order to address the characteristics of biological
models, we have to first define the basic principles of
biological systems that a supramolecular model may
mimic. Among the most important are selective molecular
recognition of a molecular entity; selective and highly
accelerated modification of a substrate (typical role of
enzymes); compartmentalization and selective transloca-
tion of chemical species across boundaries (typical role of
biomembranes); harvesting and transformation of energy;
and self-replication.

SELECTIVE MOLECULAR RECOGNITION

Molecular recognition relies on weak to moderate
forces," and the process depends critically on the struc-
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ture of the molecular partners involved as well as on
the nature of the surrounding solvent. Typical interac-
tions involved in molecular recognition are ion—ion, ion—
dipole, dipole—dipole, cation—m, m—m stacking, dispersion
(London), and solvent effects. The classical recognition
process requires two entities: the molecular receptor
(host) and the recognized molecule (guest). However,
self-recognition should not be overlooked, as it is one
of the most important processes in the biological world.
Self-recognition, for instance, is what dictates the fold-
ing of a protein into its secondary and tertiary struc-
tures. Those synthetic oligomers showing the property
to fold into a specific conformation following the in-
formation encoded in their synthesis were dubbed Folda-
mers.!*) Interesting examples are those constituted by -
peptides*>! (unnatural oligomers composed of B-amino
acids) that fold into a 3;4 helix already at the level
of a dodecamer. Even more striking are short oligomers
(six to eight units) composed of Cu-tetrasubstituted
unnatural amino acids'® that fold into 3;, helices. Prob-
ably the system most studied as a model for molecular
recognition is that constituted by cyclodextrins (CDs),
cyclic oligomers (six to eight units) composed of glucose
units with a doughnut shape and an hydrophobic interi-
or.""] This property led to the use of functional cyclodex-
trins as enzyme models (see below). However, as an
example to illustrate molecular recognition, we will show
a cage receptor for glucose able to extract the sugar from
an aqueous solution into an organic one.’™ This is
a challenging endeavor, because water is obviously an
excellent solvent for a saccharide. The molecule (Fig. 1)
comprises a rigid cavity (a tricycle), with amide groups
pointing inward into the cavity and suitable for hydrogen
bonding the sugar molecule. The design resembles key
structural motifs present in carbohydrate-binding proteins
that, as stated by the authors, ‘‘commonly place aromatic
surfaces against patches of carbohydrate CH groups while
accepting the hydroxyl groups into networks of hydrogen
bonds.”” This receptor has an affinity for D-glucose, which
is five times larger than that for D-galactose and > 10 times
that for D-mannose.
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Fig. 1 Structure of the macrotricycle receptor for the selective
extraction of glucose from aqueous solutions: the sugar binds
inside the cavity, taking advantage of the formation of a
hydrogen bonds network.

CATALYSIS

An essential prerequisite for enzymatic catalysis is the
binding of the substrate to the protein before its
transformation into products. The two processes (binding
and modification) may occur on different sites of the
protein. The binding site should not change during the
catalytic process, while, in the reactive site, bonds are
broken and new ones are formed, charge is developed or
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disappears."”! Accordingly, the mimicry of a recognition
site, compared with a catalytic site that is dynamic in
nature, iS much easier in a supramolecular system.
Supramolecular (enzyme-like) catalysts typically provide
the recognition site for a substrate, while they are much
less effective as far as the catalytic site is concerned.
Apart from the dynamic aspect mentioned above, a
catalytic site requires the refinement of the pKa of acids
or bases eventually involved in the process and accurate
control of the solvation of all species. Nevertheless,
effective supramolecular catalysts were reported, because
just the proximity of reactant and catalyst achieved upon
binding is enough to guarantee (sometimes) impressive
rate accelerations. A typical example is that provided
by cyclodextrins.!'" The hydrophobic cavity of these natu-
ral molecules was used to recognize substrates, while
the hydroxyl rim was used as a source of a nucleophile
for a transacylation process. By optimizing the substrate,
Breslow and collaborators''?! were able to achieve 6-
million-fold rate accelerations compared with the uncata-
lyzed hydrolysis reaction. The critical aspect stressed by
these systems is that a substrate, rather rigid and com-
plementary to the cavity, may be designed with the ester
group sitting precisely over the CD secondary side

MeO
N)\ X
MeO™ SN” N
e
MeO Mg\/: o )
N” "N o 0
! 0
oo SN x
CDMT
(coenzyme) substrate R
MeO
synthetic )\ _
holoenzyme NN X
MeO \NJ\N
e
O Nte, )Mg\/:o
0o 0y 0" —0
‘
synthetic
apoenzyme
enzyme substrate
OMe enzyme product complex
)\ complex
(e} N "N
< |
/©)\ 0~ N~ “OMe
R R'NH, o OMe

Fig. 2 Catalytic cycle for a CD-based artificial acyltransferase.
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Fig. 3 Tripodal polypeptide used as a biomimetic supramolecular catalyst for the cleavage of phosphate esters. The tren platform is an

allosteric control site. (View this art in color at www.dekker.com.)

hydroxyl group. Thus, the proximity is the source of the
rate acceleration. More sophisticated systems require the
modification of the cyclodextrin so that a catalytic site can
be designed by placing suitable functional groups. An
example!'¥ illustrating this point was recently reported by
Kunishima et al. They simply esterified one of the primary
hydroxyls of B-CD with N,N-dimethylglycine (see Fig. 2),
transforming it into a catalyst (holoenzyme) for the
amidation of carboxylic acids in aqueous solution. The
process requires 2-chloro-4,6-dimethoxy-1,3,5-triazine
(CDMT) as a coenzyme consumed during the reaction.
The results indicate that, in the catalyst, the substrate-
binding site (the CD cavity) and the catalytic site (the
dimethylamino group at the rim) must be linked to each
other in order to achieve substrate-specific amidation.
Other molecular receptors can be used as supramolecular,
biomimetic catalysts. For instance, Diederich'* function-
alized a cationic cyclophane with flavin and thiazolium
groups and obtained a pyruvate oxidase mimic. Pyruvate
oxidase is an enzyme that employs two cofactors: flavin
and thiamine-diphosphate to catalyze the transformation
of pyruvate to acetyl phosphate. The coexistence of the
two cofactors on the same molecular receptor makes this
molecule one of the most active artificial enzymes known
to date. In an attempt to mimic the catalytic site of a
nuclease we synthesized"”! the molecule shown in Fig. 3
by attaching three copies of an helical heptapeptide to a
derivative of tren (fris-aminoethylamine). The sequence
of each single peptide is designed in such a way that by
folding into an helical conformation, two ammonium
groups are placed on one side of the helix, and a
triazacyclononane ligand of synthetic amino acid ATANP
is placed on the other. The tripodal derivative can bind up
to four metal ions: one on the tren platform and three on
the triazacyclononane moieties. The tren site is used
to control the conformation of the molecule (like an
allosteric site in proteins), while the remaining triazacy-

clononane complexes define a catalytic site for the metal-
catalyzed hydrolysis of a phosphate. The metal complex is
active in the cleavage of a phosphate model of RNA, with
clear evidence of cooperativity between the metal centers.
Surprisingly, however, it is active as the free amine in the
cleavage of linear RNA. It appears that the allosteric site
is responsible for this behavior of striking selectivity in
the interaction with the substrate. By using natural
sequences the group of Baltzer'"® ') recently described
a series of fully synthetic polypeptides that are good
catalysts of the cleavage of esters. The molecules contain
42 amino acids and were designed to fold into a helix-
loop-helix conformation. The monomers dimerize into a
four-helix bundle that provides a shallow reactive site for
the substrate (Fig. 4). Here, the emphasis is on the careful
control of the properties of the catalytic units placed on

Fig. 4 Four-helix bundle formed by two helix-loop-helix
peptides. The self-assembly of the two monomers provides a
shallow reactive site for the substrate. (View this art in color at
www.dekker.com.)
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the reactive site. Thus, by introducing flanking amino
acids with charged side chains, the authors were able to
finely tune the pKa of the imidazole of the histidines so as
to maximize their cooperative role at the optimum pH for
the occurrence of the catalytic process. As stated above,
this is a major challenge for everybody trying to prepare
an artificial (supramolecular) catalyst. To conclude this
section, we will mention two extremes in the design of
supramolecular enzyme models. The first takes advantage
of putting together, in a polymer, several functional
groups and hydrophobic units. These successful molecules
were called synzimes.”">* The second is that repre-
sented by catalytic antibodies,'** where the catalyst is a
protein generated by the immune system against a model
of the transition state of the reaction under investigation.
The first is rude and devoid of any specific geometrical
design of the catalytic site, while the second is highly
sophisticated, although the recognition of the model of a
transition state does not necessarily imply acceleration of
the related reaction. Nevertheless, both provided promis-
ing results.

