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bstract

The principles and conceptual basis of the design of molecular hosts for anions is examined. Starting from general considerations on the
undamentals of supramolecular binding and selectivity the role of the underlying model is illuminated. Turning to an agenda to be followed in
he construction of concrete anion hosts the aspects of function, the guest to be bound, the competition situation and the strategic feasibility are

iscussed. Finally, arguments to include various facets of association entropy are presented that were unraveled by recent experimental studies. As
conclusion, the necessity to consider entropic influences in host design is emphasized. Although this adds to the complexity of the design task an
ptimistic prospect for success is voiced in view of recent progress in computational prediction and the support from experimental entropy data.

2006 Elsevier B.V. All rights reserved.
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. Introduction

At first sight the construction of artificial hosts for anions
eems so easy and straightforward. Putatively, all that is needed
s to introduce a molecule having an intrinsic affinity for a species
arrying a negative charge. There are legions of options. In this
ense a simple metal cation, say Na+ would be an adequate
olution to furnish a one on one associative process with chlo-

ide anion. Inserting the charge and ionic radii into Coulomb’s
aw leads to a tremendous binding constant of >10300, how-
ver, in free space (entropic influences do not change the basic
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ssociation entropy

rgument in this regime). This admittedly rather odd example
emonstrates clearly that binding itself should not present a
entral problem. What then makes the construction of anion
eceptors such a demanding task that the development of the
eld lagged well behind the corresponding investigations of
ation receptors, and even today the most sophisticated examples
till do not live up to the standards set by the natural counter-
arts? Obviously, there are hidden obstacles and camouflaged
itfalls obstructing the ready translation of our wishful think-
ng into fully functional host compounds. Traditional guidelines
ppear to provide insufficient wisdom for designing [1] abi-

tic receptors of utility in concrete technical applications. We
ay even face the necessity to re-think and modify fundamen-

al principles in host design in order to make the much desired
rogress.

mailto:Schmidtchen@ch.tum.de
dx.doi.org/10.1016/j.ccr.2006.07.009
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Looking back on more than 30 years of anion receptor chem-
stry [2] in this author’s perception quite a number of honest
ttempts at host design failed because of basic misconceptions
r careless or unintentional, yet prejudiced interpretation of the
xperimental observables. Especially novices to the field might
hus be confused and left at risk to violate tacit presumptions and
ail to pay the due respect to the intrinsic limits of the concepts
ollowed or the physical methods used.

This article presents a personal view on the prerequisites of
he design of anion receptors enriched with some examples from
0 years of moderately successful attempts [3] to excavate and
lluminate the hidden base of anion recognition.

. The goal

The ultimate purpose of host design emerges from the basic
trive of chemists to be in command of the chemical and physical
ehavior of anions at will. In order to achieve this, the anion (the
uest) has to be positioned into a non-isotropic, well-structured
nvironment (i.e. the host) that will allow or favour only much
ewer and potentially altered responses to chemical or physi-
al stimuli than possible in isotropic solution. As a result of
his association aggregate species are formed (the host–guest
omplexes) that may vary in their subtle appearance subject to
he disposition and mutual “stickyness” of the component parts
substructures) of the interacting partners.

Creation of selectivity that extends beyond the mere binding
apacity and allows molecular recognition is the ultimate goal,
owever, also the true challenge in host design. As a corollary,
electivity could serve as a yardstick to asses the quality of a par-
icular design attempt and document the progress. Unfortunately,
he true meaning and usage of the term is quite ambiguous [3,4].

close inspection confirms that selectivity is by no means an
bsolute measure, but is intimately tied to a function. In the con-
ext of host design this necessitates the definition of a purpose.
dditionally, environmental conditions (physical variables like

emperature, pressure, but also the solvent, the nature and quan-
ity of competing species or the presence of phase boundaries)
reatly influence the selectivity pattern rendering the construc-
ion of receptors of universal specificity impossible.

Selectivity of function comes in two versions (see Fig. 1)
4,5]: in the thermodynamic domain selectivity is expressed
n equilibrium binding of the various competing substrates in
time independent fashion. Affinity and initial concentrations

f the individual species determine the observable preference
nd define the discrimination pattern. Some important applica-
ions like ion sequestration or two-phase extractions build upon
uch thermodynamic selectivity. The majority of applications
nd particularly all manifestations in the biological world, how-
ver, belong to the kinetic regime that uses equilibrium binding
nly as a fundamental platform for the generation of discrimina-
ory action in subsequent rate processes. Here differences in free
nergies of activation rather than ground state free energies are

xploited. As a rule, equilibrated systems are more amenable to
olecular design than the non-equilibrium counterparts because

f the consistent thermodynamic description of the former and
ts link to the molecular level, the chemical structures. Tradi-

w
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p
a

Fig. 1. Assignment of the two different domains to express selectivity.

ionally, this led to the quantification of selectivity as the ratio of
inding constants between the guest species of interest and some
ompetitor. Such a ratio represents a truly artificial focus on the
deal situation assuming that selectivity remains unperturbed by
ny other molecular species that is added to the system. In all real
ases, however, thermodynamic binding selectivity is the com-
osite outcome of complexing the target guest in the presence
f all presumptive competitors, which may vary in a wide range
ith respect to chemical nature and quantity. Clearly, the ratio of
inding constants enables an exact but rather hypothetical com-
arison of selectivity features which may fail to live up to the
xpectations advanced on reasonable grounds in a real applica-
ion. It is all important to remember the fundamental point that
electivity in no way is an absolute quantity attributable to a
ertain host structure like a molecular property. Nevertheless,
t is a graded measure characterizing the quality and suitability
f an host design with respect to the peculiar molecular envi-
onment (which must be mentioned) and as such can report on
he progress in the understanding and realization of molecular
ecognition.

