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PREFACE

The goal in Volume 4 of Advances in Supramolecular Chemistry remains the same
as for previous volumes: to present a broad range of supramolecular science
recorded by an international panel of distinguished researchers. Contributions in
this volume span the scientific range from electronic device development to novel
synthetic receptor molecules to biomimetic ion channels.

The true breadth of the supramolecular chemistry field is sometimes overlooked.
By their very nature, focused monographs cannot span the range of efforts that
include analytical, inorganic, organic, physical, and biochemistry. Even consider-
ing the wide range of studies underway, there is some polarization between the
biological side of supramolecular science and materials development. It is hoped
that the quality of the presentations in this volume will demonstrate that there is
original, fascinating, and excellent science on both sides and throughout the field
of supramolecular chemistry.

George W. Gokel
Editor

xi
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1. INTRODUCTION

In this review we aim to demonstrate that supramolecular devices which operate
via the interconversion of ionic and photonic signals can be useful for the gathering
and processing of chemically relevant information. We will restrict ourselves to
discussing those systems which involve the competing processes of luminescence
emission and PET (photoinduced electron transfer). The emphasis will be placed
on the recent literature.

2. WHY PHOTOIONIC DEVICES?

The usefulness of supramolecular systems' ™ which operate with ionic inputs and
luminescence output stems from many features.

Ions were present at the creation of supramolecular chemistry. It is remarkable
that all three inventors of the field commenced their research by designing and
constructing receptors for ions of the s-block in the periodic table.>~” Therefore
researchers into photoionic devices have the rare benefit of drawing on the entire
resources of a research area right from its inception.

Ions are available in a myriad of shapes, sizes, and charges due to the combina-
tions arising from the elements in the periodic table in their various oxidation
states.® These involve many selectivity patterns with regard to potential receptors.’
As opposed to electrons, the different natures of ions give rise to qualitative
distinguishability. Their local concentration gives quantitation of the input signal.
Interesting ramifications arise. For instance, molecular-scale systems'o with mul-
tiple receptors can select different ionic inputs into the different receptors without
additional guidance, i.e. the inputs are wireless. Practical distinguishability of ionic
signals by molecular-scale devices without “wiring” is unparalleled in conventional
electronics at any level of integration and has considerable potential for exploitation
by chemically minded scientists.
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Ions are the prime movers of life. Some of them are the signal carriers in the
nervous systems controlling intelligence and motion in the higher life forms.'' Even
in the simplest cases, ions carry the intracellular signals which are essential for
survival of the cell.”” This involvement of ions in intelligence naturally draws
designers of photoionic devices into the area of signal processing. On the other
hand, spying on these ions will provide a window on some of the inner workings
of life. Hence, many photoionic devices have been targeted for ion sensing in
biological environments. Of course, there are beautiful examples of related devices
in nature operating in the photon in—ion out mode, which is the reverse of the type
discussed here, e.g. rhodopsin in retinal rods of the human eye' 113 and bacteriorho-
dopsin in membranes of purple bacteria.'*

Tons can easily serve as the “finger” on the molecular-scale light switch.!* Due
to their intrinsic charge, ions can be marshalled and directed by electric fields.
Therefore, electrochemical control of local ion concentrations is feasible, especially
with ultramicroelectrodes.'® At a more subtle level, membrane potentials are capable
of large modulations of local ion concentrations in microenvironments.'” However it
must be noted that both these approaches are currently limited to a scale somewhat
larger than the single molecule. Nevertheless, with the advent of scanning electrochemi-
cal microscopy'® there is hope for the future because scanning microscope probe tips
routinely handle single molecules.'® Molecule-based approaches are also available in
the form of photoswitchable ion receptors,2%-2¢ some of which can provide ion pulses
within ns timescales. Photoreleasable caged ions are irreversible versions.”" A
potentially powerful combination would be the excitation of these ion complexes via
the probe tip of a near-field scanning optical microscope.

Photon emitting, i.e. luminescent molecules, are detectable with extreme sensi-
tivity at the single molecule level.** Thus luminescence is a natural approach to the
operation of devices at the molecular level. It is also notable that luminescent
molecules can yield information with <nm spatial resolution (though not visuali-
zation) even without special microtechniques.>* Luminescence output signals can
be received in the human domain in various colors, i.e. multiplexing is naturally
feasible. The intensity of the various colors permits quantitation of the output
signals. Luminescent molecules interface smoothly with confocal microscopes™
for 2D or 3D imaging at um resolution and photon-scanning tunnelling*/near-field
scanning optical®’ microscopes for 3D imaging at nm resolution. Most luminescent
devices have the personal touch since they are easily tested/demonstrated at the
ensemble level by visual observation. The luminescence lifetime (which can vary
from ~ns to ~ms) should, in principle, allow rapid information handling, though
the associated ion interactions will usually be rate-limiting. Transactions with
protons over minimum distances in aqueous media will result in maximum rates,
though protonic transactions in other media are also of interest.’

Molecular photoionic devices with switchable response,” at the ensemble level,
display nonlinear in/out characteristics which can be operated either as analogue
or digital devices by proper control of the ion concentration input variable ** When



4 A. PRASANNA DE SILVA T AL.

employed in smaller numbers, they should show “on/off™ action, reminiscent of
single-channel events in electrophysiology.*!

3. WHY PHOTOINDUCED ELECTRON TRANSFER?

Since PET lies at the heart of natural photosynthesis,*’ there is a wealth of
information available to device designers. Some of this data has arisen from
exploratory photochemistry,*>* while some have their origins in artificial photo-
synthesis research.*>

Since electrons are of rather low mass, PET rates can be extremely fast with transit
times in the ps—ns range. Molecular switches where the only “moving part” is an
electron are likely to be much faster than those involving nuclear motion.**** Since
they require ion movement, photoionic devices based on PET will operate at slower
rates. However these are fast enough compared to the human timescales.

Electron transfer rates are naturally subject to molecular-scale electric fields.
Therefore, ion binding to a molecule is an effective way of controlling PET within
it. Since PET is an excited state deactivation pathway, the competing radiative route,
i.e. luminescence, also becomes exposed to ionic manipulation. Under favorable
conditions, PET rates can be much faster (10'2 s7)*° than luminescence (10°~10'°
s7!). At the other extreme, conditions can be arranged under which PET is effec-
tively non-existent. Therefore, luminescence can be ionically switched between
“off” and “on” states representing digital action.*

The transfer of an electron requires a donor and an acceptor, i.e. a multicompo-
nent system is necessary if the process is to occur within a single molecular entity.
Molecular-scale devices employing PET are therefore necessarily supramolecular.
The integrity of the individual components or subunits will be best maintained if
they are held together by weak associations. Nevertheless the same outcome can
be largely achieved, especially for photochemical purposes, by connecting the
components together with covalent o bonds. While these can allow some degree of
inter-component interaction,>' -3 this approach has been adopted by most device
designers in the field mainly because robust systems resuit. PET-type processes are
also found in mechanically interlocked systems such as rotaxanes and catenanes,
especially those which rely on charge transfer (CT) interactions for their assem-
bly.>* It will only be a matter of time before ionically switchable luminescent
devices are developed from this approach as well.* Overall, PET systems will
continue to play a major part in the growth of supramolecular photochemistry.

4. LUMOPHORE-SPACER-RECEPTOR SYSTEMS
(NORMAL LOGIC)

A large fraction of the research in ionically switchable luminescent devices is in
this category. Several reviews of the early work are available.'>**40%6-% Figure 1
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Figure 1. (a) Schematic representation of the three-module format of an ionically
switchable photoactive dyad (normal logic). Receptors are shown throughout with a
hole even though a cavity is not a prerequisite for binding a guest ion. Note that the
excitation () in the lumophore drives the intramolecular, intermodular electron
transfer which quenches the luminescence. The electron transfer may transfer along
the bonds in the spacer or through space even though the latter has been chosen for
reasons of clarity in all figures. The direction of the electron transfer is such that the
presence of a cationic guest on/in the receptor would discourage the process (arguing
at the simplest electrostatic level). Now luminescence wins the competition. (b)
Frontier molecular orbital energy diagrams corresponding to part (a). Note that ground
state nomenclature is used throughout this article even though the electron occupancy
corresponds to the excited state of the lumophore. The intermodular electron transfer
is exergonic only in the cation-free case where the HOMO' of the receptor is higher
than that of the HOMO of the lumophore. The HOMO' of the receptor is stabilized
upon binding the cation. Electron transfer is relatively fast {c.f. luminescence) at
moderate exergonicities. (c) An example iliustrating the principles of parts (a) and (h)
from the aminomethyl aromatic family. The luminescence is switched “off” when the
amine unit is unprotonated. At sufficiently high proton concentrations (pH < pKa) the
amine becomes protonated and the luminescence is switched “on”.
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summarizes the key principles of these lumophore-spacer—receptor systems along
with a representative example (1)* from the aminoalkyl aromatic family. System
3% s a recent example of this type where the relatively long intrinsic fluorescence
lifetime of the discoidal pyrene fluorophore is used to develop a lifetime sensor for
pH. Lifetime sensing®” has an advantage over intensity sensing since no complica-
tions arise from environmental variables such as optical path length or local
concentration of the sensor or quenchers. Of course, the fluorescence intensity of
3 is smoothly pH-dependent as well.

The switching efficiency of lumophore-spacer—receptor systems can be im-
proved by using multiple receptor modules. The PET rate is increased in the device
when free of guest ions since more than one site can provide the transiting electron.
The simplest cases, such as 4,57 are those where the receptor units are well
separated to prevent interdependent ion binding with an interposed lumophore to
minimize the lumophore-receptor spacing for maximum PET rates. Besides this
statistical effect, receptors may also cooperatively participate in PET. % This may
be the case in 5% and 6.7

Systems with neighboring receptors tend to show multiple steps in the fluores-
cence intensity—~pH profile since (1) the pK, values of the neighboring receptors
tend to differ considerably, and (2) receptors at different distances from the
lumophore have different PET rates when they are free of guest ions. However these
cases are usually designed to exploit their chelating ability towards metal ions with
pH studies being of secondary interest. Systems 5,707.72 and 8" were aimed at
Zn**, and 97* raises interesting possibilities for binding a variety of inorganic and
organic guests. In some of these situations, the cyclophane nature of 9 would
suggest the involvement of the benzene fluorophore in a receptor role as well.

Lumophores other than hydrocarbons have been incorporated into the aminoalkyl
aromatic family of ionically switchable luminescent devices. For instance, metal-
loporphyrin systems such as 10”° have been used to good advantage. These cases
absorb and emit at wavelengths as long as 596 and 650 nm, respectively. Such
red-shifted systems are particularly attractive for monitoring ion movements in

SR eae:1
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intrinsically colored biomatrices. A large addition can be made to the aminoalkyl
aromatic family if we look towards heteroaromatic compounds as lumophores. This
can be particularly profitable and interesting in the following way.