COMPARTMENTALIZATION
AND TRANSLOCATION

Biological membranes play a fundamental role in com-
partmentalizing and insulating the living cell from the
external medium. However, an organized trafficking of
molecules and ions across the membrane is needed to
sustain life. In nature, this traffic is regulated by a variety
of systems able to form ion channels or to act as molecular
carriers and to selectively affect the membrane perme-
ability.”** In particular, ion channels are formed follow-
ing two general approaches: the first rely on molecules
that, due to their peculiar structures, form a discrete pore
in the membrane as exemplified by the B-helix of the
gramicidin A dimer. The second is based on the hydro-
phobically driven self-assembling of amphipatic units in
the membrane that form a cluster where the hydrophilic
face of each unit points inward, defining a channel with a
polar inner surface (barrel-stave model).””>! Examples of
this include the ion channel proteins of the nervous system
in which the channel is formed by four or five homologous
a-helices containing several serine residues lining the
pore.1*®) Several other shorter peptides like peptaibols*”)
or nonpeptidic systems like amphotericin B are thought
to affect membrane permeability with this mechanism.
Supramolecular chemists undertook the ambitious chal-
lenge of preparing systems able to rival the natural ones.
Example of models inspired to both types of ion channels
described above are present in the literature. Recently, the
group of Ghadiri®® ! reported channel obtained from
self-assembled cyclic peptides. The key feature of these
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cyclopeptides is the presence of alternating L, D amino
acids, so that hydrogen bonding assembles them in a stack
of rings. This strategy resembles that adopted by gram-
icidin A. When the assembling of the tubes (diameter
> 7 A, depending on the size of the cycle) occurs in a
membrane, this leads to the alteration of its permeability
(Fig. 5, left). The group of Voyer™®! synthesized a 21
amino acid peptide composed of 15 L-leucines and six 21-
crown-7-L-phenylalanines: the sequence is such to allow
the partial alignment of the macrocycles, one over the
other, when the peptide adopts an a-helical conformation
(Fig. 5, right), forming a pore in the membrane. A similar
design was used by Matile in realizing a rigid oligo(p-
phenylene) rod functionalized with several monoaza-18-
crown-6 subunits.** Models based on the self-assembling
of amphipatic subunits were also developed. They are
based on peptides,’*® polyhydroxylated p-biphenyl oligo-
mers,*>! cholic acid,*® or polyhydroxylated steroid™”
derivatives. Often, the design of these systems is inspired
by the naturally occurring ionophores, amphotericin B
(AmB) and squalamine,®® which are thought to form
pores in lipid bilayers. The analysis of these two
ionophores made by Regen is interesting in understanding
how a biological model may be constructed.”*! AmB and
squalamine have different structures but share some
common elements: a long and rigid hydrophobic unit; a
hydrophilic chain that is linked to the hydrophobic unit
and can extend across its ‘‘face’’; and a polar head group.
On these bases, the author designed the sterol derivative
shown in Fig. 6, which mixes elements taken from
squalamine, like the sterol-based hydrophobic unit and the
polar head group, with the polyoxygenated chain, taken
from AmB. This derivative is able to affect the membrane
permeability of model liposomes with an activity and a
mechanism of action comparable with that of AmB."Y In
particular, it is suggested that the ionophore assumes a
folded conformation, like the one shown in Fig. 6, and is
inserted in the membrane with the sulfate and the
protonated amino group anchored to the surface of the
liposome. Eventually, clusters are formed where the
oxygenated chain points inward, toward a water-filled
pore. Furthermore, because the system is too short, the
alignment of two of these clusters is needed to span the
membrane across and alter its permeability.

HARVESTING AND
TRANSFORMING ENERGY

Photoinduced electron and energy transfer are fundamen-
tal processes in nature.*'! In photosynthetic organisms,
photoinduced electron transfer that induces conversion of
light into chemical energy begins when photonic excita-
tion reaches the so-called reaction center (RC). Usually,
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Fig. 5 Examples of systems able to form channels in membranes. Left: the Ghadiri’s self-assembled nanotube formed by
cyclopeptides. Right: The Voyer’s 21 amino acid peptide containing six 21-crown-7 L-phenylalanines. In a membrane, the peptide
adopts an o-helical conformation that allows the partial alignment of the macrocycles, one over the other.
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Fig. 6 Regen’s mimic of amphotericin B and squalamine. In the bottom left corner, the cartoon illustrates the proposed mode of action
of this ionophore.
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Fig. 7 A rotaxane that mimics the special pair/bacteriopheo-
phytin (BPh) arrangement and electron-transfer properties of the
bacterial photosynthetic reaction center.

light is trapped and transferred through a pool of well-
organized chromophores included in the light-harvesting
antenna protein. For example, in the bacteria Rhodopseu-
domonas acidofila, the light-harvesting system is formed
by two rings of noncovalently linked bacteriochlorophyll
chromophores (BCh), one consisting of nine pigments and
the other of 18 chromophores. This highly organized
structure enhances the spectral width of the light trapped
and the efficiency of energy transfer toward the RC, where
electron transfer to a quinone group generates a long-lived
charge separation state."**!

Energy-transfer and electron-transfer processes in-
spired many research groups, and a variety of systems
employing different chromophores were exploited.m]
Popular are tetrapyrrolic systems, the naturally occurring
chromophores in the photosynthetic reaction center. In
particular, supramolecular chemists are trying to repro-
duce the naturally occurring electron- and energy-transfer
processes occurring through noncovalently linked pro-
teins, using self-assembled systems. Sophisticated and
efficient models of the photosynthetic RC and antenna
systems were obtained."** For instance, Sauvage designed
the rotaxane shown in Fig. 7 that mimics the special pair
(SP, a closely associated dimer of BCh)/bacteriopheo-
phytin (BPh) arrangement and electron-transfer properties
of the bacterial photosynthetic RC."’! In the natural
system, the electron transfer from the excited state of SP
to BPh occurs at a rate of 3 ps™'. In the synthetic model,
the electron donor is a zinc porphyrin in its excited state,
and the electron acceptor is an Au(Ill) porphyrin. Light
irradiation of the zinc porphyrin chromophore is followed
by electron transfer to the gold porphyrin acceptor, which
occurs at a rate similar to the natural system (1.7 ps ).
The rotaxane structure is important, and in the absence of
the Cu(I) ion that positions the second phenanthroline
ligand in between the two porphyrin rings, the electron
transfer process is substantially slower (36 ps™').