Thermodynamic selectivity expressed as a difference in bind-
ng free energies ��G (i.e. a ratio of binding constants) can
ecome large only if the underlying free energies of associa-
ion �G are even greater. Though maximizing affinity (�G)
n principle should help thermodynamic selectivity, there is
n upper limit to this strive due to practical limitations. Tak-
ng the popular vancomycin-acyl-d-ala-d-ala peptide interac-
ion in a trimeric molecule as a prototypical example of a
igh affinity supramolecular complex (Kass ∼ 4 × 1017 M−1)
6] and assuming the fastest possible association of host and
uest at the diffusion limit (second order rate constant in

ater at room temperature ∼109 M−1 s−1) one can calculate
monomolecular rate constant for dissociation of the com-

lex of koff = kon/Kass ∼= 10−8 s−1 corresponding to a half life of
bout 2.5 years or roughly a generation of people for establish-
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ng equilibrium. There are not many relevant processes known
hat depend on thermodynamic selectivity in this time regime.
ortunately, the dissociation process can be speeded up in the
resence of a monotopic ligand competing in a stepwise fash-
on. Such kinetic bypasses are a hallmark of biological binding
rocesses.

. Essential concepts

It is important to realize that molecular attraction is a funda-
ental and unavoidable property of all matter. Whether or not

he attraction between the host and guest partners yields a com-
lex with a lifetime distinctly longer than in an average collision
epends on the threshold value set by a third player on stage:
he solvent. Host–guest complexation thus relates to preferen-
ial binding reflecting the bias of the host for the guest over the
olvent [7–9]. In essence, the binding in condensed phases is a
enuine exchange process replacing the solvent at the binding
ite by the guest molecule. As such it is distinguished from asso-
iation events in the gas phase where unsolvated molecules may
nteract directly. The immediate comparison of the respective
ffinities is impossible unless extensive corrections are applied
ecause they relate to different reactions. The participation of
olvent molecules as explicit and constitutive ingredients is an
ssential feature of the binding process and the omission would
iscredit any design approach [10,11].

Solvent structure also forms the basis of another means to
onstrain host and guest molecules to one another even though
hey may lack specific attraction. The so-called solvophobic
ffect [12–14] is an ensemble property that shows as a tendency
o minimize the surface area surrounding the solutes. Sculpturing
ydrophobicity (i.e. designing solvation properties exploiting
he solvophobicity of solvent water) thus is one of the most
rominent and effective ways to adjust the absolute magnitude
f the binding constant to a window required in some special
pplication [15]. The clues of theses considerations for general
esign are obvious: binding is rather easy to achieve because
he phenomenon emerges from the fundamental and ubiquitous
ttraction of matter, however, subject to the chemical nature of
he interacting partners. Furthermore, the macroscopic observa-
ion of binding may not emanate from the subtle stickyness of the
inding partners for each other. Instead, third party influences
ay dominate the observed outcome.
Host–guest associates are frequently presumed to possess a

nique structure based on the ubiquitous observation of non-
andomness in mutual binding interactions. Some moieties do
nteract more strongly than others leading to non-random behav-
or in thermal collisions. Averaging over time and the entire
nsemble of molecules furnishes a distribution of species that
eflects the individual preferences with respect to energy and the
robability of their occurrence. This equilibrium state may be
omposed of a broad variety of configurationally and confor-
ationally distinct arrangements and is subject to the molecular
rameworks of the participating species including the solvent.
he collection of these individual arrangements represents the
tructural ensemble, which resides at the heart of all design
pproaches. Simplifying assumptions on this terrain thus may
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ave deep impact not only on the quantitative accuracy and reli-
bility but also on the qualitative suitability for rationalization
f the experimental outcome.

Generally, the organic chemist applies two rather crude sim-
lifications to cut down on the overall complexity of structural
nsembles to enable their ready handling: the first one ignores the
tructural diversity altogether and shrinks the complexity to just
ne basic structure. Nowadays this is frequently achieved with
he help of computational molecular modeling packages by min-
mizing the potential energy of host and guest and finally docking
he resulting structures to each other to form a topologically and
eometrically well defined complex again applying energy min-
mization [16]. More realistic and sophisticated strategies use

olecular dynamics simulations [11,17]. Positive corroboration
n the validity and exactness of such calculations to the scenario
n solution is claimed when the result resembles the host–guest
omplex structure as seen in the crystalline state. Such con-
lusions are deceptive on principle. Among several others, the
ecisive reason not to take X-ray crystal structures too seriously
tems from the omission of entropy. After all, crystals are low-
ntropy environments and many motional degrees of freedom
ell excited in solution are completely silenced or replaced
y lattice vibrations. The consequences of such freezing with
espect to the population of different structural arrangements in
ny generality are totally obscure. Just one conclusion appears
afe to state: even if the host–guest configuration observed in the
rystal in fact were the most stable one also in solution it almost
ertainly would not be the only one populated owing to the much
enser distribution of energy levels caused by the participation
f solvent. The spreading of energy over a much larger number
f microstates reflects the gain in entropy that leads to poorer
tructural definition of the host–guest configuration [18,19]. In
ynopsis, the a priori reduction of the structural diversity may
ompromise any design concept. On this basis interpretations
an be advanced that are at variance with the physical basis of
he recognition process and thus may sabotage the rationaliza-
ion necessary for making progress.