The PET systems of the aminoalkyl aromatic type discussed so far display a very
simple behavior in that luminescence intensity (or quantum yield) is the only
variable. Such systems are very user-friendly as a result and tolerate a wide variety
of communication wavelengths. However these simple systems could be adapted
to include an additional absorptiometric sensing channel which can confirm the
results of ion density (pH say) obtained via luminescence. Of course, such increased
user-confidence is only attained with a proportionate reduction in simplicity. Now
excitation needs to be done at the isosbestic wavelength. These systems, e.g. 11 and
12, use a push—pull fluorophore with electron donor and acceptor substituents
which give rise to internal charge transfer (ICT) excited states.”® In contrast, the
simple PET systems employed aromatic hydrocarbon fluorophores with essentially
pure nn* excited states.®® The charge separation in ICT states can cause electrostatic
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interactions across the spacer with the ion-bound receptor. Thus, the absorption
spectrum undergoes pH-dependent shifts. The observed emission spectrum shows
much smaller shifts (if any) because only the ion-bound system is emissive in most
cases. Systems 11 and 12 are important because they are dual-channei sensors using
both emission and absorption. Closely related examples arise from inorganic
chemistry since charge transfer is common during the excitation of metal com-
plexes. For instance, tris(2,2'bipyridyl)Ru(Il) displays an emissive excited state
with metal-to-ligand charge transfer (ML.CT) character. This has been built into the
proton switchable system 13.”7 However, the exploitation of heteroaromatic lumo-
phores with ICT or MLCT excited states has to be approached carefully since they
can introduce interesting kinetic effects, as the following case demonstrates.

While the thermodynamic basis for the design of ionically switchable lumines-
cent PET devices is now well established, " the switching action is eventually
controlled by the competition between the rates of luminescence and electron
transfer. The connection between the rates and the thermodynamics is of intense
current interest.”® In the regioisomeric pairs 14 and 15, PET sensor action is found
to be sensitively controlled by kinetic factors.”® System 14 displays strong fluores-
cence switching “off-on” action with protons, whereas 15 is essentially unaffected.
This can be understood as being due to the dipole created in the ICT excited state
attracting or repelling the transiting electron in 14 or 15, respectively, even though
the thermodynamic driving force is essentially the same. The present phenomenon
is important for two additional reasons:

1. This is the first demonstration of self-regulated PET, i.e. the PET process is
controlled by the characteristics of the lumophore within the working device.
Self-regulation is an important aspect of self-organized molecular proc-
esses.!

2. PET within the photosynthetic reaction center occurs along preferentially
along one of two nearly identical branches.*? It may interest students of this
modern enigma that a similar path selectivity has now been demonstrated
within the much smaller supramolecular systems 14 and 15.

NEt,

NH\/\/+NH(\/\/+T‘JHJ)2
;; ool

NH
Et, N/\/
NHn-Bu
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Lumophore—~spacer—receptor systems are not by any means limited to the ami-
noalkyl aromatic family even if we focus on the receptor unit. Still, the latter family
is likety to remain a major provider of ionically switchable luminescent devices.
Aminoalkyl aromatics also serve as the platform for the development of lumines-
cent PET sensors for a whole class of nonionic saccharides.” While aliphatic
amines, either singly or in arrays, can serve as receptors for a variety of cationic
(e.g. Zn** as in 87%) and anionic (e.g. HPO‘%‘ as in 16%%8") guests, their intrinsically
high basicity causes a strong sensitivity towards protons. This has led to the use of
aromatic amine derivatives or even entirely nitrogen-free moieties® as receptors.
Before these are discussed, it is worth pointing out that amines are not the only
choice even for proton receptors in this field. Carboxylates, pyridines, and pheno-
lates have been incorporated into lumophore—spacer—receptor systems 178, 18,3
and 19% in this regard. Though these examples are still very small in number, these
three receptor classes have interesting contrasts with the conventional amine-based
systems. For instance, phenolates become more hydrophobic upon protonation,
whereas the opposite is true for amines. Such hydrophobicity alterations can be
important during the positioning of luminescent devices in microheterogeneous
environments (see Sections 9 and 10). Aromatic carboxylates and pyridines become
electron acceptors following protonation, whereas amines lose their electron-
donating ability. These will be detailed in Section 5.

The development of receptors for various ionic species with selectivity against
protons has been driven by, among other things, the need for sensors targeting
physiological situations. Several excellent examples of such receptors have been
integrated into fluorescent sensors (see Section 8). However, they can also be
developed into off—on switchable fluorescent systems of the PET type. For instance,
London’s 20 is known to bind Mg?* selectively under physiological conditions®
and has been used in '°F NMR probes®® and ratiometric fluorescent sensors based
on wavelength shifts.3” System 20 could be rationally incorporated into a lumo-
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phore—spacer-receptor system. For example, 21 shows a Mg?*-induced fluores-
cence enhancement of 67.%8 Such off-on action without significant changes in
emission band position or shape allows powerful visual demonstration of Mg?* in
neutral water and can also permit sensitive monitoring of pMg status in cell
populations. In spite of the lack of ratiometric capability, the availability of strong
off—on action in 21 can potentially allow pMg imaging in single cells at least
semiquantitatively. The design of 21 according to the lumophore—-spacer—receptor
format also means that their optical and ion sequestration properties are nearly
quantitatively inherited from the parent lumophore and receptor units.

System 22% is an earlier example which incorporates Tsien’s selective calcium
receptor 23.%° System 23 has also been employed for the construction of ratiometric
fluorescent sensors involving wavelength shifts.**®! System 22 and other related
PET sensors provide some of the most visually dramatic fluorescence off-on
switching induced by biologically relevant levels of calcium ions in addition to their
consistent predictability of most sensor parameters.

The construction of 22 employs the 5-methine group of the pyrazoline ring as
the spacer module. Amide groups can also serve in a segregatory capacity in spite
of its formally conjugated nature. Gust and Moore have used amides in this way to
isolate n-electron systems during their elegant studies on triads and higher versions
as analogues of the photosynthetic reaction center.”” System 24 is an example of
an off—on switchable fluorescent system which accommodates this feature.”® The
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coupling of lumophores with receptors via amide spacers is particularly attractive
regarding synthesis.

Macrocyclic 25 has been constructed with pseudocryptand 26 which can be
discerned within Tsien’s ratiometric fluorescent sensors® as the Na* receptor unit.
Conformational changes by 26 upon ion binding allows strong off-on PET sensing
action due to the ion-induced increase of its oxidation potential. X-ray structural
evidence for the Na*-induced conformational changes in 26 shows decreased
conjugation with a 40° twist about the C—N bond of the 2-anisidine unit. X-ray
evidence is also available®® for similar conformational changes in the non-macro-
cyclic Ca®* receptor 23. A related analysis has been made for a Ag*—phenyl-
azacrown ether interaction which involves a soft—soft component.

The switching efficiency of lumophore~spacer—receptor systems can also be
improved by using multiple lumophore modules to obtain the statistical advantage
as mentioned earlier with regard to multiple receptors. For instance, the fluorescent
enhancement factor of 92 induced by Ca?* in 22%° could be increased even further
to 116 in the case of the bifluorophoric derivative 27.%® In suitable cases such as 27,
lumophore-lumophore interactions can be induced remote from the Ca®* binding
site, i.e allosteric effects of biology can be imported into luminescent PET sensor
designs. Indeed, this represents a new approach to the modulation of the Ca**
binding constant and subsequently the sensing range of the supramolecular device.
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Metcalfe® has recently used substituents near the Ca®* binding site in 28 to
modulate the sensing range of ratiometric sensors.

Excimer formation, an obvious lumophore—lumophore interaction, was not seen
in this case. In the related case 29,%* nonradiative inter-lumophore interactions are
sterically allowed only in the absence of Ca®*. This is therefore an additional
enhancement mechanism for the Ca®*-induced switching “on” of luminescence.
System 30, based on multiple receptors and lumophores, shows off—on fluores-
cence switching with H* but not with a,w-diammonium ions in spite of the
demonstrable binding of the latter.'® This is understandable since the relative
disposition of the nitrogen atoms in the diazacrown components cannot simultane-
ously allow binding of all four nitrogen lone electron pairs necessary for the
switching “on” of fluorescence. This problem does not arise in 31 which has only
monoazacrown components and strong off-on switching is seen.'?! In addition, 30
shows no excimers in spite of its quasi-parallel pair of lumophores. Off—on
switching behavior is not observed in 32'°? upon binding Rb* or a,w-diammonium
ions. The reason is possibly because PET is less likely with the relatively poor
acceptor property of 9,10 dialkoxyanthracene across the dimethylene spacers.
Instead, monomer—excimer switching is found. However, there are old (33'%*'*)
and new (34'%1%) examples where PET processes and excimer formation are
concurrent. The monomer and excimer bands are differently influenced by the
concentration of the guest ion Zn**. The ratio of these two band intensities is
controlled only by the guest ion concentration and not by the physical variables of
the microenvironment (see Sections 8 and 13).

Tonically switchable lumophore~spacer—receptor systems can also be outfitted
with an additional PET inactive receptor to enhance guest binding, especially when
larger organic structures are involved. For instance, GABA is one of the most
important neurotransmitters with the GABA receptor being one of the most studied
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31

systems of its kind,'”” especially regarding this decade of the brain. Such studies
could be greatly assisted by the availability of a molecular fluorescent sensor for
GABA. System 35 is a step in this direction'®—it has been designed according to
fluorescent PET sensor principles and responds to GABA in mixed aqueous
methanolic solution at pH 9.5. The sensor embodies a guanidinium unit for binding
the carboxylate terminus of GABA and an aza- 18-crown-6 ether moiety for binding
the ammonium terminus with an anthracene unit serving both as the signaling
fluorophore and the rigid backbone which defines the length of the guest being
recognized. It should be noted that 35 owes a conceptual debt to 31 which responded
to o,w-diammonium ions such as putrescinium in nonaqueous medium.'®' The
availability of more effective receptors for amino acids including GABA'® should
allow the construction of fluorescent PET sensors for GABA and relatives operating
in neutral aqueous solution.

Occasionally, the spacer module can fulfill extra functions. System 36" has a
potential PET donor in the N,N- dimethylaniline unit but its large distance from the
lumophore prevents any real contribution. The dominant PET donors are the two
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aliphatic amine units closest to the lumophore. These PET donors can be blocked
by coordination to Zn?*. However, fluorescence remains quenched because the
dimethylaniline unit is brought into the neighborhood of the lumophore by Zn?*-
induced folding of the tetraamine chain. Thus the tetraamine chain in 36 can be
considered an “active” spacer between the anthracene lumophore and the dimethyl-
aniline. The spacer displays ion-coordination activity besides its own PET donation.
A similar example which employs a ferrocene moiety instead of dimethylaniline'®
brings in electron energy transfer (EET)''? as a quenching channel in addition to
PET. Such guest-induced folding of coordinatively active spacers or even guest-in-
duced deaggregation of subunits in order to bring photoactive termini closer or
further are known from electron energy transfer studies by Valeur''' and Tsien,''?
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respectively. Tsien’s example is based on c-AMP (cyclic adenosine monophosphate)
interacting with a protein kinase, whereas Valeur's case 37 is Pb%*-controllable.
Shinkai’s 38'"* is also a PET system whose fluorescence is controlled by Na*
binding to a coordinatively active spacer which is a calix[4]arene tetraester in this
case. However, the through-space distance between the photoactive termini is
expanded by Na* complexation, thus reducing the PET efficiency. Kuhn’s 39% s
not dissimilar in that a PET-type quencher (a nitroaromatic unit) is held away from
the lumophore by Ca®* binding. However a conventional lumophore—spacer—
receptor is also contained within 39 as found in 24. At this point it would not be
out of place to mention several important studies on the control of PET/EET by ion
binding to a coordinatively active spacer between photoactive terminii. 14117
System 36 is structurally related to Verhoewen’s 40''® since they both contain an
aromatic lumophore and an aromatic amine with one or more interposed aliphatic
amines. System 40 also displays the functional similarities that PET processes were

36
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41

involved and that the central amine could be ion-bound selectively. The similarities
end there, however, with the semirigid bridge in 40 permitting a long-range charge
transfer interaction between the termini.