Biological Models and Their Characteristics

Self-assembling of multiporphyrin arrays was also
exploited to model the properties of the antenna system.
For instance, using a cooperative self-assembly process
based on hydrogen bonding and metal-ligand interaction,
Hunter was able to assemble five porphyrin rings in a
well-defined structure in which a central free-base por-
phyrin is encapsulated in a spherical array of four zinc
porphyrins.[46] Light excitation of these peripheral chro-
mophores results in an efficient energy transfer to the
central one, mimicking the funneling effect of the antenna
system. A step forward is constituted by a self-assembled
array of 16 zinc-porphyrins delivering energy to a central
free-base porphyrin.W] '

SELF-REPLICATION

One of the peculiar characteristics of the living world is
the ability to self-replicate. Undoubtedly, reproducing
such a characteristic in the abiotic world is a demanding
challenge. Supramolecular chemists have done it. Histor-
ically, the first example is that provided by von Kie-
drowski,"® who reported evidence of self-replication in a
nonenzymatic nucleotide-based system. More exciting
examples were subsequently reported.?>" These sys-
tems rely on the fact that the product of a reaction
recognizes the reactants and catalyzes their transforma-
tions into the product. A typical problem of these systems
is product inhibition, circumvented by von Kiedrowski by
using solid-phase cycling. Examples of self-replicating
peptidest®! were also reported by Ghadiri'>->* and
Chmielewski.”>7! These systems take advantage of
Kent’s chemical ligation strategy for the formation of a
peptide bond.® Recent advances comprise the mimicry
of many fundamental properties of living systems, like
sensitivity to the environment,[sg] sensitivity to chirali-
ty,[® and ability to correct errors.'®l A recent example
from the work of Chmielewski'®* provides an illustration
of the principle. Two halves of the peptide I, namely, Ia
and Ib (Fig. 8), are subject to ligation under Kent’s
conditions in the presence and absence of I. Peptide I
provides a remarkable rate acceleration to the process due
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Fig. 8 A self-replicating system. Peptide I binds the two halves
of I (actually a coiled-coil trimer, I3), acting as a template, and
placing Ia and Ib in the correct position for the occurrence of the
ligation reaction.
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to the binding of the two halves to I (actually a coiled-coil
trimer, I3) that acts as a template, thus placing Ia and Ib in
the correct positions for the occurrence of the ligation
reaction. The relative stability of the coiled-coil com-
plexes appears to be the basis of the enhanced catalytic
efficiency and low product inhibition of this system. A
step forward into complexity in self-replication is provid-
ed by many of the systems described by Luisi and his
group.[63‘65 ! The basic idea behind this chemistry is that
the lipid aggregates that are the constituents of a liposome
(or vesicle) provide the elements for the minimal reaction
vessel, a protocell, where reactions pertinent to living
systems may occurr. ¢! They were able to show that under
appropriate conditions, these lipids can be continuously
generated from a precursor, thus providing new constitu-
ents for new vesicle formation. If the vesicles catalyze the
process of the generation of the constituent lipids from the
precursor, the system becomes self-replicating. This
proved to be the case, and self-replicating vesicles were
reported. Now the system can be even more complex, in
that self-replication may be controlled via a competing
reaction that consumes the lipids. Depending on the
conditions, the relative rates of lipid formation (v¢) and
consumption (v.) may be such as to produce the growth of
the vesicles (v¢ > v.), their death (v¢ < v.), or homeostasis
(ve = v¢). A chemical model for such a system was re-
ported.'®” The basic component of this chemical model is
a vesicular solution composed of an oleic acid/oleate lipid
mixture charged with dihydroquinidine and OsO,. These
vesicles are continuously fed with oleic anhydride that is
hydrolyzed in the oleic acid/oleate bilayer thus providing
the source of new lipids (and, hence, new vesicles) and an
oxidizing agent [K3Fe(CN)g]. This latter oxidizes the cis
double bond of the lipid in a process that is OsO, cat-
alyzed. If the hydrolysis reaction induces the growth of the
vesicles, the oxidation one brings about their destruction,
because the dihydroxystearic acid derivatives produced do
not form vesicles. The careful control of the conditions
leads to ve=v. and to homeostasis of the system. As
pointed out by the authors, the model is primitive, but it
sets the basis for the obtainment of more complex and
biologically relevant systems and, perhaps, to a metabolic
model of a cell.

CONCLUSION

The mimicry of biological systems and, even more
interesting, the synthesis of molecules working on the
basis of the same principles that govern the natural ones
but with unprecedented properties, are the challenges that
supramolecular chemistry faces in this new century. The
overview provided above gives readers an idea of some of
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the avenues chemists working in this field are undertak-
ing. More exciting results are expected in the future.
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INTRODUCTION

A biomaterial is any natural or synthetic material that is
employed as, or part of, a medical device. Typical mate-
rials include metals, ceramics, glasses, polymers, and
tissue-engineered materials. The requirements of a bio-
material are that it should have the correct properties
to allow it to achieve its intended function and be bio-
compatible. Over recent decades, there have been many
developments in biomaterials research. Some of these de-
velopments have involved a movement from the use of
inert materials to more sophisticated ones, which actively
invoke a beneficial response from the body.

WHAT ARE BIOMATERIALS AND
WHY DO WE NEED THEM?

Biomaterials are natural or synthetic materials that can be
used as, or part of, a medical device to augment, repair, or
replace a natural tissue within the body. They include
tissue from the recipient’s body (autograft), from another
human being (allograft), from an animal of another spe-
cies (xenograft), or a synthetic substitute. In this article,
emphasis will be given to synthetic materials (metals,
glasses, ceramics, polymers, and tissue-engineered mate-
rials) and some of the recent developments in this field.

The types of medical devices that require biomaterials
are wide ranging across most medical disciplines.“] Ar-
tificial heart valves, contact lenses, drug delivery im-
plants, urinary catheters, and replacement hip joints are
just a few examples that demonstrate where biomaterials
can be employed in the body.

Medical devices, and hence biomaterials, are becoming
increasingly important in developed countries due to
changes in society. With increasing life expectancy and
better health care, people expect to remain active into their
seventies and eighties. An increase in leisure time has led
to an increase in injuries from sports, e.g., skiing. Fur-
thermore, diseases such as heart disease and diabetes,
which have become more prevalent in recent decades,
require biomaterials to provide long-term solutions rather
than the palliative treatments currently available.'*!
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In the U.K., there is a demand for medical devices that
are quick and easy to implant, that minimize postsurgical
complications, and that last the intended duration.'” The
importance given to this demand is demonstrated by the
‘‘Building up Biomaterials’’ program, which was re-
cently launched by the Department of Trade and In-
dustry. This program aims to promote the growth and
competitiveness of the Biomaterials industry in the U.K.
by bringing together clinicians, researchers, and the
medical device industry.

GENERAL REQUIREMENTS
OF A BIOMATERIAL

The two principal requirements of any biomaterial used in
a medical device are that it should have the correct phys-
ical properties in order for it to perform its intended
function, and it should be biocompatible. Other require-
ments are that it can be easily manufactured and can
be suitably sterilized. There are various sterilization
methods; the use depends mainly on the material being
sterilized. Gamma-ray or high-temperature sterilization
methods, for example, are unsuitable for polyurethanes, as
they produce toxic and carcinogenic compounds.™!

The physical properties of a biomaterial include me-
chanical properties, such as stiffness, strength, and du-
rability, together with other properties, such as oxygen
permeability. The properties need to be suitable for the
intended lifetime of the implant, which can range from the
few weeks required for resorbable sutures to the lifetime
of the patient receiving a hip replacement.