On the other hand there are special advantages to the lack of
tructure in a host compound that relate to a greater variability of
unction (e.g. promiscuity [20–22], the switch of the chemical
rocess happening in a binding site depending on the substrate
ound; or moonlighting [23] the performance of different tasks
t distinct locations within the host subject to the complexed
uest) or to kinetic requirements as in the assembly of virus
oat subunits [24] or adaptors in biological signaling networks
25]. In any case, selective binding then mandates structure gen-
ration in the associated complex leading to a correspondingly
ore dramatic drop in configurational entropy which must be

vercompensated by the enthalpic interactions newly installed
n binding. Contrary to low molecular weight host compounds
acromolecular proteins can play a trick to avoid the entropic

enalty [26]: binding the guest to a disordered region of the
eceptor yields a well defined local structure as demanded by

electivity that, however, couples to a remote moiety and trig-
ers loosening or even complete unfolding there thus preventing
net loss in entropy. The notion transpires that natural recog-

ition systems pay close attention to entropy factors and their
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elicate balancing because of their profound influence on the
lobal energetics. The prudent molecular architect should adopt
hese principles.

The second simplification introduced by host designers is the
oncept of anchor groups. The global molecular framework of
he host is imagined to be composed of structural moieties that
how some intrinsic affinity for the guest or its substructures.
enerally, this division is quite arbitrary and mostly dictated
y the personal preferences of the designer and by preparative
ecessities. The overall host–guest affinity is supposed to arise
rom simple additive accumulation of the individual interaction
ontributions. Of course, such a scheme assumes no mutual
ross interactions that in principle could also be beneficial to
inding if synergetic effects occur. Such positive cooperativ-
ty [27] between the various anchor groups is a very desirable
eature and a strong indication of high quality design since it
ntroduces another level in guest differentiation. For the ulti-

ate success of the concept synergism is dispensible. In fact
ost examples of artificial hosts that have been constructed

y modular connection of anchor groups suffer from negative
ooperativity. The individual anchor groups exhibit diminished
ffinity when presented in the context of the modular receptor
ompared to the isolated moiety. This situation resembles the
ystem of functional groups in organic chemistry at large. They
nvariably also show more and more unconventional physical
nd chemical behavior the closer their spacing and more intense
heir mutual communication becomes. The sensitivity to such
ross-talk depends on the energy level addressed which is typi-
ally an order of magnitude lower in supramolecular interactions
�G ∼ 3–10 kJ mol−1) than in the ordinary covalent chemical
onversions of functional groups (�G �= ∼ 50–130 kJ mol−1).
he perturbation of common behavior is correspondingly much
asier in the former case, a consequence that boosts the challenge
f molecular design.

Another major weakness of the anchor group approach
merges from the negligence of contributions from the scaf-
old holding these units. They definitely participate in binding
y means of desolvation or a change in configurational entropy
ollowing rigidification. Disregard of such factors could only
e justified if the energy share contributed by the anchor group
utmatches the contributions from the remainder by at least a
ower of 10. Since unspecific desolvation makes up a lion’s
hare of the total interaction energy in more polar solvents
his cannot be taken for granted visualizing the size relation,
nterface area and distribution between direct guest binding
nd non-binding fractions of the host. Though the principle
f additivity that governs this approach [28] does not hold
cross the various types of molecular hosts known, some suc-
ess has been seen within homologous series. In the absence
f strong structural coupling the definition of binding incre-
ents of basic interaction types is possible [29]. As design

ddresses the subtleties of structure–energy interrelation these
pproaches are of limited help. Thus, the anchor group approach

s loaded with plentiful and hard-to-prove presumptions and
oorly defined restrictions. On this basis the trustful assign-
ent of an observed effect to its true origin is rendered almost

mpossible.

a
G
c
a

ry Reviews 250 (2006) 2918–2928 2921

. The model

Models are imperfect by definition! They just reflect a frac-
ion of preselected aspects of the total picture illuminating some
ortions under a narrow angle thereby producing a strongly
iased projection. Of course, this projection is telling something
bout the original, yet an honest evaluation must appreciate the
imitations in this view. This is the more difficult the simpler and
asier to grasp the model is. A particularly infectious example
escribing host–guest binding dwells on the persuasive power
f a pictorial metaphor: the lock-and-key-fit [30]. The idea of
omplementarity of the geometrical form giving a snug fit when
he binding partners are associated like a mechanical key fits into
he complementary lock of a door allowing selective entrance
o the key holder is of eminent importance and has influenced
he thinking of generations of chemists on supramolecular inter-
ctions. Overall the lock-and-key-model of host–guest binding
s a minimalistic description of the general case addressing the
inding of just two partners in an all-or-nothing two-state inter-
ction mode based on exclusively enthalpic binding to form a
ingular complex. Among all host–guest binding events known
uch a scenario would be a great exception rather than the rule.