Zinic’s 41'"? is the latest addition to the small group of lumophore—spacer—re-
ceptor systems where the lumophore also acts the role of receptor.'? The unique-
ness of 41 is that it offers X-ray crystallographic evidence for the dual role of the
lumophore. Both phenanthridinyl nitrogen atoms form part of the first coordination
sphere of the guest K*. The favorable stacking interaction appears to drive the syn
arrangement of the two lumophores, whereas 26 showed an anti arrangement of the
two capping groups. Nevertheless, alkali cations are ineffective at switching fluo-
rescence, unlike other lumophore-appended crown ethers.'?! However, off-on
switching is found with Sr** in spite of the quenching nature of the nitrate
counteranion.

Before closing this section, we note that Ueno’s elegantly derivatized cyclodex-
trins'**'? can also be viewed as lumophore-—spacer—receptor systems. However,
these show many differences from the cases described here. These do not generally
involve PET, though specific examples containing twisted internal charge transfer
(TICT) phenomena have emerged.'?* Their general mechanism of action requires
an intrinsically environmentally sensitive lumophore and some degree of self-com-
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plexation or inclusion/association of the lumophore by the cyclodextrin receptor.
The sensing action arises from the reversal of this self-complexation by the entry
of hydrophobic guests (which may carry ionic groups). The displaced location of
the lumophore leads to an altered emission signal. A recent example uses natural
aromatic amino acids as lumophores in a similar design.'?

5. LUMOPHORE-SPACER-RECEPTOR SYSTEMS
(REVERSE LOGIC)

As the title suggests, the subject of this section is closely connected to what has
gone before. Figure 2 also emphasizes this close and opposite connection when it
is compared to Figure 1. Nevertheless, lumophore—spacer—receptor systems which
show guest ion-induced on-off switching of luminescence are severely underrep-
resented in the literature compared to their off—on cousins. There may be several
reasons for this paucity, but the most important of these appears to have its origin
in analytical chemistry. It is well appreciated that a fluorescent reagent will have a
lower limit of detection for a given analyte if the analyte causes fluorescent
enhancement rather than quenching.'? It appears that designers of luminescent
devices have been inhibited from researching on—off switchable systems due to this
influence. However this inhibition is unfounded since the conditions of application
of single-use analytical reagents tend to be very different from those reversibly
switchable devices or sensors. The latter need to respond continuously to analyte
concentrations which can deviate positively or negatively from the normal. In many
instances, this normal value of analyte concentration can be moderately high since
it is determined by the biologically relevant range. This is well above the limit of
detection of the analyte by fluorescence methods. Furthermore, the analyte concen-
tration range to which the switchable luminescent device is sensitive would be
controlled by the binding constant and this would usually not be limited by the
luminescent properties.

Another reason why device designers have shied away from luminescent systems
which are switched “off” by guest ions is the fear of nonspecific quenching. Again,
this fear is more apparent than real in many situations. When such nonspecific
quenching paths are dynamic in nature, their efficiency is limited by Stern—Volmer
kinetics. On the other hand, designed on—off systems will produce very efficient
static quenching. If the receptor module can be chosen to be very selective for the
guest ion, extraneous static quenching paths can be avoided.

Given the success of PET switches and sensors of the off—on type (Section 5),
there is no fundamental reason why “on—off”” systems cannot grow to be similarly
useful. However there is little doubt that off—on systems are more visually appeal-
ing. Besides this aesthetic factor, off—on systems and especially the aminoalkyl
aromatic family tend to be synthetically more accessible since amine synthons are
available in great variety.
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Figure 2. (a) Schematic representation of the three-module format of an ionically
switchable photoactive dyad (reverse logic). For a given lumophore, the receptors
required here are more electron deficient than those used in Figure 1. We have tried
to symbolize this with grey shading in the present case. In contrast to Figure 1, the
direction of the electron transfer is such that the process is encouraged only when the
cationic guest is bound to the receptor. Now tuminescence loses the competition when
cationic guests are present on/in the receptor. (b) Frontier molecular orbital diagrams
corresponding to part (a). The intermolecular electron transfer is exergonic only in the
cation-bound case when the LUMO’ of the receptor is lower in energy than the LUMO
of the lumophore. Note that the LUMOQO' and the HOMO' of the receptor are stabilized
upon cation binding. Of course, as implied in part (a), the frontier orbital energies of
the receptor are lower than in the corresponding situation of Figure 1. (c) An example
illustrating the principles of parts {a) and (b) from the 1,3 diarylpyrazolin-5-yl benzoate
family. The luminescence is switched “on” when the carboxylate group is unpro-
tonated. At sufficiently high proton concentrations the carboxylate group is protonated
and the luminescence is switched “off”.

Nevertheless, the example 17 has been available since 1989.% This was the first
case where all the optical and ion-binding parameters of a functioning device were
quantitatively predictable from model compounds within experimental error. The
only exception was the emission quantum yield of the switched-*“on” state which
deviated negatively by 30%. Part of this deviation was caused by the different
solvent conditions which were necessary for examining the model lumophore. This
was an illustration of rather exact molecular engineering since the specifications at



Supramolecular Photoionic Devices 19

the design stage were accurately transferred to the working device. The remarkable
predictability of the device characteristics has to be attributed to the success of
isolating the lumophore from the carboxylate moiety (which is the heart of the
receptor) by the methine group and also by the adjacent benzene ring. The success
of the PET proeess in the “off” state of 17 at low pH values (42 in Figure 2) in spite
of this isolation must be due to the one-atom separation between the two n-electron
systems.

The same lumophore appears in 18 which shows similar on—off switching with
protons.® However 18 is quite distinct in several respects. Its pyridine receptor is
particularly suitable for incorporation into PET schemes since electrochemical data
are available for both the unprotonated and protonated forms.'?” The powerful
electron-accepting capability of pyridinium moieties has previously led to intra-
molecular fluorescence quenching in anthracene and other derivatives.'”*"** The
strength of this capability permits proton-induced on—off switching with several
pyrazoline derivatives including 18 which leads to a wide range of absorption and
emission colors. The charge on the pyridinium unit succeeds in perturbing the ICT
excited state of the lumophore across the methine spacer which is reflected in the
pH-dependent absorption spectra of 18, as seen before in 11 and 12.

6. LUMOPHORE-SPACER-RECEPTOR SYSTEMS WITH
REDOX ACTIVE GUESTS

As Figure 3 illustrates, redox active guests introduce PET processes almost by
definition and luminescent on—off switching is the norm. However, the inhibitions
outlined in Section 5 have not prevented the designers of switchable luminescent
devices from exploring systems which bind redox active guests. The combined
forces of inorganic coordination chemistry and supramolecular science have proved
1o be too attractive in many of these instances. It is to be hoped that some of this
effort will filter across to the examination of more on—off systems like 17 and 18.

System 43 is a clever modification of the aminomethyl aromatic motif."*! The
polyamine serves as a receptor for Zn** (as in 5 and 7), which in turn serves as a
receptor for the 4-nitrobenzoate ion. The successful on—off switching seen here due
to the electron-accepting property of the guest anion is also matched by the
4-dimethylaminobenzoate ion which acts as an electron donor for the PET process.
Such second-sphere coordination'*? can also be identified in the free base form of
16 which requires the sequential attachment of protons and monohydrogenphos-
phate, though it is of the off—on type. A more closely related example is 45 where
the luminescence is switched *“off” only when SCN™ is bound by Ba®* which is the
guest of the crown ether receptor.'** Related I"-induced quenching of luminescence
is also known for lumophores integrated into crown ethers such as 46'* (see Section
8), especially at high concentrations of the iodide salt. The high atomic number of
I” also may have a role in the luminescence quenching since cases of rather remote
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Figure 3. (a) Schematic representation of the three-module format of an ionically
switchable photoactive dyad where the guest ion is redox active. In contrast to Figures
1 and 2, the charge sign of the guest ion is only of secondary importance. Note that
the receptor is not directly involved in the electron transfer, again in contrast to Figures
1 and 2. In general, the nature of the redox activity will determine the direction of the
electron transfer, i.e. either direction can be encouraged depending on the guest.
Luminescence has no competition until the redox active guest is bound by the
receptor. (b) Frontier molecular orbital energy diagrams corresponding to part (a). The
electron transfer from the excited lumophore to the guest ion must be exergonic, i.e.
the LUMO” of the guest must be lower in energy than the LUMO of the lumophore.
The opposite situation (not shown) relating the energy of the HOMO" of the guest ion
to that of the HOMO of the lumophore is equally valid. A third situation, which is not
shown either, can combine the previous two. This leads to electronic energy transfer
from the lumophore to the guest ion by electron exchange, thus quenching the
luminescence of the lumophore. Luminescence originating from the guest may be
observed in certain cases. (c) An example illustrating the principles of parts (a) and (b)
from the work of Fabbrizzi and colleagues. The luminescence is switched “off” only
when 4-nitrobenzoate is present in large enough concentration to bind to the Zn%*
center,

LUMO"
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“heavy-atom” quenching are known.'’ Other halides'*®'*" and nucleotide deriva-
tives'**!13% also show luminescence quenchings of this general type.

The general scheme in Figure 3 can apply to cations with equal validity. For
instance, 47'“° binds 48> with CT interactions and shows on—off switching of
luminescence. The fact that the guest ion in this case is macrocyclic takes nothing
away from the principle. However, metallic guest ions have been the most popular.
d-Block metal ions have long been known as luminescent quenchers when directly
bound to lumophores.'*! Lumophore—spacer—receptor systems which act in a
similar fashion are of much more recent vintage. Hg(II) switches “off ” the emission
from protonated 772 and Ni(II) has the same effect on 49.'4> While PET activity is
the probable mechanism for posttransition metal ions such as Hg(II), the jury is still
out in cases involving transition metal ions in general. These metal ions possess
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rather low-lying but nonemissive excited states of their own. Thus they can cause
luminescence quenching by electronic energy transfer (EET) from the lumophore
to the guest metal ion.!'” The PET-EET debate can be resolved in certain instances
by measurements in low temperature glasses since PET would be hindered if it
involves a charge separation (but less so if it was a charge shift), whereas EET
remains undisturbed.'*> Additional evidence suggesting possible EET would be the
observation of low energy absorption bands connected to the metal ion, which is
the case for Cu(Il) and doubly deprotonated 50. '44 The same mechanistic dilemma
applies to 51'% and 52,'* though these are distinguished by their near-specificity
for Fe(IIl) inherited from their siderophore receptors. Since 52 has three pyrene
lumophores of rather long intrinsic excited-state lifetime, it naturally shows an
excimer—monomer equilibrium. As in the cases such as 34,'%1% this equilibrium
can be modulated when nonquenching ions such as Ga(Ill) are able to bind with
the siderophore moiety even though no PET processes are involved.