Biocompatibility essentially means that the material
produces no adverse response from the body; this may be
toxic, allergenic, carcinogenic, or mechanical. However,
the body can tolerate even nonbiocompatible materials if
the quantity of the material is small enough. Adverse
responses can arise in response to chemical or particulate
products that are released from a biomaterial. Metals, for
example, are particularly susceptible to corrosion by body
fluids, and the products of corrosion, such as metallic ions,
salts, and oxides, can induce an immune response.w
Particles, resulting from mechanical wear of an implant,
may also invoke an immune response, even if this would
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not be induced by the bulk material.'” Not only can loss of
material from an implant lead to an adverse reaction, but it
can also compromise the integrity, and hence function, of
the device.

As well as physiological effects, implants can have
adverse mechanical effects. Ideally, the mechanical prop-
erties of an implant should be compatible with those of the
surrounding tissues. Large differences in stiffness though,
can result in high interfacial shear stresses. The result-
ing micromovement may then lead to loosening and
eventual failure of the implant. A difference in stiffness
also changes the distribution of mechanical stress on the
surrounding tissues. This can cause the tissue to de-
generate or remodel. In hip replacements, for example, the
high stiffness of the implants compared to the bone of the
femur can reduce the stress in the bone.') This stress
shielding’’ results in the bone being resorbed by the body.
It is also hypothesized that modified stress distributions
may result in continuing pain for the patient.!”’

TYPICAL BIOMATERIALS
Metals

The metals commonly used in medical devices are
stainless steel (Types 316 and 316 L), cobalt-chromium-
based alloys, titanium, and titanium-based alloys. Metals
are used extensively in orthopedic surgery for load-bear-
ing devices, such as artificial joints and fixation devices
(wires, pins, screws, fracture plates, etc.). Other metals
include tantalum, gold, and mercury alloys; the latter two
are used predominantly in dentistry.

One of the main problems of metallic orthopedic
implants is that they are much stiffer than the natural
tissues they replace (see Table 1). As described above, a
difference in stiffness between adjacent materials can lead
to a number of problems, including loosening as a result of
micromovement and bone resorption due to stress shield-
ing. Adequate fixation of an orthopedic implant to the

Table 1 Typical material properties of metals and bone

Material Elastic modulus (GPa)
Stainless steel 200

Co-Cr-Mb alloy 230

Titanium 110

Cortical bone 12-17
Cancellous bone 0.1

Cortical bone is a dense structure located at the surfaces of bones;
cancellous bone is an open pore structure located internally.
(From Ref. [5].)
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surrounding bone is therefore of paramount importance. It
can be achieved using a number of methods, such as
interference fitting, screws, poly(methyl methacrylate)
bone cement, and coatings to achieve a chemical bond or
porous ingrowth."’

Titanium may appear to be the ideal metal, as its
stiffness is the closest to bone (Table 1). It has the lowest
density (nearly half that of the other two metals), and it
has the highest resistance to corrosion due to the for-
mation of a nonreactive layer of titanium oxide on the
surface of the metal. However, its shear strength is low,
making it unsuitable for use in screws and bone plates. It
also has a high coefficient of friction when in contact with
itself or another metal, making it unsuitable as a load-
bearing surface.

Stainless steel, which is typically used for bone plates,
screws, and nails, is particularly susceptible to corrosion,
although its chromium and molybdenum content (about
17% and 3%, respectively) helps to make it more resistant.
Cobalt-chromium-molybdenum alloys exhibit excellent
durability and strength, making them apposite for artificial
joints, although their coefficients of friction make them
unsuitable for load-bearing surfaces.

One interesting alloy of titanium and nickel, called
Nitinol, exhibits shape-memory properties. Below a par-
ticular temperature (the transformation temperature), the
crystal structure of the alloy is such that it can be plas-
tically deformed (martensitic). As the alloy is heated, the
crystal structure alters to one that is more ordered and
rigid (austenitic), and the deformed metal reverts to its
original shape.®! This effect has been exploited in a
number of devices, including a stent (a device used to hold
open passageways such as arteries). The stent is placed
inside a small-diameter catheter for insertion into the
body, where it expands on being warmed to body tem-
perature.'®!

Tantalum, which is used for a number of applications,
was recently made into a porous material that could be
used for bone reconstruction. The porous structure is made
by depositing the metal onto a vitreous carbon scaffold
using chemical vapor deposition/infiltration techniques.
Its low structural density means that its stiffness (2.5-4
GPa) is closer to that of natural bone than the solid metal,
and the porosity means that bone can fully integrate into
the structure, forming an excellent bond.™’

[9]

Ceramics and Glasses

Ceramics, such as the commonly used Alumina (A1,03)
and Zirconia (ZrO,), tend to have a very high elastic mod-
ulus (around 400 GPa), have a low coefficient of friction,
and are resistant to wear. These properties make them
useful as the load-bearing surfaces in orthopedic implants,
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such as hip prostheses.[6] Another of their properties,
which leads to them being popular for dental applications,
is their inertness, which makes them very biocompatible.
However, more interesting ceramics exist that, rather than
being inert, provoke a beneficial response from the body.

Calcium phosphate is a mineral found in several dif-
ferent forms, including hydroxyapatite, f-whitlockite, and
tricalcium phosphate. The crystal structure of hydroxyap-
atite [Ca;o(PO,4)s(OH),], is similar to that of the calcium
and phosphate apatites that are present in the mineral
phase of bone. It was found that if a metallic implant
is coated with a calcium-phosphate-based material, the
formation of bone around the implant is accelerated,
and surface contact in the early stages of healing is
improved."'®'! This is because, in addition to provid-
ing a porous surface with which the bone can integrate,
the coatings are able to form a direct chemical bond
with the bone.

Bioactive glasses are another type of material that ac-
tively promote a useful response from the tissue into
which they are implanted. Bioactive glasses are a family
of glass materials made from Na,0O-CaO-P,05-SiO,.
Certain formulations of these glasses are able to form very
strong bonds with bone. When the glass is exposed to
fluids in the body, a 12-stage reaction occurs''* that in-
volves formation of a hydroxyl carbonate apatite (HCA)
layer on the outer surface of the glass. It is this outer
layer that is thought to be crucial for bonding to bone
to occur.

A smaller subset of the bioactive glasses can also form
bonds with collagen.!'? In vitro tests showed that the
collagen fibrils integrate into the outer HCA layer. This
is similar to the way that collagen fibrils in natural tissues
such as cartilage, ligament, etc., bond to the underlying
bone. Hence, bioactive glasses have the potential to
provide a solution to the problem of how to attach re-
placement soft tissues such as ligaments or the menisci of
the knee. .

The main drawback of bioactive glasses is their brittle
properties and insufficient strength, making them unsuit-
able for load-bearing applications. However, combining
them with polymers was shown to improve the mechan-
ical properties while retaining the bioactivity.''*

Polymers

Many different polymers are used in a variety of medical
devices.”! These range from ultrahigh-density poly-
ethylene, which is used as the load-bearing surface of
artificial joints,m to much softer elastomers, such as sili-
cones, which are employed, among other uses, as finger
joint replacements and maxillofacial prostheses.

One particular class of polymers that absorb and retain
significant amounts of water are called hydrogels. The
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water in a hydrogel is retained in the gel by hydrogen
bonding to hydroxyl groups along the polymer backbone.
Over the years, there has been considerable controversy
on the exact state of the water."¥ However, some of the
most recent research, using thermal analysis, suggests that
the water is present as three different phases in dynamic
equilibrium. !

Hydrogels have many actual or potential uses—most
notably as contact lenses, wound dressings, coatings, and
drug delivery systems.""® The hydrophilic nature of hy-
drogels, plus their high water content, makes them ex-
tremely biocompatible. As a coating on a device such as a
catheter, particularly in combination with antimicrobial
agents, they can help prevent the buildup of bacteria that
may otherwise lead to blockage and infection.