The caveats make a long list. Apart from the notion that
ost–guest association can be imagined without any enthalpic
nteraction between the partners (cf. solvophobic effects) it is the
ack of solvent involvement that disqualifies the lock-and-key-

odel as a suitable means to rationalize host–guest interactions
t least in the more polar solvents including water. The exclu-
ive focus on enthalpic interactions is equivalent to the neglect
f all entropic contributions to binding which is justified only
n the temperature regime near zero Kelvin or in the adventi-
ious occasion when the entropic component is nil. In reality,
his situation is much less frequent than commonly anticipated
nd in addition also depends dramatically on the polarity of the
nvironment. Entropic factors tend to be of greater importance
n intermolecular binding in protic solvents typically required to
enerate anionic species as free entities in solution.

Still another aspect with bearing on the selectivity of anion
inding of real host–guest systems that is commonly not
ddressed when using complementarity models stems from the
rude assumption that the association of the anion host with its
arget guest is the only relevant and accountable process in solu-
ion. This implies that all other components of the system are
nert and stand innocently aside. Since at least the anionic guest
annot be added to the system without an equivalent amount
f counter cation, one tacitly assumes that neither the nega-
ively charged guest nor the complex with the host will interact
ith the counter cation significantly, rendering all these species

trong electrolytes under the solvation conditions applied. The
alidity of this premise is even more doubtful, if the receptor
tself carries a charge. In favourable cases the interference from
imultaneous ion-pairing equilibria can be included into the ana-
ytical data treatment and then may furnish a diagnostic tool to

ssess the complexity of the system as has been demonstrated by
ibson and coworkers [31] in the binding of organic cations to

rown ethers. The involvement of simultaneous equilibria is not
t all restricted to parallel reactions like ion-pairing. Also con-
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ecutive processes like the stepwise formation of higher order
omplexes may add to the complexity. Some spectacular exam-
les in anion binding have been unravelled by Camiolo et al. [32].
nfolding the intimacies in the sequence and strength of binding

vents requires a fortunate disposition of several prerequisites.
bove all one needs a traceable probe acting in a suitable con-

entration domain (which in turn also depends on the method of
nalysis used) to observe the representative distribution of com-
lex species (the speciation) and an appropriate and unchanged
egime for the dynamics. Taken together these restrictions leave
ut a small window open to look at and investigate the situation
hen a guest species either acts as a competitor or a promotor
f binding. The latter case features positive cooperativity [33] in
hich the later bound guest molecule(s) associate with stepwise
igher affinity than the preceding ones. Depending on the extent
f coupling between these steps, i.e. on the affinity enhancement
his upward regulation may result in an on/off switch response
ignaling the presence or absence of the guest in a small concen-
ration range. Generally, we should expect these sophisticated
ystems to mix up the effects on signaling due to the change in
he concentration of the individual complex species with their
ertainly distinguished ability to elicit the response necessitat-
ng quite complicated models, which ultimately might not be
ifferentiated, because of the experimental limits. The compre-
ension of such receptor systems can be aided by advanced
evel modelling adopting examples developed to explain biolog-
cal phenomena (e.g. the Wyman–Monod–Changeux (WMC)
r Koshland–Nemethy–Filmer (KNF) models). However, even
hese sophisticated models at best give a xylographic picture of
igher order complexation.

. The terms for constructing anions receptors

In order to create high-potential anion receptors by ratio-
al design four issues must be considered and correspondingly
nswered. The first refers to the function that is targeted in the
onstruction and also includes the framing conditions. It is all
mportant to decide at the very start on the purpose of receptor
esign because the goal will determine whether general affin-
ty or rather a unique and correct structural disposition of the
ost-anion complex is in focus. Though these goals need not nec-
ssarily be mutually exclusive, the decision allows concentrating
n the most promising route to reach the aim. For example,
nhancing the affinity in a self-assembling system to meet the
ertinent requirements of this process [34] would be useless if
singular (or at least dominant) interaction pattern between the
uilding blocks cannot be guaranteed. Thus, this feature requires
op priority. In turn, highly selective and strong binding of an
nion to an anionophore would certainly impair the transport
cross a membrane, because the reversible release of the guest
rom a deep enthalpic well characterizing selective complexa-
ion is bound to be rather slow. In this case kinetic rather than
hermodynamic considerations come into play. Distinguishing

he need for structuredness or structural relaxation, respectively,
s easily misguided if destruction of function is taken as advi-
or. The development of enzyme models which also addressed
nionic substrates early on [35] provides an instructive exam-

e
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le. Adapting the lessons learned from drug binding to their
arget enzymes (this process almost always aims at the func-
ional knock out of enzymatic activity) to artificial receptors to
onstruct abiotic enzymes falls way short of the natural activi-
ies (comparing the best examples in either series there is a gap
f 10–12 orders of magnitude!). Apparently, some essential fac-
ors were not recognized or were at least left unaccounted on
he transposition of the picture seen in drug/substrate binding to
rtificial enzyme models [10,36].