Cu(Il) is one of the best examples of a redox active guest, but apparently not when
it is imprisoned in a cryptand such as 53.'%7 In this case, the Cu(ll) is silent over a
wide potential range during cyclic voltammetry. System 33 is designed as a
lumophore-spacer—receptor system such as 28-30 and 33-34 in Section | with
multiple lumophores. It also shows similar luminescence off—on switching with H*
and even with Cu(Il). The possibility of Cu(Il) induced production of H* from
moisture appears to have been ruled out. The absence of EET is a mystery which
can only be dispelled by further studies on this interesting system.

The quenching of luminescence by d-block ions is not universal; 53 is an unusual
illustration. Even in more common situations, different oxidation states of the same
metal can act very differently. Some cases are clear. Cu(ll) quenches the lumines-
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cence of 54 and Cu(l) does not because the latter has a d'° conﬁguration.“‘8

Luminescence studies in a 77K glass prove the PET nature of the luminescence
quenching by Cu(lI) since PET is prevented under such conditions. Consideration
of PET thermodynamics suggests PET from the lumophore to the Cu(ll) center.
Similar considerations show that PET is much less likely in the Cu(l) state. The
thiacrown ether receptor in 54 plays a critical role in stabilizing the Cu center in
oxidation state 1. In general, this means that the luminescence of some of these
systems can be switched by altering the metal oxidation state under electrochemical
or chemical redox control. In the present instance the Cu complex of 54 can be
electrochemically switched between the Cu(I) and Cu(Il) states by setting the
potential on either side of 0.6 V (versus SCE). This gives rise to voltage-responsive
luminescence which has obvious implications for electrochromic applications in
displays. It is to be noted in passing that the voltage sensitive fluorescent dyes of
membrane physiology are quite different in their mode of operation.”g

While many metal centers can be reversibly cycled between two (or more)
oxidation states, few organic moieties can match such reversibility especially in
protic media. Nevertheless, the first supramolecular example of an electroswitch-
able luminescent device involved the benzoquinone~hydroquinone couple. The
luminescence of 55'° is switched “off” due to PET in the benzoquinone state of
the redox couple. Electrochemical or chemical reduction of the benzoquinone under
protic conditions to hydroquinone recovers the luminescence of the tris(2,2'-
bipyridyl) Ru(Il) unit. Itis noted that the luminescence of tris(2,2"-bipyridyl) Ru(Il)
itself is electroswitchable. Indeed tris(2,2’'-bipyridyl) Ru(I) came to fame as a solar
energy material'>' from more humble beginnings as a luminescent redox indica-
tor.'> However 55 achieves the same switching at a lower magnitude of reduction
potential. Here lies the advantage of the supramolecular design. Like tris(2,2'-
bipyridyl) Ru(Il), many lumophores show electroswitchable luminescence. An
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all-organic example would be anthracene whose bright blue emission would be lost
upon generation of the radical anion in aprotic medium."* All-organic supra-
molecular systems with electroswitchable luminescence are also available, e.g.
Daub’s 56.'* Overall, it appears that lumophore—spacer—receptor systems with
redox active guests have many treats in store for chemists of widely differing
backgrounds.

7. ORTHOGONAL LUMOPHORE-RECEPTOR SYSTEMS

Another important strategy that has been introduced into luminescent PET devices
is the idea of virtual spacers in lumophore-spacer—receptor systems. Here an
orthogonality is maintained between the lumophore and receptor modules by steric
interactions. System 57 is an example of such a twisted lumophore—receptor system
(Figure 4) which when first synthesized (on an empirical design basis) by Tsien
showed a Ca®*-induced emission enhancement of only 3.'%* It has been synthesized
by a different route and shows a very respectable enhancement of 25—a visually
clear off—on action.”® Kuhn at Molecular Probes Inc. has also prepared samples of
57 with high emission enhancements.'>® Related examples were collected in a 1993
review.** It is interesting that one of the earliest examples of luminescence off—on
switching with a redox active guest was the orthogonal lumophore—receptor system
59 with Ag(I).” The understanding of the behavior of 59 appears less problematic
than that of 53 discussed earlier. In the Ag(I) complex of 59, EET complications
are absent and PET processes between the Ag(I) center and the acridinium lumo-
phore can be estimated to be difficult in either direction. On the other hand, the
PET-type process from the N-phenyl azacrown receptor to the acridinium lumo-
phore in Ag(I)-free 59 is strongly allowed. The tables are turned upon entry of Ag(I)
owing to the strong Ag(I)-N interaction. More generally, the scope of luminescent
PET sensors/switches can be significantly increased by including orthogonal
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Figure 4. (a) Schematic representation of the orthogonal two-module format of an
ionically switchable photoactive dyad. The simple picture presented here in terms of
an electron transfer driven by excitation localized in the lumophore is convenient and
sufficient for our purposes. A more sophisticated picture acknowledges the importance
of twisted internal charge transfer (TICT) excited states in the photophysics of these
systems, even those these states are rarely emissive in ionically switchable cases.
Given this simplification, the arguments parallel those in Figure 1. (b) Frontier
molecular orbital energy diagrams corresponding to the simple picture in part (a). (c)
An example illustrating the principles of parts (a) and (b} from the work of Tsien and
colleagues. The luminescence is switched “on” only when Ca?* binds to the amino-
carboxylate receptor.

lumophore—receptor systems. At a fundamental level, this allows a meeting of two
major principles of modern photochemistry—PET*>~#7 and twisted intramolecular
charge transfer (TICT).'>”"!8 The latter principle encompasses lumophore—recep-
tor systems which can pass into an orthogonal arrangement in the excited state.
System 57 and relatives are sterically preorganized for such an evolution. On the
other hand there are a number of cases with no such preorganization such as 60
whose behavior can nevertheless be rationalized according to TICT ideas. The
reader is referred to the extensive work by Lapouyade and Retti g'3%18 for detailed
discussions of these very interesting systems.
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8. INTEGRATED LUMOPHORE-RECEPTOR SYSTEMS

These systems are outside the scope of the present review for several reasons. Since
the lumophore and the receptor merge almost seamlessly, they cannot be classed as
supramolecular systems in a structural and compartmental sense. In fact, the only
supramolecular feature is in the binding of guest ions. Mechanistically these
systems cannot involve PET processes since the components needed for electron
transfer are not clearly distinguishable (however, see Section 7 where the compo-
nents can emerge in the excited state). Even from a behavioral viewpoint, integrated
lumophore-receptor systems do not fit with the rest of this review since they do
not display ion-induced off—on switching or a simple variant thereof. In spite of all
these arguments, the sheer quantity and quality (in terms of utility) of these systems
demands at least a brief discussion to see the bulk of this review in perspective.
Figure 5 outlines a relevant representation of integrated lumophore-receptor
systems. System 61,'®! for example, switches from a red emission to yellow when
protonated, and would be typical in that the excited state has internal charge transfer
(ICT) character. Such excited states were encountered as an important adjunct to
lumophore—spacer—receptor systems in Section 4. In contrast, ICT excited states
are the very heart of integrated lumophore—receptor systems. It is the excited state
dipole which interacts with the ionic guest to give rise to the spectral shift observed.
However the same interaction can lead to guest ejection from the receptor. Unfor-
tunately for sensing applications, many of the cases available to date develop the
positive terminal of the excited state dipole adjacent to the cation receptor. Elegant
studies by Valeur’*?> and Lapouyade? have detailed the disengagement process
for metal ions, the precedent being set for protons by Gutman and Huppert.? Only
a handful of examples escape the consequences of this action, i.e. the erasure of
ion-induced shift in the emission spectrum. System 61 is one of these atypical
examples for proton guests, whereas 63 is a similar rarity for Ca** guests®! (see
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Figure 5. (a) Schematic representation of the integral format of an ionically switch-
able photoactive system. Note that the lumophore and the receptor overlap consid-
erably, preventing their separate identification with any confidence. The excitation (*)
is delocalized over most, if not all, of the molecular r-electron system. The sole
supramolecular aspect of these cases emerges only in terms of binding the guest ion.
Furthermore the luminescence of these systems are not generally switchable in an
“off-on” or “on—off” sense even though many show intensity variations. Rather, the
switching is from one wavelength range to another. Even here, complications emerge
and practical cases are uncommon. The common cases, of which there are many,
show ion-controlled switching from one wavelength to another in the luminescence
excitation spectrum but not in emission. (b) Frontier molecuiar orbital energy diagrams
corresponding to part (a). An example illustrating the principles of parts (a) and (b}
from work at Molecular Probes Inc. The luminescence shifts from red to yellow when
the system is protonated.

Section 13) and 64 is successful for Na*.'92 All this notwithstanding, several
integrated lumophore—receptor systems, e.g. 65,°' have been persuaded to act as
cation sensors in physiology with respect to their excitation spectra. The influence
of these sensors have been immense and Tsien has been a pioneer in this general
areq %0:12.163

There have also been some recent developments which promise interesting
offshoots. CaZ*-sensitive 66°° has the tried-and-tested features of 65 along with a
new twist. The Ca®*-induced conformational change alters the lumophore structure
from resembling a rhodamine to a fluorescein lookalike. Not only does 66 maintain



28 A. PRASANNA DE SILVA ET AL.

- F o 7 O N |
63 O | N
T

Me 65

the ratiometric advantage for sensing purposes (Section 13), but it also switches
between two lumophores beloved to biochemists. Furthermore, the ratiometry is
successful in the emission mode. Some formally integrated lumophore—receptor
systems can also include segregatory features. The heart of the proton receptor in
67'%* is not only remote from the Ru(Il) terpyridyl lumophore, but its lone electron
pairs are separated from the n-electron system at least to a first approximation.‘65
Also, a biary! link'®® is interposed between the two regions. This example shows a
remarkable proton-induced lengthening of the typically short emission lifetime of
the Ru(Il) terpyridy] center as well as a red shifted emission expected for an
integrated lumophore-receptor system of this general type. A relative stabilization
of the MLCT excited state relative to the nonemissive metal-centered excited state
is one of the causes of this remarkable behavior.

The positive electrostatic charge of Ru(ll) polypyridyl complexes has been
combined with hydrogen-bond donating primary carboxamide groups in Beer’s
68'°" to yield anion-sensitive luminescent systems. Structural variations have
allowed strong biasing of CI"/H,POj selectivity in either direction. Macrocyclic 69
also raises interesting questions about PET/EET processes (Section 13) across
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mediating guests. However there is no question about the success of anion-induced
luminescent switching action in these cases.