As a contact lens, their soft rubbery properties make
them comfortable to wear. However, one of their limi-
tations is the high water content and thin cross section
required to achieve sufficient oxygen transport to the
cornea. This is extremely important, as the cornea does
not have its own vascular supply and relies on obtaining
oxygen in this way. _

The more recently developed silicone hydrogels have
the potential to solve this problem because although they
have relatively low water contents (about 30%), in com-
parison to the conventionally used hydrogels, their oxygen
permeability is far higher.!'”! This characteristic, com-
bined with their good biocompatibility, has allowed them
to be manufactured into lenses that can be worn con-
tinuously for up to a month.

Another exciting development for hydrogels is self-
assembly.!"®! Self-assembly means that the constituent
molecules of a material organize themselves, under ther-
modynamic equilibrium, into a well-defined and stable
configuration, held together by noncovalent bonds. The
structural form of the molecules determines the way they
fit together, and this can be influenced by environmental
factors including temperature and pH value.'®!

Biodegradable polymers, as their name suggests, slow-
ly degrade once they are implanted into the body. Several
biodegradable polymers have been approved for implan-
tation [poly(glycolide), poly(lactide), poly(e-caprolac-
tone), poly(dioxanone), and their copolymers] and have
been manufactured into a number of medical devices,
such as sutures, screws, and tissue repair barbs."'”! One
advantage of using a biodegradable material is that ad-
ditional surgery to remove a temporary device is unnec-
essary. Also, in applications such as fixation of a broken
bone, the gradual degradation of the device means that
load is transferred to the bone as it heals; this can help the
bone regain its complete strength.

Degradation occurs due to hydrolysis of the poly-
mer backbone or by enzymatic attack, which breaks the
polymer into increasingly smaller units. The resulting
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compounds may then dissolve into the surrounding body
fluids or may be metabolized and excreted by the body
[e.g., lactic acid removed as a product of poly(lactide)].

Tissue-Engineered Materials

Tissue engineering is perhaps most memorable to many
people as an image of an ear growing on the back of a
mouse.””! Currently, the only commercially available
product is skin grown from human fibroblasts on a bio-
degradable mesh. However, research continues toward
achieving the ultimate aim of growing a fully functioning
tissue or organ using cells from the patient’s own body
(e.g., Ref. [21]).

One of the potential benefits of tissue engineering is
that it could-eliminate the need for donor tissue and organs,
which are in short supply. Additionally, there is less likely
to be the problems of rejection or disease transfer that
occur when using allografts or xenografts.

Essentially, the technique involves seeding cells onto a
scaffold and providing them with the appropriate nutri-
ents, growth factors, and environmental conditions.??
When they sufficiently proliferated, the structure can be
implanted into the patient, where it becomes integrated
into its surroundings with the formation of blood vessels,
etc. The scaffold not only determines the shape of the
tissue but can also provide mechanical support as it de-
velops. Once the tissue forms, the scaffold becomes re-
dundant. Hence, materials for scaffolds are ideally made
from synthetic biodegradable polymers, as described in
the previous section, or from natural polymers such
as collagen.

Fabrication of a three-dimensional scaffold can be
achieved using a number of methods. One technique that
was recently explored is fused deposition modeling
(FDM). This is a rapid prototyping method, where the
material [poly(e-caprolactone)] is heated to just above its
melting temperature and extruded as a thin thread that is
laid down in layers.!**! Effectively, any three-dimensional
structure can be made providing there is a computer file
describing its geometry; this has useful applications for
defining scaffolds from medical images.

The future success of tissue engineering is heavily
dependent on understanding what external factors influ-
ence cell behavior (e.g., cell attachment, proliferation,
migration, and expression of extracellular matrix). The
laying down of extracellular matrix components such as
collagen, for example, is important for growing tissues
like ligaments, which require the collagen to be aligned in
a specific direction.”® So far, various external stimuli
have been shown to influence cell behavior. These include
surface topography in the form of grooves or surface tex-
ture and mechanical deformation.'*?!
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CONCLUSION

Since the first metal implants used in the early part of
the twentieth century, biomaterials for use in medical
devices have developed significantly. In the last few
decades, materials technology has become more sophis-
ticated, and there has been a move from the use of
passive, inert materials toward ones that interact with the
body to elicit a beneficial response or more closely
mimic the natural tissues. However, there is still a need
for further developments, and a recent report highlighted
the desperate need for new biomaterials in all clinical
disciplines.™

In the shorter term, improvements in existing materials
are required. For example, 10% of hip replacement
operations are revision surgeries. These are more techni-
cally difficult than the primary surgeries, are considerably
more expensive, and tend to be less successful.[?! Hence,
improvements can still be made in the materials used for
hip prostheses and the methods used to fix them in place.

Over the longer term, a demand exists for materials that
can provide permanent solutions. Tissue engineering may
provide solutions to some of these needs in the future.
However, despite recent success in this area, the devel-
opment of functional tissue may still be a long way off.
For example, it was estimated that it may take another 10—
15 years to develop tissue-engineered kidneys."! Further-
more, for load-bearing tissues such as ligaments, the mere
development of a material with suitable mechanical prop-
erties is only one concern. A major problem that requires
resolution, is how to attach the ligament to the bones.
However, as previously described, bioactive glasses may
provide a solution.

In this article, the various biomaterials described have,
in general, been considered separately. However, the use
of biodegradable polymers in tissue engineering'®! and
the fabrication of hydrogels by self-assembly!*”! suggest
that future developments in biomaterials research may
benefit from an increasingly integrated approach.
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INTRODUCTION

Enzyme-substrate, antibody—antigen, and other protein—
ligand interactions are representative constituents of bio-
logical supramolecular systems. The structure and func-
tion of some of these biological supramolecular systems
were mimicked by chemists in order to construct synthetic
counterparts such as host-guest compounds, self-assem-
bled monolayers and ordered multilayers, and related mo-
lecular assemblies. On the other hand, little was reported
on the development of artificial supramolecular systems
that use proteins as building blocks. Described in this
article is the fabrication of biosensors using protein-
based supramolecules based on avidin—biotin and lectin—
sugar interactions.

BIOSENSORS

Biosensors comprise a class of analytical devices that are
fabricated by combining transducers, such as electrodes
and optodes, with biological materials, including enzyme,
antibody, and other proteins, for medical, environmental,
or industrial applications. The biological materials are
. usually immobilized on the surface of the sensing part of
the transducers in order to fabricate biosensors. Therefore,
the technique of protein immobilization is crucial for
developing high-performance biosensors. Numerous pro-
cedures for protein immobilization, including physical
adsorption, entrapment into a polymer matrix, covalent
bonding to a reactive surface, self-assembling on the
surface, and others were reported. Physical adsorption is a
convenient and simple way to immobilize proteins on the
surface of the transducer, because proteins tend to be
adsorbed more or less to any type of solid surfaces. Thus,
the surface of the transducer can be modified irreversibly
by immersing the transducer in an aqueous solution of
dissolved proteins, which are then adsorbed into the
transducer. However, this protocol suffers from the
drawback that proteins often lose their biological activity
due to denaturing on the surface (i.e., surface-induced
conformational changes), resulting in a short life of the
sensor. This drawback can be overcome by entrapping
proteins into a polymer matrix on the surface of
transducer, because the proteins are entrapped in organic
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materials without direct contact with the surface of trans-
ducer. On the other hand, covalent bonding and self-as-
sembly of proteins on the surface are sophisticated tech-
niques that enable one to design structures and functions
of sensors, although training to learn certain skills is often
required. Recently, attention was devoted to the molec-
ular-level modification of the surface of an electrode with
proteins, in which the electrode surface is covered with a
nanometer-sized thin film. One of the advantages of the
molecular-level modification is that rapid-response sen-
sors can be fabricated by removing the conventional type
of thick membrane from the surface of the electrode.
Another merit is that this method makes it possible to
arbitrarily tune the performance of the sensors on the basis
of the molecular-level design of the protein film.