Another point of primary concern touches on the framing con-
itions under which the function needs to perform. In addition to
equirements imposed by the goal itself (e.g. lack of bleaching
n optical sensors, chemical stability in catalytic systems, lack
f foaming/emulsification in extractions, etc.) the fundamental
equirements with respect to solvation conditions, solubility, pH
ptimum or the kinetics of reversible association, etc. must be
et. Experience tells that the best concepts are next to worthless

f not put to work under the mandated set of conditions.
The second issue regards the substrate of interest, since

ts molecular properties finally must be recognized and distin-
uished from all other influences. In the case of anion sensing
he first inspection must address the global structure, because
n many analytes of interest the anionic moiety constitutes an
mportant, however, not necessarily dominant part of the entire
pecies. Take phosphate as an example. In principle, the basic
nteraction pattern of the phosphoryl-anionic group with a cor-
esponding host might be very similar for inorganic orthophos-
hate or nucleotides, phosphatidic acids and even phosphory-
ated proteins. But it is evident that we are unlikely to succeed
n creating an abiotic receptor capable to selectively recognize
he phosphoryl anion in all these different species. If the anionic

oiety is but a minor appendix of a larger substrate it may be
matter of definition and thus quite arbitrary to designate the

espective receptor an anion host. In the present discussion we
an restrict ourselves to the consideration of small “typical”
nions, in which the net negative charge dominates the molecular
roperties. Here the net charge size, its density and distribu-
ion along with the overall dimensions, topology, polarizability,
tereo electronics, intrinsic binding preferences, etc. must be
nalyzed and exploited in host design. Also in this instance naı̈ve
hinking in models might introduce an unintentional bias con-
erning multiply charged anions: even the mere existence of
amiliar anions like SO4

2−, CO3
2−, oxalate, etc. is connected

o their molecular environment. Sulfate dianion can readily be
bserved in the crystalline state where it is stabilized by the lat-
ice of countercations, or in aqueous solution there undergoing
xtensive hydrogen bonding. However, unsolvated sulfate has
ever been observed in the gas phase and is most probably ther-
ochemically unstable, since stripping the hydrated sulfate clus-

er successively from its water molecules results in transprotona-
ion (SO4

2−·nH2O → HSO4
−(n−1) H2O + OH−) or Coulomb

xplosion [37].
In the next issue this result directs our focus to the molecular
nvironment. Because anions as analytes, for electroneutral-
ty reasons, bring in a stoichiometric number of cations these
re natural competitors in any attempt aimed at supramolecular
inding by anion hosts. Unspecific ion-pairing to form 1:1 com-
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lexes or higher aggregates ((Cn
+ An

−)n) is widespread even in
ater, especially with species of elevated charge. As a corol-

ary, it is seldom justified to assume complete dissociation of
alts in organic solvents of low dielectric permittivity like chlo-
oform, dichloromethane, pyridine or the like to produce free
nionic species, because fundamental Coulomb interactions will
eep the concentration of free anions at minute levels. The sol-
ent itself finally is of utmost importance as a competitor on
he molecular level as it defines the threshold screen against
hich preferential binding must stand up. Solvent molecular

ize was elegantly shown to be a decisive determinant of affinity
n host–guest complexation [38]. The overwhelming influence
f solvation is in many cases the ultimate remedy when a less
han optimal design renders an artificial host insufficiently suited
o perform under the originally prospected polar solvation con-
itions. Switching to a solvent of minor solvating power may
hen serve as a final retreat and allow molecular association.

After all, the conceptually best host design would just be an
ntellectual exercise if the experimental realization fails. Thus,
he fourth point must address the preparative feasibility. Gen-
rally, the synthetic expenditure is kept at minimum although a
riori one might suspect a strong correlation between preparative
nput and the output in terms of guest selectivity. Apparently, the
uidelines for design at present do not justify strong confidence
nto a predicted outcome making it prudent to limit the primary
reparative investment. In addition to ready accessibility and
odifiability which in most cases also reduces the time and cost

equirement major points of concern also refer to the chemical
tability and inertness under the sensing conditions. For instance,
n spite of optimal synthesizability, preparative variability and
ensing characteristics a potential fluorescent sensor would be
oon dismissed if its chromophore is bleached or chemically
armed during measurement.

The issues relevant in the construction of anion hosts cannot
e grouped in a hierarchical order as there is an intimate inter-
lay between all of them. Successful design mandates a balanced
ompromise in weighting the individual influences. Advice can
nd should be sought from pertinent calculation (molecular mod-
lling/dynamics), from the success and the very few examples
f failure accumulated in the literature and collected in recent
eviews [4,39–41], from inspiration provided by abundant bio-
ogical examples and crystal structures and not the least from
ersonal experience in the handling of host compounds and
heir decoration with appropriate groups to ease purification,
djustment of solubility, immobilisation and conjugation with
dditional moieties.

As a rule a suitable compromise of answers raised in these
ssues will feature a host design as an intermediate between
wo extremes: on one hand is the encapsulation host that aims
t utmost complementarity of size and functional groups and
heir fixed preorganisation, resembling closely the lock-and-key
icture to warrant the desired selectivity. This concept requires
omplete desolvation of the guest on invasion into the molecular

age provided by the host. In combination with the rigid fixa-
ion of the host structure this imposes a substantial barrier which
urfaces in slow kinetics of guest equilibration and exchange.
his conceptual problem may limit the utility of this strategy

m
I
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or sensing purposes. Furthermore, encapsulation and a rigid
reorganisation of sticky binding functions require a high con-
ectivity of the molecular framework that hampers easy access
nd modification of such compounds.