The final call on this whistle-stop tour concerns an extension of integrated
lumophore—receptor systems, in both a conceptual and a literal sense, with poly-
meric lumophores. Swager’s 70'°® employs a poly(phenyleneethynylene) lumo-
phore, where the excitation can be widely delocalized, with an inbuilt benzocrown
etherreceptor. Upon entry of N,N'-dimethyl-4,4'-bipyridyl guest ion,> the emission
is quenched by a PET-type CT interaction. The on—off switching is particularly
efficient because the exciton can be ambushed over a long section of the polylumo-
phore corresponding to the exciton diffusion length. Further adaptations of polylu-
mophores for switching/sensing applications are eagerly awaited.
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The vibrancy of integrated systems, as illustrated by these diverse examples,
serves as a counterpoint to the more overtly supramolecular systems under discus-
sion in this review.

9. SHIELDED LUMOPHORE-SPACER-RECEPTOR SYSTEMS

The modular construction of lumophore-spacer—receptor systems allows the use
of intrinsically delicate lumophores since they can be selectively shielded from the
ravages of the environment while leaving the receptor exposed for the necessary
interaction with guest ions. Of course, the shield module must be transparent to the
incoming and outgoing photons as they interact with the lumophore. Such regiose-
lective self-assembly of the luminescent system with the shield module can be
arranged in aqueous solution by ensuring that the fumophore unit is more hydro-
phobic than the receptor component. Usually, the shield presents an externally
hydrophilic face while possessing a hydrophobic interior. While several macrocy-
clic hosts fit the bill, B-cyclodextrin has been the most successful in the current
context. Figure 6 details the mode of operation of such a shielded system. Before
proceeding any further, it is important to discuss why shielded systems can be
particularly useful. Several classes of lumophore need protection from the very
environment in which they must operate. When protection is provided, these
lumophores display their true colors which can be rather unique. The case of
lanthanide ions will be taken up in Section 11. Our spotlight here is on organic
phosphors. These are notoriously sensitive to emission quenching in fluid solution,
partly because of their intrinsically long excited-state lifetime.'®® However, such
long lifetimes in the millisecond range can be put to good use since the output signal
from a phosphorescent device would outlive any competing signals arising from
matrix autofluorescence or scattering. Pulse excitation and delayed observation can
thus cut through environmentally generated noise. System 71 is such a case where
the bromonaphthalene component displays phosphorescence off—on switching
when protons bind to the amine receptor.'”® As discussed in the Figure 6 legend,
PET processes can occur either before or after the lowest triplet excited state is
reached following the population of the lowest excited singlet. It is gratifying that
71 is experimentally well-behaved in spite of this mechanistic dilemma. “Message
in a bottle” systems such as 71 are bound to multiply since they combine attractive

Figure 6. (a) Schematic representation of the four-module format of an ionically
switchable photoactive dyad. This requires a shield module owing to the exceptional
sensitivity of its emissive state towards collisional quenching. However, this emission
can be putto good use, as discussed in the text. In many respects however, the situation
in Figure 1 is applicable here. Note that the relative position of the dyad with respect
to the shield can depend on whether the receptor is ion-bound or not. (continued)
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Figure 6. (continued) (b) State energy diagrams corresponding to part (a). Note that
many of these higher generation systems in this and the following figures are
developed without frontier molecular orbital energy diagrams since they are either
easily obtained as combinations of earlier figures or because, as in the present case,
state energy diagrams are more appropriate. In the present case, ground (So), first
excited singlet (S1) and triplet states (T1) of the lumophore are involved along with the
electron transferred radical ion pair state (RIP). All nonradiative processes are under-
stood to be adiabatic in spite of the simpler representation which is used for clarity.
Two electron transfer processes are possible when the receptor is free of ionic guests.
One (ET) occurs from St in competition with the rather rapid intersystem crossing (ISC)
which usually overpowers any emission (fluorescence) from S1 in well-designed
instances. This electron transfer pathway is rather exergonic. The other electron
transfer route (ET") occurs from Ty in competition with the rather slow luminescence
{phosphorescence). ET' is fast enough to win this competition even if it is substantially
endergonic (though a slightly exergonic case is shown). The RIP state undergoes fast
back electron transfer (BET) to recover the ground state. This is common to all the
cases discussed in this chapter. The electron transfer processes come to a virtual
standstill when the receptor is bound to a guest ion. Now the RIP state is at inaccessibly
high energies and luminescence emerges from T1 unopposed (except for unavoidable
T1-So nonradiative processes intrinsic to the lumophore). {c) An example illustrating
the principles of parts (a) and (b) from the cyclodextrin-complexed aminomethyl
bromoaromatic family. The luminescence is switched “off” when the amine unit is
unprotonated. The switching “on” takes place upon protonation.
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self-assembly schemes with very useful switchable luminescence. Shielded phos-
phors have also been cleverly exploited by Nocera where they trap a third compo-
nent such as an alcohol to unleash phosphorescence.'’! The facts that near-zero
backgrounds and aerated solutions are involved add to the attraction. Variations
with ionic guests are likely to be on their way.

10. TARGETED LUMOPHORE-SPACER-RECEPTOR
SYSTEMS

Itis possible to develop the potential of molecular luminescent devices for mapping
of ion densities at molecular-scale distances. The basic lumophore—spacer—recep-
tor dyad can be expanded by adding targeting and anchoring modules (Figure 7) so
that the receptor can be positioned to observe guest ions in microheterogeneous
fields. A large family of fluorescent PET sensors, e.g. 73,>* which act as molecular
submarines located near the membrane—water interface at various depths are now
available. Thus the effective local pH can be easily obtained as a function of position
of the molecular submarine periscope. Large variations of the local pH over 2-3
units are seen as the molecular periscope is brought very close to the membrane.
Such results support the theories of bioenergetics highlighted by Mitchell and by
Williams'’® where membrane-bounded proton gradients fuel the generation of ATP,
the universal energy provider in biology. System 73 and its relatives can provide
molecular tools for researchers in this area.

The targeting modules in 73 enable it to find its own way to a particular location
with respect to the membrane which is a self-assembled polymer. While the
self-organizing aspect of 73 is highlighted in this application, the location of the
sensory supermolecule can be fixed by covalent attachment to a conventional
(covalently constructed) polymer. The mysteries of polymer tertiary structure will,
of course, remain. Nevertheless, such polymer-bound luminescent devices are of
considerable interest. In the case of soluble polymers, especially those which are
ionic, many principles can be carried over from membrane science. One of these is
that the polyion will concentrate counterions near its surface. Thus the appended
sensory supermolecule will show an increased sensitivity. This general point can
be illustrated from the work of Shirai et al.!”* with 75, even though some related
studies with unattached lumophores have been available from Kimura and Smid
since 1981.'7 This idea can be extended by employing strongly switchable PET-
based luminescent systems. For example, 76a,'’* which is a polymer-attached
version of the 10-year-old 77,'” shows a significant luminescence enhancement
factor of 2.5 upon addition of K*. The free acid form 76b can only respond with a
small decrease of emission due to the ion exchange of the receptor-bound protons.
It will only be a matter of time before cross-linked, and insoluble, versions are
examined for use at the tips of fiber-optic macrodevices.
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Figure 7. (a) Schematic representation of the five-module format of an ionically
switchable photoactive dyad which can be targeted to a microlocation. This requires
two anchoring/targeting molecules (A/T1 and A/T) at the terminals. The one near the
receptor controls fine positioning since the receptor is responsible for sampling the
guest ion density, i.e. the concentration information pertains to the exact location of
the receptor. A/T1 serves a gross anchoring role once it has driven the system to the
approximate location in the microheterogeneous field. The electron transfer charac-
teristics and their control by the guest ion are similar to that given in Figure 1. Note
that the relative position of the dyad with respect to the pseudo-phase boundary can
depend on whether the receptor is ion-bound or not. This means that the guest ion
concentration information comes from an averaged position of the receptor. (b) An
example illustrating the principles of part (a) from the aminomethyl aromatic family.
The luminescence is switched “off ” unless the receptor is in a region of high enough
proton density.

Organic polymers are attractive as matrices for the attachment of switchable
luminescent devices at least partly because of their synthetic versatility. At the same
time, inorganic polymers possess the attraction of robustness. This is one of the
driving forces for the development of silica-attached luminescent switches. Ami-
nopropyl silica particles, commercially available as a chromatography phase, can
be synthetically elaborated into a lumophore—spacer—receptor system 78.!76 Natu-
rally, its emission intensity—pH profile is displaced relative to silica-free model
compounds but the proton-induced off—on switching is preserved. Low coverages
regarding the lumophore and the capping of the unreacted aminopropyl groups are
conducive to good proton-induced switching behavior. System 78 is currently
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employed as a suspension which can be filtered off and reused. Furthermore, the
potential exists for integration into fiber-optic systems. A precedent has been set by
the attachment of a single-controlled pore glass (CPG) bead to a single fiber where
the pH-sensitive lumophore fluorescein was covalently bound to the aminopropyl
groups on the CPG surface.!”” So it seems reasonable to conclude that the cases
discussed here have only scratched the surface of what is possible with targeted and
anchored lumophore—spacer—receptor systems.

11. LUMOPHORE-RECEPTOR;-SPACER-RECEPTOR,
SYSTEMS

Almost all the examples discussed so far use covalent bonds to hold the receptor at
a reasonable distance from the lumophore. However, alternative strategies are
available. For instance, receptor, selective for the guest ion of interest may be
covalently linked to another receptor, which is chosen for its ability to selectively
bind a lumophore. This approach has the reward of versatility. Once synthesized,
the receptor,—spacer—receptor, system may be combined with any one of several
different lumophores with a range of optical properties. Any enthusiasm this may
generate must be tempered because this approach can also have its dangers due to
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insufficient selectivities. This notwithstanding, progress is possible on several
fronts.