AVIDIN-BIOTIN SYSTEMS

Avidin is a tetramer protein (molecular mass: 67,000)
found in egg white, and each subunit of avidin contains a
binding site to biotin and forms a highly stable complex
noncovalently (the binding constant; 10" MY (Fig. 1.t
Therefore, a single avidin molecule can accommodate up
to four biotin molecules simultaneously. This strong and
specific binding led to its widespread use in diagnostic
and biochemical assays in which the formation of prac-
tically irreversible complexes is required. This is because
avidin binds not only biotin but also its derivatives, with a
carboxyl side chain that is modified covalently with pro-
tein and other macromolecules. Many kinds of activated
biotins for labeling and biotin- or avidin-labeled reagents
were developed for this purpose and are now commer-
cially available.

A crystallographic study of avidin shows that the
interactions include a hydrogen-bond network between
the biotin ureide group and amino acid residues in the
binding site, an interaction between the biotin sulfur atom
and hydroxyl group of threonine in avidin, and a hydrogen
bond between carboxylate in the biotin side chain and
protein backbone.”* Among these, the first interaction
plays a dominant role in biotin binding. In the binding
pocket, several polar residues are available, including
asparagine, tyrosine, serine, and threonine, which par-
ticipate in the network of hydrogen bonds with biotin
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Avidin Biotin Complex

Fig. 1 Avidin—biotin complexation.

ureide groups. In addition, the contributions of hydropho-
bic and van der Waals’ interactions between biotin and
aromatic residues in the binding pocket were also sug-
gested. Avidin is a tetrameric protein with 222 molecular
symmetry, and each subunit is organized in an eight-
stranded antiparallel orthogonal p-barrel." An avidin mol-
ecule (tetramer) is in a cubic-like shape (ca. 5.5 x 6 x 4 nm).
The binding sites to biotin are arranged in two pairs on
opposed faces of the molecule. The two binding sites on
the same faces (6 x 5.5 nm) are separated 2-2.5 nm from
each other.”” The shape and size of avidin makes its use
promising as a building block for constructing supramo-
lecular protein architectures.

BIOSENSORS MODIFIED WITH
AVIDIN-BIOTIN ARCHITECTURES

Electrochemical biosensors are usually fabricated by
immobilizing enzymes or other functional proteins on
the surface of electrodes. Illustrated in Fig. 2 is a typical
structure and reactions involved in a glucose sensor
fabricated by immobilizing glucose oxidase (GOx) on the
surface of a metal electrode. The chemical events on the
electrode surface induced by GOx can be transferred into
the output signals (i.e., electric current). Thus, the im-
mobilization technique of enzyme is crucial to the de-
velopment of high-performance biosensors. Therefore,
many techniques were developed for immobilizing pro-
teins. Early studies of enzyme biosensors often employed
thick polymer membranes (thickness: 0.01-1 mm) in
which enzymes are physically or chemically anchored.
They sometimes suffer from such drawbacks as insuffi-
cient reusability and slow response due to the suppressed
diffusion of analytes in the thick polymer membrane. To
overcome these problems, attention was recently devoted
to the molecular-level modification of electrode surfaces
(thickness: 10-100 nm) with enzymes or other proteins.
An avidin-biotin system was employed for this purpose.
For another example, in 1989, Walt and coworkers
immobilized biotin-modified enzymes (urease, esterase,
and penicillinase) on the surface of biotin-modified
optical fibers using avidin as a binder.!”! They demon-
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strated the general use of this procedure in immobilizing
any kind of enzyme. Gunaratna and Wilson also used an
enzyme column in which enzymes were immobilized
through avidin—biotin complexation.'”!

It may be possible to build up a two- or three-
dimensional architecture composed of proteins, using av-
idin and biotin-labeled enzymes as building blocks. An
enzyme multilayer (illustrated in Fig. 3) would be con-
structed using enzymes tagged with more than two biotin
residues, because avidin contains four biotin-binding sites
per molecule. The biotin-binding sites are fortunately lo-
cated in two pairs on the opposing faces of an avidin
molecule. In order to check the possibility of multilayer
formation, we immobilized fluorescein-5-isothiocyanate
(FITC)-conjugated avidin and biotin-labeled GOx alter-
nately on a quartz slide and monitored the absorption
spectra of the modified slide.”® A silylated quartz slide
was immersed in FITC-avidin and biotin-labeled GOx
solutions alternately and repeatedly, which provided both
sides of the slide with the protein multilayer. FITC-avi-
din is immobilized in each layer as a roughly monomo-
lecular layer.

An electrochemical technique, cyclic voltammetry
(CV), was employed for further characterization of the
GOx multilayer film."”’ In the GOx-catalyzed oxidation
reaction of glucose, a cofactor flavine adenine dinucleo-
tide (FAD), which is contained at the active center of
GOx, oxidizes glucose to gluconolactone. The resultant
FADH, is converted back to the active FAD form by O,.
In the conventional type of enzyme sensor, the H,O,
generated from O, is oxidized at the electrode surface. It
was reported that a GOx-catalyzed reaction can be
mediated by synthetic redox compounds such as hydro-
quinone and ferrocene.'®"*! These redox compounds
mediate electron relay from FADH, in GOx to electrode
(i.e., electron mediator). In this situation, the magnitude of
oxidation current in CV of the electron mediator would be
a function of the loading of the enzyme on the electrode
surface. Therefore, the CV measurements in the solution
of a constant amount of dissolved mediator and glucose

Glucose + O2

Electrode

7% Gluconolactone + H202
Z

ﬂ

”

o -
Z
7 Oz +2H*

: GOx

Fig. 2 Chemical reactions of a glucose sensor.
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Fig. 3 Enzyme multilayer films composed of avidin and
biotin-labeled enzymes.

reveal the loading of GOx immobilized on the electrode.
Thus, the oxidation current in CV was measured in the
presence of ferrocenemethanol as mediator. The oxidation
current depended linearly on the number of GOx layers,
confirming that the present procedure can afford an
enzyme multilayer composed of layers containing a con-
stant amount of GOx.

A merit of enzyme multilayer films is that two or more
different kinds of enzymes can be assembled simulta-
neously in the film, resulting in multienzyme biosensors.
As an example, we prepared interference-free glucose
sensors by assembling ascorbate oxidase (AOx) together
with GOx on the Pt electrode.""*! Glucose sensors often
suffer from interference arising from the direct oxidation
of oxidizable substances such as ascorbic acid (vitamin C)
and uric acid in biological fluids.'">! For the elimination of
ascorbate interference, the enzyme multilayers composed
of 10 GOx layers and an additional 10 AOx layers were
assembled by depositing avidin and biotin-labeled GOx
and AOx in a stepwise formation. In this glucose sensor,
ascorbic acid is oxidized to an electrochemically inactive
dehydroascorbic acid in the outer AOx layer, and the
interference can be eliminated. Another example of the
bienzyme multilayer-modified sensor includes acetylcho-
line sensors prepared using choline oxidase (ChOx) and
choline esterase (ChE).[16J

It should be noted here that the avidin-biotin system
can be applicable to the construction of many different
types of protein architectures containing enzymesm*w]
and antibodies.”>*" The biggest advantage of an avidin—
biotin system is that the proteins can be strongly
immobilized through biological affinity without cross-
linking or chemical bonding, resulting in acceptable long-
term stability.