At the other extreme a string of anchor groups is connected
ovalently in branched or unbranched fashion and it is left to
folding process either prior to guest complexation or even

ssisted by it to arrive at a distinct three-dimensional complex
tructure. Many biological examples from proteins to nucleic
cids to certain carbohydrates follow this strategy to bind to
pecific guests. Of course, lack of preorganisation leads to infe-
ior binding given the same type and number of sticky groups
n an optimally preorganized host. This price is to be paid for
he ordering entropy of folding opposing binding. The enhanced
exibility and adaptability to accommodate guest structures dif-
ering from the target one also diminishes selectivity, however,
he great benefits of this approach in host-design in terms of
ase of preparation, modification and reuse after partial disman-
lement apparently outmatches the disadvantages in selectivity
eneration at least for the biological examples [42].

. Addressing entropy
Supramolecular design is frequently perceived as the art to
ake chemical structures capable to perform defined functions.

n the first instance this must address the mutual attractive and
epulsive interactions of the binding partners weighted against
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he influence of the molecular environment (solvent, counter
ons, background electrolytes, competitive guests, etc.). As a
esult of such considerations the observable enthalpy arises from
he opposing contributions of direct attraction between host and
uest and the cost of desolvation of the common interface (the
nthalpy of solvation has been found to be uniformly nega-
ive (exothermic) regardless of the solvent and the polar/unpolar
ature of the interface). In principle, this balancing can furnish
n endothermic outcome that taken on its own would prevent
bservable binding. However, in many instances including the
ost–guest association of anions as particularly prominent exam-
les binding of guest to receptors takes place despite respectable
eat consumption from the environment. For instance, the com-
lexation of oxoanions to cyclic or acyclic polyammonium
ompounds in water almost exclusively exhibits enthalpically
ilent or positive responses whilst association is brought about
y strongly positive entropies [43,44]. Likewise, the complex-
tion of sulfate to a variety of bicyclic guanidinium receptors,
.g. 1 in methanol or DMSO [45] features positive enthalpies
nd entropies as well. Apparently, such an energetic signature
s characteristic for ion-pairing processes in polar solutions, in
articular, if the enthalpic attraction is of the same order of mag-
itude as the interaction between the solvent molecules (for
recent estimate of guanidinium sulfate association see [46])
ven in cases where a favourable enthalpy governs the energetics

he entropy component most often holds a major share discour-
ging the naı̈ve temptation to dismiss this fraction altogether.
he participation of entropic influences as an ensemble feature

n supramolecular associations in chloroform was noticed by
ram coworkers [47] 15 years ago.

More recently Jadhav and Schmidtchen [48] unfolded
ntropy as the true reason for the improvement of oxoanion bind-
ng by a guanidinium host that originally had been designed for
nhanced enthalpic guest binding. On comparing the energetics
etermined by isothermal titration calorimetry (ITC) between
wo tetrasubstituted bicyclic guanidinium compounds 3, 4 inter-
cting with a variety of oxoanionic guests (Fig. 2) the affinities
hown by 3 were uniformly larger than with the tetraallyl-
ubstituted host 4 lacking the carboxamido functions. At first
ight this result corroborates the idea of stronger guest binding
y virtue of additional hydrogen bonding interactions that are
ossible with 3 only. Inspection of the underlying thermody-
amic state functions, however, revealed an unexpected twist
hat discredited the enthalpic explanation. In every case the
bserved enthalpy was less attractive for the carboxamido host
than for the tetraallyl-substituted receptor 4. Since the gain in

ntropy varied greatly among the guests despite their very sim-

lar oxoanionic structures, ordinary desolvation of the directly
nteracting moieties was discarded as an explanation. Obviously,
ther entropic rationalizations to account for the experimental
esult are needed, which are not related to the peculiar proper-

i
i
r
i

ig. 2. Energetics of the complexation of oxoanionic guests 5–10 to the guani-
inium hosts 3 and 4 in acetonitrile at 298 K.

ies of the solvent but touch directly on the intimate host–guest
elationship and hence are relevant to receptor design.

Binding on entropic grounds opens a door to direct and tai-
or host–guest interactions that had been closed and ignored
hroughout most of the time of active evolution of molecular
osts presumably due to the already stated low level of “collec-
ive intuition about entropy” [49] in the supramolecular com-
unity. In essence, the consideration of entropic factors is not

nly a bare necessity demanded by fundamental thermodynam-

cs, but also should provide an indispensable tool required by the
mplementation of a functional purpose (see above). Most cur-
ent treatments of host–guest binding address the entropy issue
n the context of desolvation (setting free of solvent molecules
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inhomogeneity of the protein environment mimicking the fluc-
tuation in the solution state leads to a diversity of configurations
that covers almost an entire hemisphere.
F.P. Schmidtchen / Coordination Ch

rom the interface thereby increasing the degrees of freedom
nd thus entropy in the system) [50]. Another, this time oppos-
ng contribution derives from the conformational restriction of
he binding partners upon association. Both aspects are gener-
lly treated on a qualitative level and though they undoubtedly
ontribute on the balance sheet they do not cover all pertinent
acets. In order to assist the general intelligibility of association
ntropy it is appropriate to dissect the observable output �Sobs
nto two component parts which are necessarily additive and
efer to the solvent related change �Ssolv and all alterations
nvolving the host–guest partners �Sintrinsic. This separation
llows distinguishing the contributions that a priori are in a first
pproximation inaccessible to molecular design (�Ssolv) from
he fraction deserving some closer inspection with regard to the
nal functional goal (�Sintrinsic) [51]. The latter, however, com-
rises again a number of additive components arising from a
omewhat arbitrary dissection to aid understanding in conven-
ional terms. The first part �Strans + rot refers to the change in the
ntropy of translation and rotation of the host and guest part-
ers on association. There is an ongoing debate on the absolute
agnitude of this term [52–54], but since the dependence of