For example, the success of ionically switchable PET-based lumophore—spacer—
receptor systems”'40 can be transplanted into the field of lanthanide delayed
luminescence.'”® This idea has been buoyed up by the continuing success of delayed
luminescence immunoassay in providing an alternative to radioimmunoassay as a
medical diagnostic tool.'’® Therefore delayed luminescent PET sensors/switches
would carry over the advantages of time-resolved observation into general ion
monitoring by entirely avoiding interference from matrix autofluorescence and
light scattering. The design is best illustrated by comparing it (Figure 8) to the parent
system (Figure 1). The receptor, serves to bind the lanthanide ion strongly and to
protect it from water. The latter function is important for maximizing the lumines-
cence quantum yield by suppressing energy loss via O-H vibrators,'®® though
proximal N-H and C-H vibrators remain.’ Receptor, also serves as a photon
antenna since lanthanide ions are intrinsically poor photon absorbers. Itis clear that
the PET process has two possible paths terminating at either the antenna or at the
lanthanide center. Shinkai has independently examined lanthanide delayed lumi-
nescence of 81 in the context of switchable PET processes even though his emphasis
was on uncovering the source of the antenna effect.!®2

Excitation at the longest wavelength possible is a practical consideration in
biological and medical investigations since competitive light absorption by the
matrix can be reduced. In the field of lanthanide sensitizers, the excitation wave-
length limit is still at the blue edge of the visible spectrum. The terpyridyl-based
luminescent label developed by Toner'®* absorbs at 340 nm and its Eu(III) complex
provides excellent detection limits in immunoassay procedures.184 This label has
now been modified so that it would carry a receptor selective for H* (against
Ln**)—in this case a tertiary amine proved to be adequate. The delayed lumines-
cence of 79 shows clear off—on switching as the pH of the medium is swept across
the pK, value of the amine side chain towards more acidic values.'® Acid and base
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hydrolysis of lanthanide complexes can also lead to pH-dependent luminescence,' 86
but such collapse of complexes is not meant for continuous sensing. System 80 and
its relatives have rather long emission lifetimes of ~0.6 ms and high luminescence
quantum yields (~0.5) in the “on” state. The long emission lifetime is of special
interest to industrialists since sensors based on lifetime (rather than on emission
intensity) can be constructed with low-cost, modulated light-emitting diodes
(LED:s). Lifetime sensing of ions, so far only available for fluorescence®®®” where
LED modulation is not feasible, carries an internal reference for self-calibration
(unlike simple intensity sensing) which makes them immune to microenvironmen-
tal variations in optical path, sensor incorporation, and quencher concentration.

Lanthanide ion lumophores have also been included in receptor,—spacer—recep-
tor, systems outside of the PET design principle. Nocera has targeted ionic or
nonionic aromatic guests.'®’~'®° The aromatic character of the guest is critical since
receptor, (as well as receptor,) is chosen to be optically transparent in this scheme.
Since the guest serves to receive photonic excitation for subsequent EET to the
lanthanide lumophore, the guest switches the luminescence *“on.”

Organic lumophores can also be used in conjunction with receptor,—spacer—
receptor, systems. Aminoalkyl cyclodextrins are particularly suitable in this regard
since amines and cyclodextrins show almost mutually exclusive receptor properties.

Figure 8. (a) Schematic representation of the four-module format of an ionically
switchable photoactive dyad. Several points in Figure 6 are seen here. However the
lumophore (L) in the present case is an atomic species, usually a trivalent lanthanide
ion. The receptor; module not only holds L but it also serves to receive photonic
excitation which is then transferred as electronic energy (EET) to L which is otherwise
a poor photon absorber. Receptor; also shields L from excessive hydration and
Juminescence quenching arising therefrom. The EET symbol is reserved for this key
sensitization process from the receptor to L, even though there are other electronic
energy transfer processes occurring between, e.g. S1 and T1 which is labeled an ISC.
Note that receptor; selectively binds L, whereas receptorz chooses the ionic guest
when it is available in sufficient concentration. This system can have two electron
transfer routes from the receptor; module (when it is free of guest ion). The first of
these has the receptor; module as the final destination, the lumophore metal only
becoming directly involved in the case of any luminescence emission. The other
electron transfer process terminates at L either directly or with involvement of
receptori. In the latter instance superexchange or a discrete intermediate is possible.
The latter situation has some similarity with the first electron transfer route. (b) and (c)
State energy diagrams corresponding to the two electron transfer routes in part (a).
Only the essential processes are shown for clarity. Further, only the more common
situation of Ty sensitization of the metal centered excited state (MC) of the lumophore
is shown. Part (b) is nearly identical to the situation in Figure 6(b) except that EET to
the MC intercepts the T; state of receptor; thus preventing any phosphorescence
emission.
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Figure 8. (Continued) This applies when the receptor; is bound to the guest ion. The
lumophore MC state emits luminescence and returns to the ground state of the
lanthanide metal ion (MG). When receptor: is free of guest ions, the MC state is not
significantly populated due to the rapid diversion of T energy via the electron transfer
ET’. Part (c) has some significant differences from part (b). Now the electron transfer
process (ET) is powered by the MC state and involves oxidation state changes in the
lanthanide. The electron-transferred radical ion-pair state (RIP") is so described to
maintain consistency with Figure 6 even though a lanthanide ion oxidation state and
a receptorz radical ion are the relevant partners. In particular, the RIP’ state has
contributions from both the organic and inorganic electron systems. The back electron
transfer (BET) from RIP" returns both these systems to their respective electronic ground
states, collectively labeled G. (d) An example illustrating the principles of parts (a) and
(b) but not (c) from a family of aminomethyl terpyridyl complexes with terbium (lll).
The luminescence is switched “on” only when both the amine units are protonated.
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Yoshida et al.'® used anilinonaphthalene sulfonate derivatives as lumophores.
These have a history of emission switching “‘on” when included in cyclodextrin and
other hydrophobic cavities away from aqueous solution.'”!*!2 Such cases usually
show pH-independent emission. However, the derivatization of the cyclodextrin
with aminoalkyl units leads to marked pH-dependent emission from the same
lumophores as guests. PET processes do not appear to be involved. Instead, the
different abilities of aminoalkyl sidechains to act as caps in their different protona-
tion states control the extent of binding of the anionic lumophore. We find that
suitable combinations of aminoalkyl cyclodextrins and aromatic lumophores can
yield proton-induced switching behavior reminiscent of PET schemes, though with
reduced efficiency.'® Taken together, these examples suggest an interesting future
for switchable luminescent devices which sacrifice some key covalent bonds in
order to make new connections.

12. LUMOPHORE-SPACER;—RECEPTOR;-
SPACER-RECEPTOR,; SYSTEMS

After establishing the concept of switchable luminescent PET systems, it is possible
to design and build advanced versions which begin to display features previously
seen only in electronic devices of various types. For example, consider the pho-
toionic AND logic gate 82 (Figure 9). Molecules which are inherently capable of
logic functions are important, especially so since their two switchabie states are so
easily observed visually to be “on” or “off” via the “high” or “low” level of
fluorescence. These systems begin to mimic the action of solid-state electronic logic
gates’® which triggered the electronic computer revolution. The fluorescence
output of 82 switches “on” only if H* and Na* are both simultaneously present at
high concentrations, i.e. if [H*] > 10~* M and [Na*] > 1072 M. The corresponding
truth table is shown in Figure 10. Such a system with the lumophore—spacer,—re-
ceptor,—spacer,—receptor, format would then have a fluorescence quenching PET
channel even if a single-receptor module was unoccupied by its corresponding
cation (Figure 9). 82'% could be confidently designed on the foundations laid by
its first-generation precursors 1% for H* and 84 for Na®.

The predictive power of the luminescent PET sensor principle is again apparent
here. Further, the benzocrown ether and the amine receptors would selectively bind
Na* and H*, respectively. A remarkable feature here is that no molecular *“wiring”
is needed to allow the human operation of this two-input molecular device. The
device self-selects its own ion inputs into the appropriate signal channels by means
of the chemoselective receptor modules. Since the output signal is fluorescence,
even a single molecule can interface with detectors in the human domain, including
the dark-adapted eye. Tanaka’s 45'%3 is another example where fluorescence
quenching is achieved only when Ba?* and SCN™ are present. This was mentioned
in Section 6. Similarly, several sensor systems—1, 17, and 21-—could be employed
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Figure 9. (a) Schematic representation of the five-module format of a photoactive
triad which is switchable only by the simultaneous presence of a pair of ions. This
design involves the multiple application of the ideas in Figure 1. The four distinct
situations are shown. Note that the presence of each guest ion in its selective receptor
only suppresses that particular electron transfer path. The mutually exclusive selec-
tivity of each receptor is symbolized by the different hole sizes. All electron transfer
activity ceases when both guest ions have been received by the appropriate receptors.
The case is an AND logic gate at the molecular scale. While this uses only two ionic
inputs, the principle established here should be extensible to accommodate three
inputs or more. (b) An example illustrating the principles of part (a) from an extension
of the aminomethyl aromatic family. The case shown applies to the situation (iv} in
part (a) where both receptors are occupied. It is only then that luminescence is
switched “on”. Protons and sodium ions are the relevant ionic inputs.

as pass (YES), NOT, and OR logic devices, respectively. Figure 10 summarizes
these along with their truth tables. System 1, discussed in Figure 1, is the archetypal
fluorescent PET system whose fluorescence is switched “off” due to a designed
PET process if H* levels are low, but its fluorescence flares up to the “on” state
when H* levels are high enough to bind with the receptor. The threshold level of
H* can be set by choosing H* receptors of different strengths or pK values. The
NOT device uses a PET process which springs into action only when the chosen
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Figure 10. Schematic representation of four common types of ion input-photon
output in terms of the symbols commonly encountered in electronics. Their corre-
sponding truth tables are also given in terms of chemically/physically measurable
quantities.
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ion lodges in the receptor, thereby quenching the fluorescence. Thus 17, discussed
in Figure 2, shows strong fluorescence when H* is at a low level. When the H" input
is high, the fluorescence output collapses. OR photoionic devices take advantage
of poor chemoselectivity of an ion receptor. In fact, the ideal photoionic OR gate
should have a completely unselective receptor. System 21 illustrates the approach
by achieving a nearly constant quantum yield of fluorescence in the “on” state when
high levels of either Mg?* or Ca?* are supplied. As discussed in Section 4, 21 is a
very selective luminescent sensor for Mg?* over Ca”* under simulated physiological
conditions. Nevertheless, it also provides almost perfectly unselective switching of
luminescence intensity if both ions are used at high enough concentrations.® It is
remarkable that one molecule can cater to these different requirements of physi-
ological monitoring and information processing. The reason for the unselective
switching of luminescence quantum yield is that both Mg?* and Ca** induce the
same conformational change in the receptor module of 21, i.e. the extent of PET
suppression is virtually the same and guest charge density effects are negligible.
Bharadwaj’s 53 is a more recent example'®’ whose interesting features were
discussed in Section 6.

These cases represent the beginnings of a family of molecular logic operations
which is unique when elegant developments elsewhere are considered: Potember’s
photonic logic operations require a macroscopic gel-derived glass matrix;'%
Wasielewski’s molecular system is promising but logic functions are yet to be
demonstrated;'*® and Wild’s logic operations rely on physical image superposition
rather than on molecular characteristics.'®’ It is important to notice that the chosen
logic function is pre-programmed into molecules 82, 1, 17, 21, 45, and 53 at the
synthesis stage.

System 82 is also useful from the vantage point of molecular sensors for
biological use. The simultaneous presence of two ions could be optically signaled
by a second generation PET device employing two separately selective receptors.
In addition, 82 is a valuable prototype for the fluorescent sensing of synergistic
situations. Of course, biology abounds with examples of synergy which can now
be rationally targeted by device designers.