LECTIN-SUGAR SYSTEMS

Lectins are made up of a group of sugar-binding proteins
widely found in plants and animals. Concanavalin A (Con
A) is isolated from jack bean (Canavalia ensiformis) and
is studied extensively among lectins. Con A (molecular
mass: 104,000) is known to contain four identical binding
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sites to o-D-mannose and o-D-glucose (binding constant:
10°-10° M~ 1).12223) Therefore, if an enzyme molecule is
labeled with several residues of mannose or glucose units,
one can expect that an alternate deposition of Con A and
the sugar-labeled enzyme gives multilayer structures, as in
the case of an avidin—biotin system. Glycoproteins can be
used directly as materials for this purpose, because they
inherently contain sugar chains on the surface. In case
proteins do not contain a sugar chain, the surface of the
protein may be labeled with sugar by using phenyliso-
thiocyanate derivatives of sugar (Fig. 4), which react to an
amino group in the protein. We used Con A and GOx and
horseradish peroxidase (HRP), which contain sugar chains
on the surface, for constructing supramolecular protein
architectures, and they are employed as a sensitive layer
of enzyme biosensors.

BIOSENSORS MODIFIED WITH CON
A-SUGAR ARCHITECTURES

Con A-GOx multilayer films were constructed using a
native GOx, which inherently contains mannose residues
on the surface of the polypeptide chains.'**** A layer-by-
layer deposition of Con A and native GOx afforded a
multilayer thin film composed of Con A and GOx layers.
The multilayer film was coated on the surface of a Pt
electrode to prepare glucose biosensors. The output
current of the Con A/GOx multilayer film-modified elec-
trode increased with an increasing number of layers, con-
firming that GOx is catalytically active in the film. Also,
a constant amount of GOx was immobilized upon each
deposition. The Con A—~GOx multilayer-modified glucose
sensors showed rapid responses to glucose, the response
times being 10-15 sec for the sensors modified with 10
Con A-Gox layers. The rapid responses of the sensors can
be ascribed to the thin nature of the multilayer films (the
thickness of the unit layer: 10—15 nm). The sensors ex-
hibited a linear calibration over the concentration range of
I1x10 7 t02x107*M glucose, which covers the normal
and diabetic blood levels of glucose.

We also used HRP, because this enzyme is reported to
contain ca. 18% sugar chains on the surface.'* 261 A layer-
by-layer deposition of Con A and HRP afforded a
multilayer film as expected, and HRP exhibited catalytic

CH,OH
0

OH
HO OONCS
OH

Fig. 4 Phenylisothiocyanate derivative of sugar.
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2MB* H20 02 Glucose
(ERP) Gox)
2e”
2MB H202 Glucono-
lactone

Fig. 5 Successive reactions of GOx and HRP.

activity to H,O, in the presence of methylene blue (MB)
as the electron mediator. The HRP-GOx bienzyme mul-
tilayer films were prepared on the surface of a Pt electrode
so as to develop glucose sensors, which detect glucose
through successive reactions depicted in Fig. 5. In these
bienzyme sensors, the response current depended on the
geometry of the enzymes in the film. In practice, we pre-
pared four different types of multilayer films: (HRP)s +
(GOx)s, (GOx)s + (HRP)s, (HRP + GOx)s, and (GOx +
HRP)s. These films contained an identical number of
enzyme layers, but the sequence of enzyme layers
differed. Among the films, the highest response was
observed for the (HRP)s + (GOx)s film, which is com-
posed of inner (HRP)s and outer (GOx)s5 layers. Thus, the
present technique is useful for designing the molecular
geometry of the film.

We emphasize here that the Con A system can be used
for immobilizing glycoproteins directly, without chemical
modifications, which often induce deactivation of the
biological activity of the protein.

CONCLUSION

Supramolecular protein assemblies prepared by a layer-
by-layer deposition technique are useful in the develop-
ment of high-performance biosensors. Avidin—biotin and
lectin—sugar systems are employed for this purpose. Many
kinds of enzymes can be used as building blocks for the
protein assemblies by modifying them with biotin and
sugar residues. Glycoenzymes can be used to prepare Con
A and enzyme multilayer assemblies without pretreat-
ment. The advantages of this technique include rapid
response of the biosensors due to the thinness of the
multilayer film and versatile design of the geometries of
bienzyme films.
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Bond-Stretch Isomerism
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Columbia University, New York, New York, U.S.A.

INTRODUCTION

Bond-stretch isomerism may be defined as the phenom-
enon whereby molecules of the same spin state, on the
same potential energy surface, differ only in the length
of one or several bonds."™ In contrast to exhibiting a
single-minimum on the potential energy surface for the
stretching of a bond, the existence of bond-stretch isomers
requires the presence of a double-minimum, with a sig-
nificant barrier between the two minima (Fig. 1). The
theoretical concept of bond-stretch isomerism, with the
existence of a double-minimum on a potential energy
surface, was first discussed by Hoffmann in a 1972 study
on a series of hypothetical organic molecules, of the types
illustrated in Fig. 2.”°"") Interestingly, experimental evi-
dence in support of bond-stretch isomerism was actually
reported shortly prior to Hoffmann’s proposal. Specifi-
cally, Chatt reported in 1970 that the molybdenum oxo
complex mer-MoOCl,(PMe,Ph); could be isolated in blue
and green isomeric forms.'®! Originally, these complexes
were considered to be geometric isomers, namely cis-mer-
MoOClI,(PMe,Ph); and trans-mer-MoOCIl,(PMe,Ph)s,
differing only in whether the two chloride ligands were
cis or trans. X-ray diffraction studies on the blue isomer
established a cis configuration, from which it was as-
sumed that the green isomer possessed a trans configura-
tion (Fig. 3).[6’8] However, X-ray diffraction studies on
the green analogue mer-MoOCI,(PEt,Ph); revealed that
the chloride ligands were also cis and not rrans.™
Thus, the structures of blue cis-mer-MoOCI,(PMe,Ph);
and green cis-mer-MoOCIL,(PEt,Ph); were similar, with
the exception that the Mo=0 bond length in green cis-
mer-MoOCI,(PEt,Ph); [1.803(11) A] was significantly
longer than that observed in blue cis-mer-MoOCl,(P-
Me,Ph); [1.676(7) A]. As a result, Chatt suggested that
the principal difference in the blue and green isomers
of cis-mer-MoOCl,(PMe,Ph); centered on their Mo=0
bond lengths, and he termed these complexes ‘‘distor-
tional isomers’” (Fig. 3)."7%! In accord with his proposal,
the actual green isomer of cis-mer-MoOCl,(PMe,Ph);
was structurally characterized and also found to possess a
long Mo=0 bond length of 1.80(2) A1 Consistent with
the different Mo==0O bond lengths, the blue and green
isomers exhibited slightly different vyo—¢ stretching fre-
quencies (blue, 954 cm” L green 943 cmfl), and different
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stabilities, with solutions of the green isomer irreversibly
converting to the blue isomer upon gentle heating.