ntropy on molecular weight and on the moment of inertia is
nly weak, this term will be invariant for all practical cases of
rtificial receptors allowing its exclusion from design considera-
ions. All important to molecular design, however, is the regard
f the other entropic contributions addressing the freezing of
nternal rotations �Sconformation, the generation of vibrational
ntropy on binding host and guest to one another �Svibration
nd the occurrence of different geometrical arrangements of the
inding partners �Sconfiguration that all may contribute appre-
iably to the free energy of low lying and thermally populated
otential wells. The former two components:

Sobs = �Sintrinsic + �Ssolv = �Strans+rot + �Svibration

+ �Sconformation + �Sconfiguration + �Ssolv

re closely connected since they are equally affected by the bind-
ng mechanism. If two flexible host–guest partners bind to each
ther loosely, internal rotations are hardly obstructed and bind-
ng vibrations will have small force constants and low bond
requencies. With respect to entropy this is a favourable sit-
ation, because the restriction of internal rotors and thus the
ost in entropy on binding is small. The generation of low-
requency motion (� < 1000 cm−1) will increase entropy and
ugment affinity [55]. In case of tight binding caused by a
eep enthalpic well internal rotations are frozen (i.e. they are
n fact converted into high frequency vibrations) and the bond-
ng motions increase in frequency and decrease in amplitude. As
ibrational entropy becomes insignificant at frequencies above
000 cm−1 tight binding leads to a loss in entropy compared to
he uncomplexed state disfavouring association. Consequently,
oose and tight binding are framing options of the entropy com-
onent that are open to the creativity of the molecular designer

o follow her/his goal. If pure binding affinity is at the top of
he list of wishes as necessary for sequestration or in the extrac-
ion of anions the maximization of association entropy avoiding
nthalpically tight binding offers an appropriate handle. Con-
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ersely, if the desired function vitally depends on a unique
tructure of the host–guest complex as is true in regioselec-
ive/stereoselective binding and catalysis or in self-assembly,
espectively, the association entropy should be minimized. Of
ourse, the absolute magnitude and even the sign of the exper-
mentally determined entropy �Sobs cannot serve as a guide in
his respect. On one hand �Svibration and �Sconformation are just
wo in a number of component parts and they are likely not
he dominant ones. Furthermore, another component relating to
he various and quite distinct geometrical configurations of host
nd guest �Sconfiguration may interfere as well. It is conceivable
hat the host–guest pair will find several if not many potential
ells characterized by distinct distances and orientations of the
artners yet possessing similar energy subject to their size and
exibility. Even if tight binding occurs in each of these wells, the
acroscopic structural definition of the interconverting ensem-

le of populated wells is compromised. Such ambiguity can be
een with highly restricted artificial hosts like the cyclodextrins
inding certain drugs of elongated shape. A recent computa-
ional analysis [56] reveals not only different threading modes
head-on versus tail-on) of the stick-like guests into the hollow
ore of �, � or �-cyclodextrins but also a change in this thread-
ng mode in a few of the 20 configurations of lowest energy
f the naproxene-�-cyclodextrin complex which all are popu-
ated. Less rigid host–guest pairs certainly are likely to have

uch broader distributions of geometrical arrangements. With
he ordinary tools of structural analysis (NMR!) the structural
iversity goes unnoticed owing to rapid averaging. A good pic-
orial expression of the variety of host–guest binding modes
s provided by the overlay of solid state structures of phos-
hate diester anion binding to guanidinium anchor groups as
ccurring on winding DNA around the arginine-rich histones in
ucleosomes [57] (Fig. 3). Compared to simple oxoanion salts
f guanidines which almost invariably feature a bidentated in
lane structural motif of this host–guest pair in the crystal the
ig. 3. Overlay of X-ray crystal structures of guanidinium groups interact-
ng with the phosphodiester groups (center) of DNA when wound around the
rginine-rich histone protein complex in nucleosomes [57]. Reproduced with
ermission of Wiley Periodicals.
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In order to constrain the variety of modes the guanidinium
oiety was embedded into a bicyclic framework and further

ecorated with substituents in the �, �′-positions to limit the
ccessibility to the binding site. Taking benzoate as an oxoan-
onic probe a massive influence of the guanidinium counter anion
n binding affinities was noticed [58]. In the series chloride, bro-
ide, iodide, hexafluorophosphate, tetrafluoroborate the affinity

ncreased by more than 10-fold in this sequence indicating the
articipation of ion-pairing following the hydrogen bond accep-
or capacity of the counter anion. The effect of the lining of
he binding site by various more or less bulky hydrocarbon sub-
tituents (11, 13–15) was only moderate and was accommodated
y desolvation arguments. Presumably due to the leanness and

istance of the bound benzoate from the substituents attached to
he host no influence on the variety of binding modes could
e deduced from the energetics [58]. The situation changed
ramatically when binding site accessibility was limited also

t
t
p
e

Fig. 4. Trend analysis of the observed entropy in the association of bicyclic gua
ry Reviews 250 (2006) 2918–2928