Lumophore-spacer,—receptor,—spacer,~receptor, systems can also be exploited
in other ways. For instance, we can choose the two receptors for the same ionic
guest, though with different affinities, to have opposite PET characteristics; i.e. one
of them will combine with the lumophore to produce guest-ion-induced off-on
behavior, whereas the other receptor will give rise to on—off action at the lumophore.
The integration of these two opposite switching functions within a single super-
molecule produces “off—on—off” behavior (Figure 11). This means that lumines-
cence is seen only over a narrow range of ion concentrations. Such sensors are
sophisticated enough to directly indicate the occurrence of a concentration window
with no signal processing. This means that when a large visual field is examined,
regions which satisfy the concentration window criterion will announce themselves
with a bright luminescence. Concentration windows for chemical species are
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Figure 11. (a) Schematic representation of the five-module format of a photoactive
triad which is ionically switchable in an “off—-on-off” manner. These systems are
switched “on” only within a concentration window of the guest ion. This design
combines features of the Figures 1 and 2. Note that both receptors select the same
guest ion (though at different concentrations thresholds). We have tried to symbolize
this by showing both receptors with identical hole sizes. However the two receptors
have opposite electron transfer properties. Receptor1 supports electron transfer only
when it is free of the guest ion and then it serves as an electron donor. Receptorz
supports electron transfer only when it is bound to the guest ion and then it serves as
an electron acceptor. This difference is symbolized by the different shading of the
receptor components. Increasing concentrations of the guest ion lead to the three
situations (i—iii) shown. Receptor; traps the guest ion at lower concentrations than
receptor; does. (b) An example illustrating the principles of part (a) from an extension
of the aminomethyl aromatic family. The three protonation states (i-iii) corresponding
to the three situations in part (a) are shown. In order that the luminescence is switched

on”, the amine unit should be protonated and the pyridine unit should not, i.e. the
pH should be such that pKar2 < pH < pKari1.

(iii)
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common, indeed essential, in living systems. For instance, the blood pH in humans
is held close to 7.2 within very narrow limits.'*® So, off—on—off sensors are useful
for the rapid screening of (micro)environments for their suitability to sustain
biological'®® and some chemical processes. Schiff-base hydrolysis'®® is an example
of the latter category. Quite separately, off—on—off switches have interesting simi-
larities with the current—voltage characteristics of tunnel diodes in electronics.”®
Tunnel diodes are remarkable since they achieve negative resistance over a certain
voltage range. Since molecular emulation of electronic devices is an important
chemical endeavor,'® 86 is a contribution to this field. Figure 11 outlines the design
of such an off-on—off switchable system for pH. Protons are the prototype guest
ion for the design of such hybrid systems since efficient off-on and on—off cases
are available.

System 86 is a molecular example which uses an aminoalky! aromatic assembly
for the off-on segment of the switching, whereas a pyridylalkyl aromatic can be
discerned within 86 as the source of the on—off segment. In practice, 86 behaves
almost according to plan. The only slight deviation is caused by the incomplete
on—off switching due to the rather large separation between the anthracene lumo-
phore and the lumophore and the pyridyl receptor,. Nevertheless, the on—off
switching behavior is large enough to be useful.

An additional feature of interest is that the direction of PET is reversed on moving
between acidic and basic media. PET occurs from the lumophore under acidic
conditions, whereas it occurs to the lumophore at basic pH. While maxima in
luminescence intensity—pH profiles have been seen before on many occasions,”'
the designed off—on—off switching of luminescence by external (but intramolecu-
lar) receptors is novel. The designed PET approach allows (1) the tuning of the
off—on and on—off steps along the pH axis, i.e. the width of the “bell” can be tailored
to order, (2) control over the extent of switching, i.e. LE values, and (3) rational
extension to other guest ions other than protons. The pH-dependent emission
behavior of 67'% also shows a component which displays off—on—off action of the
Ru(Il) terpyridyl moiety due to protonation at the remote terpyridine unit. Other
interesting systems with similar formats are available though these have been
designed for different purposes. Fabbrizzi’s 3672 and Verhoewen's 40''8 are two of
these.

13. LUMOPHORE-SPACER;—RECEPTOR-
SPACER,-LUMOPHORE; SYSTEMS

The growing success of fluorescent sensors in the biomedical sciences is at least
partly due to the ability to cancel out microenvironmental fluctuations such as local
optical paths, quenching agents, and degrees of sensor incorporation by using
ratioing of two optical channels.'? Most commonly, this means that two excitation
wavelengths are used separately, one of which yields ion-sensitive fluorescence and
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the other which is largely independent of ion density. Faster sensing is possible if
two emission wavelengths can be used instead but practical examples are uncom-
mon. For instance, indo-1 (63) is the only calcium sensor which can be currently
operated in this mode'? and only emerged after many structural variations.”® It is
therefore useful to design and build lumophore ,-spacer, —receptor—spacer,-lumo-
phore, systems (responsive to pH in the first instance) with one emission band
which is much more pH-sensitive than the other (Figure 12).The emission of the
PET inactive lumophore therefore acts as an internal reference channel which
allows the calibration of the emission of the PET active lumophore against local
environmental fluctuations. This makes available a rational and predictive basis for
the design of luminescent switchable devices with the feature of self-calibration.
In the case of 88,°% lumophore, (anthracene) is designed to be PET active with
the receptor (an aliphatic amine), whereas lumophore,(aminonaphthalimide) is
designed to be PET inactive. As predicted, when the anthracene module of these
cases is excited they showed strongly pH-dependent anthracene emission, whereas
the aminonaphthalimide emission arising via electronic energy transfer (EET) was
much less affected by pH. This means that the latter emission serves as an internal
reference. Ratioing of these two emissions yields a smooth sigmoidal function
versus pH which is immune to microenvironmental variations. Current sensors'?
achieve self-calibration by using one population of sensor molecules (say ion-
bound) as the internal reference for the other population of ion-free sensor mole-
cules. Systems such as 88 are distinguished by the fact that internal referencing is
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Figure 12. (a) Schematic representation of the five-module format of an ion switch-
able photoactive triad with internal referencing. The two simple situations are shown
(i and ii). Situation (iii) is an outgrowth of (i) and represents an electronic energy transfer
of the electron exchange type facilitated by the receptor. Direct electronic electron
transfer from lumophore; to lumophore, is not shown even though it occurs in
situation (ii) and, with reduced efficiency, in situation (i). These energy transfer paths
jead to luminescence emission from lumophorez. (continued)



®)

» LUMO ———t—
—— LUMO"

HOMO'

(¢}

.
. O
N
b Y
O 88 N

short wave luminescence ‘off® long wave luminescence ‘on’

(i) O Q Q
LN

LT

O 89 M

short wave luniinescence ‘on’ long wave luminescence ‘on’

Figure 12. (continued) (b) Frontier molecular orbital energy diagrams corresponding
to part (a). Note that in situation (i) the energies of HOMO, HOMO’, and HOMO” are
similar, whereas LUMO" lies lower in energy than LUMO. Situation (ii) may involve
electron transfer from HOMO” to HOMO or from LUMO to LUMO" which can
quench some of the luminescence from lumophore;. However such processes are
limited by the relatively large distance separating the lumophores. Situation (iii)
clarifies the facilitated electronic energy transfer. This process feaves lumophores in
its ground state, allowing emission from lumophore;. (€) An example illustrating the
principles of situations (i and iii) of parts (a) and (b) from an extension of the
aminomethyl aromatic family. Lumophore; with short wave emission is switched “on”
only when the receptor unit is protonated. Lumophore; maintains its long wave
emission in the “on” state whether the amine receptor unit is protonated or not.
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achieved at the level of the single molecule rather than a large population. This will
have ramifications for molecular information handling in the future.'® Another
appealing feature of 88 is as follows. Since the two fluorescence bands are
well-separated and since the band shapes and waveiength positions are pH-inde-
pendent, the sensory and reference channels can accommodate very wide wave-
length bands to allow higher light throughput and easier detection. The closest
relation in the literature is a polydisperse polymer doubly labeled with the pH-sen-
sitive fluorophore fluorescein and pH-insensitive thodamine.* This is neither a
well-characterized small molecule nor is it based on PET designs. Besides its utility
for biomonitoring, 88 also shows how the competition between PET and EET is
influenced by pH. In particular, 88 acts as a triad system. Some triads have received
much attention as solar energy converters.”? EET in 88 occurs across an intervening
electron pair via a “stepping stone” mechanism. Interestingly, this stepping stone
can be ionically switched in or out of the EET path. Such experiments will be useful
to workers interested in the mechanisms of EET and PET in the photosynthetic
reaction center.*> As mentioned in Section 4, multi-lumophore versions of lumo-
phore—spacer—receptor systems can also produce a pair of spectral observables
(monomer and excimer emission) which can be employed for purposes of internally
referenced sensing/switching. Therefore it appears that the supramolecular ap-
proach to internally referenced luminescent switching devices has only begun.

14. CONCLUSION

The foregoing pages attempted to outline the diverse formats according to which
lumophores and receptors can be brought together within a supramolecular struc-
ture to result in useful information handling. Each format appears to possess its own
niche in terms of mechanistic issues and application areas. The fact that a given
format is generic and not limited to structural classes is a driving force for growth.
We are left with the inescapable impression that switchable supramolecular pho-
toionic devices are set to shine for a long time to come.
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1. INTRODUCTION

Historically, chemistry has developed as a science of molecular transformations in
which strong interatomic forces, producing covalent and ionic bonds, play the major
roles in controlling chemical reactions. By contrast, molecular recognition systems
in nature, such as enzymes and DNA, are controlled in very precise and efficient
manners, not by using strong forces but through cooperative weak interactions such as
hydrogen bonding, van der Waals forces, ion—dipole, and other interactions. Each
force involved is usually well below 5 kcal/mol, but the directed cooperation of several
weak interactions defines the precise molecular recognition in biological systems.'~’
Molecular recognition phenomena are not restricted, however, to sophisticated
biological systems and widely adapted to simpler synthetic host—guest systems.
They represent a crucial key concept that covers a wide area of chemistry and
biology called host—guest chemistry, supramolecular chemistry, biomimetic chem-
istry, or “lock-and-key” interactions where several weak interactions work coop-
eratively.!'® Much effort has already been devoted to investigations of cation
binding by ionophores, inclusion complexation by molecular hosts, enzymatic
reaction, antigen—antibody interaction, DNA duplex formation, and other chemical
and biological self-assembling or self-organizing (supra)molecular systems.
Representative chemical and biological hosts are illustrated in Figures 1-7.
Despite the analogous weak interactions involved, molecular recognition phenom-

AN
MeO O O O OMe \é\(
Tetraglyme ‘§‘ 0
I\ o] O (o]

[ j - No °N o
OK/O \)O [2.2.1]Cryptand o Hogkéj—\,

18-Crown-6 Valinomycin

Figure 1. Glyme, crown, cryptand, and ionophore antibiotic.
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Figure 2. B-Cyclodextrin: glucopyranose unit (left) and space-filling mode! viewed
from primary hydroxyl side (right).