Following Chatt’s report, experimental evidence for
bond-stretch (or distortional) isomerism was reported for a
variety of systems, as illustrated in Fig. 4.5 The blue and
green tungsten oxo derivatives [(Mestacn)W(O)Cl,]" rep-
resented particularly important examples, since these were
reported to be the first set of bond-stretch isomers that
were stable in solution for several days and also did not
interconvert at temperatures up to ca. 180°C. The blue and
green isomers also exhibited different vw—¢ stretching
frequencies of 980 cm ™' and 960 cm ™, respectively, with
the higher energy vibration corresponding to the shorter
W=0 bond. With a series of transition metal complexes
that exhibit bond-stretch isomerism now in existence,
Jean, Lledos, Burdett, and Hoffmann extended the earlier
calculations on hypothetical species to rationalize the
presence of double-minima in the potential energy
surfaces of the complexes actually reported to exhibit
the phenomenon.[ 1

A REINVESTIGATION OF BOND-STRETCH
ISOMERISM IN cis-mer-MoOCI,(PMe,Ph);

In 1991, a series of detailed crystallographic studies
resulted in the discovery that the original example of
bond-stretch isomerism in transition metal complexes was
an artifact due to crystallographic disorder."'*'*! Specifi-
cally, the green ‘‘isomer’’ of cis-mer-MoOCI,(PMe,Ph)
was identified as a mixture of blue cis-mer-MoOCl,(P-
Me,Ph); and yellow mer-MoCl;(PMe,Ph);. Evidence for
the presence of mer-MoCl;(PMe,Ph); was provided by
"H-NMR spectroscopy. Thus, although the "H-NMR
spectrum of mer-MoCl;(PMe,Ph); is characterized by
broad paramagnetically shifted signals, careful examina-
tion provided evidence that the green ‘‘isomer’” of cis-
mer-MoOC1,(PMe,Ph); was contaminated by mer-
MoCl3(PMe,Ph);. It is important to emphasize that the
green “‘isomer’’ of cis-mer-MoOCl,(PMe,Ph); was not a
heterogenous mixture of crystals of cis-mer-MoOCl,(P-
Me,Ph); and mer-MoCl;(PMe,Ph); but was actually a
homogenous mixture such that each single crystal was a
solid solution of the two compounds. The formation of
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Fig. 1 Potential energy surfaces for (a) a normal X-Y bond and (b) a pair of X-Y bond-stretch isomers.

such a solid solution is made possible by the fact that cis-
mer-MoOCIl,(PMe,Ph); and mer-MoCl;(PMe,Ph); are
isostructural and only differ by the exchange of oxygen
for chlorine.

The impact of small amounts of the impurity mer-
MoCl;(PMe,Ph); on the structure determination is pro-
found and strongly influences the apparent Mo=0 bond
length. The apparent lengthening is a result of the fact that
the location of an ‘‘atom’ at the disordered site is a
weighted average of oxygen and chlorine positions
(Fig. 5). Since the Mo—Cl bond is longer than the Mo=0
bond, the presence of a chloride contaminant has the

Fig. 2 Some hypothetical isomers that were studied theo-
retically.

effect of apparently lengthening the Mo=O bond.
Examination of Fig. 5 indicates that only very small
amounts of the mer-MoCl3(PMe,Ph); impurity are re-
quired to have a significant effect on the apparent Mo=0

(a) First proposal: cis and trans isomers

PR3 PR3
Clu,, |V‘IOCI Cla,, I\/‘Io _0
R3P/ \ =0 R3P/ ‘ ¢
PR3 PR3
Blue Green
cis trans

(b) Second proposal: distortional (bond-stretch) isomers

PR3 PR,
Clu,, ‘ WGl Cla,, ‘ WGl
/Mo‘\ ,Mo“
NS
RP” \ o RP” ‘ %O
PR3 PR;
Blue Green

Short Mo=0 Bond Long Mo=0 Bond

Fig. 3 Original, incorrect proposals for the structures of blue
and green isomers of MoOCl,(PMe,Ph)s. (a) cis and trans iso-
mers; (b) distortional (bond-stretch) isomers with short and long
Mo==0 bonds.
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Fig. 4 Other examples of originally proposed bond-stretch
isomers.

Bond-Stretch Isomerism

bond length. The reasons for this are twofold: (i) the
Mo—-Cl bond (ca. 2.45 A) is considerably longer than the
Mo=0 bond (ca. 1.68 fc\), and (ii) the scattering power
(which is a function of the number of electrons) of
chlorine is much greater than that of oxygen. Despite the
contamination by chlorine being sufficient to apparently
lengthen the Mo==0 bond, the thermal parameter was not
abnormal, and so the x-ray structure provided no evidence
for contamination.

The reevaluation of the structures of cis-mer-MoQOCl,-
(PMe,Ph); demonstrated that there was no structural
evidence for bond-stretch isomerism for the complexes
that were originally proposed to exhibit the phenomenon.
Furthermore, the origin of the two different vy—o
stretching frequencies for cis-mer-MoOCl,(PMe,Ph); in
the solid state was attributed to the existence of two
different modifications, with only one value being ob-
served in solution."¥ This reevaluation of bond-stretch
isomerism in cis-mer-MoOCl,(PMe,Ph); also cast doubt
on the other proposed examples of bond-stretch isomer-
ism. Indeed, subsequent studies on [(Mestacn)W(O)Cl,]*
demonstrated that the system was considerably more
complex than that for cis-mer-MoOCI,(PMe,Ph); and was
composed of three components with different oxidation
states: [(Mestacn)W(O)CL,]*, [(Mestacn)W(O),Cl1]*, and
[(Mestacn)W(O)Cl(solv)]*.1">! Likewise, NbCl, (PMes);
has been recognized as an impurity for influencing
the apparent Nb==0O and Nb==S bond lengths in Nb(O)
Cl5(PMes); and Nb(O)Cl;(PMes),, respectively.!®]
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Fig. 5 Variation of apparent Mo==0 bond length as a function of composition.



Bond-Stretch Isomerism

SPIN-STATE ISOMERISM AND
RELATED PHENOMENA

Blue and green cis-mer-Mo(O)Cl,(PMe,Ph); were origin-
ally classified as bond-stretch (distortional) isomers
because there was no simple explanation for the existence
of a pair of complexes in which the only significant dif-
ference resided in the length of one of the bonds. In this
regard, it is important to note that there are several other
examples of isomerism in which a bond between a pair
of atoms differs in length, but the situation is fundamen-
tally different than that proposed for cis-mer-Mo(O)Cl,-
(PMe,Ph);, because the change in bond length is accom-
panied by other significant geometric and/or spin-state
changes."”! For example, there are many transition—
metal complexes that exhibit different spin states (high-
spin/low-spin equilibria) for which significant structural
changes are also observed.''®'?! Likewise, [Cp*RuCl,],
exists as singlet and triplet isomers that differ substantially
in their Ru—Ru separations (2.93 A versus 3.75 A), Ru-Cl-
Ru bond angles (76.5° versus 100.2°), and Ru—Cl bond
lengths (Fig. 6).°Y In addition, [(MesP*),CHCSiMes]
exists in monocyclic and bicyclic structures (Fig. 6) with
planar and puckered geometries, respectively, with the
latter having a shorter C-C bond length (1.52 A versus
2.47 A).2! The trinuclear dipyridylamide cobalt complex
Cos(dpa)4Cl, [dpaH = di(2-pyridyl)amine] exhibits a par-
ticularly interesting structural variability (Fig. 6).%
Specifically, depending on the crystalline form, the Cos;
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chain may be symmetrical (s-), with Co—Co distances of
ca.2.3 A, or unsymmetrical (u-) with Co—Co distances of
ca. 2.29 A and 2.47 fo\; however, only the symmetrical
species exists in solution. It should also be noted that while
the s-Cos(dpa),Cl, and u-Cos(dpa)4Cl, species are iso-
meric, the compositions of the crystals are different by
virtue of the solvents of crystallization, and thus the
crystalline materials are not isomeric. Related chromium
complexes Crz(dpa),X, are also known, and depending
upon the nature of the axial ligands and the solvent of
crystallization, the Crs chain is likewise either symme-
trical or unsymmetrical.**! The complexes (Cp*RuCl,),,
[(MesP*),CHCSiMes], and Cos(dpa)4Cl, represent extre-
mely interesting examples of isomerism but are dis-
tinct from the bond-stretch isomerism proposed for cis-
mer-Mo(O)Cl,(PMe,Ph); by virtue of the fact that the
lengthening of one bond is compensated for by other sig