t the guest anion. Calorimetry of the series of guanidinium
osts 11–15 with three phosphinate guests 16–18 of increasing
teric congestion allowed pinpointing the effect of configura-
ional entropy. While the entropy production on association with
he parent phosphinate 16 was uniform and strongly positive
ssisting the exothermic binding that was seen in all cases, the
ttachment of hydrocarbon side arms to the flanking positions
iminished the entropy output and even gave negative values
n few cases. Such lowering of the association entropy with 17
nd 18 cannot emerge from a general desolvation effect since
oth enthalpy and entropy of solvation scale with the size of
he interface area in the assembled host–guest complex. View-
ng the dimensions the interface must undoubtedly be larger in

he case of the concave guests leading to the expectation that
he desolvation should give more positive entropy relative to the
arent phosphinate 16. From the observation of more negative
ntropies one must suspect a different origin. The change in

nidines 11–15 with restricted phosphinates 16–18 in acetonitrile at 298 K.
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Strans + rot and �Sconformation is nearly identical throughout the
eries of phosphinates due to the almost identical size and rigid-
ty of the guests. The two remaining contributions �Sconfiguration
nd �Svibration to the intrinsic entropy �Sintrinsic are expected
o depend on the mutual fit of the interacting partners. A snug
t would represent a unique binding mode corresponding to

he lock-and-key picture that also should give rise to high fre-
uencies in intermolecular bonding. The respective entropy
omponents must then be at a minimum on both counts. All
ther situations should give more positive returns in entropy.
uch a scenario was experimentally verified and yielded the
lot depicted in Fig. 4 [59]. Within the series of guanidinium
osts 11–15 and phosphinate guests 16–18 the analysis of the
ntropy-based contribution (T �S) to the free energy reveals a
istinct minimum for host–guest combinations that balance the
tringency of interaction. Amazingly, these pairs also feature
n almost identical entropy output supporting the notion that
hey represent a singular state of the complex. Thus, only these
ombinations, however, not the remaining ones resemble the
ock-and-key picture. Structural uniqueness is also backed by
he highest exothermicities found indicating best “stickyness”
nd the lowest tendency to engage in the formation of higher
rder complexes.

This example demonstrates that the inspection of associa-
ion entropies can provide a clue to rationally select the most
uitable host–guest combination for a certain function. In the
oncrete case the utility of the guanidinium-phosphinate motif
s a supramolecular tecton to erect larger assemblies was probed
ielding a satisfactory answer by the identification of the struc-
urally best defined pairs.

As the observable entropy is considered a composite of sev-
ral influences, prudent decisions cannot be advanced on a sin-
ular case. Instead, trend analyses on ensembles of hosts and
uests differing systematically within the series are required. Of
ourse, such an approach multiplies the experimental expendi-
ure, but opens the perspective to arrive at a founded conclusion
n the structuredness of host–guest interactions. The result could
e all important to successful design.

. Conclusion

The impact of entropy as a constitutive and ubiquitous part
f supramolecular design has long been neglected and many
ailures in the past to implement supramolecular thinking into
seful applications in retrospect have been hampered by this
mission. There is cause for optimism though! One promis-
ng route across the computational chemistry terrain leads to
he development of force fields that are calibrated in overall
hermodynamic state functions to dim the structural bias of
resent day modelling [11,60]. Undoubtedly, this will promote
he entropic predictability of host–guest systems, which is rather
ague at present [61,62]. Another hopeful prospect emerges
rom the availability of sound experimental entropies deriving

rom the advent and wide-spread use of convenient isothermal
itration calorimeters. Despite the subtleties of entropy compo-
ent deconvolution there is NO sign to resign from design. Just
nother dimension is opened that requires the serious apprecia-

[
[
[

ry Reviews 250 (2006) 2918–2928 2927

ion of structural diversity and surely adds to the complexity of
he challenge of design. To cope with this situation necessitates
o re-think popular models. The master said it before [63]:

“Your model should be as simple as possible – but not sim-
pler!”
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57] M. Garcı́a-Pérez, M. Pinto, J.A. Subirana, Biopolymers 69 (2003) 432.
58] M. Haj-Zaroubi, N.W. Mitzel, F.P. Schmidtchen, Angew. Chem. Int. Ed.

41 (2002) 104.
59] M. Haj-Zaroubi, F.P. Schmidtchen, Chem. Phys. Chem 6 (2005) 1181.
60] M. Christen, P.H. Hunenberger, D. Bakowies, R. Baron, R. Burgi, D.P.

Geerke, T.N. Heinz, M.A. Kastenholz, V. Krautler, C. Oostenbrink, C.

Peter, D. Trzesniak, W.F. van Gunsteren, J. Comp. Chem. 26 (2005) 1719.

61] S.-T.D. Hsu, C. Peter, W.F. van Gunsteren, A.M.J.J. Bonvin, Biophys. J.
88 (2005) 15.

62] K.L. Mardis, J. Phys. Chem. B 110 (2006) 971.
63] A. Einstein, cited after: http://www.janko.at/Zitate/Autoren/Einstein.htm.

http://www.janko.at/Zitate/Autoren/Einstein.htm

	Reflections on the construction of anion receptors
	Introduction
	The goal
	Essential concepts
	The model
	The terms for constructing anions receptors
	Addressing entropy
	Conclusion
	Acknowledgement
	References