R Me
Me R
Me Me
MGOZCCHchz cHchchZMe

Figure 3. Quinone-receptor porphyrin (lef) and metalloporphyrin (right).
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Figure 4. Cyclophane (left) and calixarene (right.
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0

Antigen-antibody complex

Figure 5. Antigen-antibody reaction.

ena in chemistry and biology have been discussed individually in most cases or merely
compared as mimics in a symbolic or qualitative way, but have never been analyzed
globally and quantitatively under a common concept that is applicable to both
systems. For a deeper and more comprehensive understanding of the mechanism
and factors controlling the supramolecular interactions in chemistry and biology,
complexation thermodynamics have intensively been investigated with various
combinations of host and guest ions and molecules, and a tremendous amount of

Intercalating
agent

Figure 6. B-Type double-stranded DNA (Jeff) and intercalated DNA (right).
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Figure 7. Structure of insulin.

thermodynamic quantities have hitherto been compiled.'”'® Nonetheless, the ther-
modynamic data obtained have been analyzed rather individually in each system
or discipline and do not necessarily appear to be discussed or correlated with each
other from a more global point of view.

Recently, we have demonstrated that the compensatory enthalpy—entropy rela-
tionship, affording a linear AH-TAS plot, is observed in cation binding by acyclic
and macro(bi)cyclic ligands such as glyme, crown ether, and cryptand.'g‘zo Inter-
estingly, these ligands possessing divergent topologies give distinctly different
slopes and intercepts which can be used respectively as quantitative measures of
the conformational change and the extent of desolvation upon host—guest com-
plexation.'®-2* More recently, we have shown that this interpretation of the ex-
trathermodynamic relationship between AH and TAS is applicable also to the
inclusion complexation by molecular hosts such as cyclodextrin, porphyrin, and
cyclophane.?>26

In this review, we first overview the compensatory enthalpy—entropy relationship
observed for the chemical molecular recognition systems involving various cation
and molecule binders. Then, we introduce an empirical theory that interprets and
utilizes this extrathermodynamic relationship as a potential tool to analyze globally
the molecular recognition phenomena as a chemistry of weak interactions. We
further expand the scope of this extrathermodynamic relationship and its interpre-
tation to the biological supramolecular systems, and discuss its general validity and
significance as a universal tool for understanding various types of supramolecular
interactions in chemistry and biology.
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2. HOSTS AND GUESTS

Discussing the chemical and biological molecular recognition phenomena from a
global and unified point of view means inevitably to deal in a systematic way with
a very wide variety of host—guest combinations from rather simple cation—iono-
phore pairs to much more sophisticated antigen—antibody and complementary
DNA pairs, as exemplified in Figures 1~7. Hence, it seems indispensable not to
insist on the detailed structural and mechanistic differences among the hosts but to
extract the essential common features from the iltusive diversity and complexity in
host structure, working force, and recognition mechanism involved in supramolecu-
lar interactions.

A wide variety of known synthetic and natural hosts may be classified tentatively
into three categories according to the size or complexity of guests as shown in Table
1. This classification by guest size coincides with that by the principal weak forces
involved in the host—guest interactions, irrespective of the substantial diversity in
host design. Thus, the number of weak forces working cooperatively increases as
a guest’s structure becomes more complex. Each host category may further be
classified into several subcategories that correspond to the conventional host
families, according to the host’s topology or dimensionality. It should be empha-
sized, however, that this type of classification is tentative and just for convenience
purposes, but is still useful in examining the relationship between a host’s topology
and the thermodynamic quantities obtained for each host category. As can be
recognized gradually in the sections that follow, a deeper and broader understanding
of molecular recognition phenomena is achieved not by merely analyzing the data

Table 1. Classification of Host Molecules According to
Guest’s Size or Complexity and Representative Interactions

Involved
Guest Host Interaction
ion glyme ion—dipole
crown ether dipole-dipole
cryptand
ionophore antibiotic
molecule cyclodextrin van der Waals
porphyrin hydrogen bonding
cyclophane/calixarene  hydrophobic
biomolecule enzyme electrostatic
antibody van der Waals
DNA/RNA hydrogen bonding
hydrophobic

n—~n stacking
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for an individual host—guest combination but by correlating globally the thermo-
dynamic data with the profiles of dynamic changes in both conformation and
solvation upon host—guest complexation beyond the apparent differences in host,
guest, solvent, and interaction involved.

3. WEAK INTERACTIONS AND COOPERATIVE EFFECT

As mentioned above, all types of molecular recognition in chemistry and biology
involve only noncovalent interactions such as electrostatic (ion—ion, ion—dipole,
dipole~dipole, dipole-induced dipole), van der Waals, hydrophobic, hydrogen-
bonding, n-n stacking, and charge-transfer. It is more important however to recog-
nize that the precise control of the supramolecular systems, simple or sophisticated,
is made possible not by a single strong force or many weak forces working
independently but through the directed cooperation of several and somewhat weak
interactions, each of which is not strong enough to associate two molecules. Thus
the chemical and biological molecular recognition phenomena may be unified as
the chemistry of cooperative weak interactions.

In molecular recognition processes, the cooperative effect plays a crucial role in
controlling structure and function of host-guest complexes. One of the major
reasons why the combination of weak forces is frequently employed in chemical
and, in particular, biological supramolecular systems is that only the cooperative
weak interactions can materialize the threshold that enables the “on/off” switching
of (supra)molecular functions. For instance, the numerous highly ordered hydrogen
bonds in a DNA duplex are made or broken not independently but synchronously
in a seemingly single step, enabling the “all-or-none” association—dissociation
control in a very narrow range of temperature.

To understand the origin of cooperative effect,”’® let us consider an idealized
situation in which two functional groups, X and Y, located in a single or separate
molecule(s) bind to the corresponding complementary binding sites in a receptor,
as shown in Figure 8. In case (a), two ligands, each possessing X or Y, interact
independently with the corresponding receptor sites, while in case (b) a ligand
carrying both X and Y is bound to the same receptor without any severe conforma-
tional changes upon complexation.

CARC I T
VL

(a) (b)

Figure 8. Schematic drawing of cooperative effect:
(a) independent binding; (b) cooperative binding.
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In case (a), the overall free energy change (AG®y,y) upon ligation of X and Y to
the receptor is simply equal to the sum of AG°y and AG®°y obtained separately and
is expressed by the enthalpy and entropy changes of independent sole ligations by
XandY,ie AH®, AH®,, AS°y, and AS®y:

AG®,y = AG® + AG®,
= AH°, + AH°, — T(AS®y + AS®y) (1)

On the other hand, when both X and Y are incorporated in a single molecule and
are bound cooperatively to the receptor sites as in case (b), the free energy change
(AG°y) upon ligation of X-Y is more negative than AG°y, y. This extra stabiliza-
tion originates from the entropic factor, called chelate or preorganization effect, and
also from the enthalpic contribution from mutual enhancement of the binding
energies for X and Y, owing to the occurrence in the same molecule.

The chelate effect is entropic in origin in the first place. In case (a), both ligands
X and Y lose substantial degrees of translational and rotational freedom, which
leads to a large loss of entropy associated with the complex formation. By contrast,
the loss of freedom upon complexation is much decreased in case (b), since the
ligands X and Y are initially bound to each other and therefore the entropic loss is
much smaller than in case (a). Hence, even if the enthalpic gain upon complexation
is the same in cases (a) and (b), the complexation is more favorable for the linked
ligand XY than for the separated ligand pair X and Y:

AS°yy > AS°y + AS®y @)

AG®y = AH®, + AH®, — TASyy
< AG®,y = AH°y + AH®y - T(AS®y + AS°y) 3)

The enthalpic enhancement of ligation also occurs by incorporating X and Y in
asingle ligand. In case (b) where the independent movement of X and Y is restricted,
once either X or Y is bound to a receptor site, subsequent ligation of the rest in the
same molecule is much enhanced and both bindings are reinforced each other.
Under such circumstances, the binding enthalpy for X becomes more negative by
the preceding ligation of Y than the original value and vice versa; AH®,’ < AH°y
and AH®y' < AH°,. Then, the overall enthalpy change obtained for the linked ligand
X-Y is much more negative than the sum of the values for the separated ligand pair
XandY:

(A (3 o !
AH°y ' = AH°' + AH®y

< AHCyy = AH°y + AH°y 4)
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In the classical chelate effect, the enthalpic changes are supposed not to be altered
by linking X and Y as shown in Eq. 3, but the enthalpic factor also contributes to
the enhanced ligation, giving much increased complex stabilities in the case of
linked ligand X-Y:

AG®yy' = AH°,' + AH°' — TAS®y,
<<AGPy,y = AH%, + AH°, — T(AS®, + AS°,) )

Thus, the cooperative effect is attributable to both enthalpic and entropic contri-
butions and is one of the most important and essential factors governing and
characterizing the molecular recognition phenomena based on weak interactions.
It is also emphasized that the host molecules, though possessing well-organized
original structures, frequently undergo considerable conformational changes upon
complexation so as to optimize the effect of cooperative weak interactions which
are much more sensitive to the host—-guest distance but less sensitive to the working
direction as compared with the strong interactions.

4. THERMODYNAMICS

In discussing quantitatively the molecular recognition phenomena in supramolecu-
lar chemistry, it is indispensable to determine the thermodynamic parameters for
each (supra)molecular interaction of interest. In principle, these parameters should
be determined by means of calorimetry. However, in spite of its long history as an
established methodology,”? the calorimetry does not appear to be the first choice
to determine the thermodynamic quantities for various supramolecular systems.
This is probably because a relatively large sample amount, sophisticated equipment,
and some experience are required in the precise calorimetric measurement. 2>

Instead, a wide variety of spectroscopic and electrochemical titration methods
are often employed to determine the equilibrium constants for a molecular recog-
nition process at several different temperatures, which are then analyzed by the
van’t Hoff equation to give the thermodynamic parameters for the process. How-
ever, there is a critical tradeoff between the accuracy of the value obtained and the
convenience of the measurement since the thermodynamic parameters, evaluated
through the van’t Hoff treatment, do not take into account the possible temperature
dependence of the enthalpy change, i.e. heat capacity, and are less accurate in
principle. In fact, it has been demonstrated with some supramolecular systems that
the van’t Hoff treatment leads to a curved plot and therefore the thermodynamic
parameters deviated considerably from those determined by calorimetry.*'*? Hence
one should be cautious in handling thermodynamic parameters determined by
spectroscopic titration and particularly in comparing the values for distinct systems
determined by different methods.
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In a typical stoichiometric host-guest interaction shown in Eq. 6, the association
constant (K) is expressed by Eq. 7. The Gibbs free energy change (AG®) for this
equilibrium reaction is given by Eq. 8 and is related to the enthalpy change (AH®)
and entropy change (AS°) through the Gibbs—Helmholtz relationship (Eq. 9):

H+G ==HG ©)
. 7
Ko [H-G] )
(H][G]
AG® = —RT InkK ®)
AG® = AH® - TAS® ©)
Combination of Egs. 8 and 9 gives the van’t Hoff equation:

AH®  AS° (10)

K=~ *®

According to Eq. 10, the natural logarithm of the equilibrium constants at several
temperatures are plotted as a function of reciprocal temperature to give a straight
line in most cases. From its slope and intercept, one may calculate the enthalpy
change (AH®) and entropy change (AS®), respectively. In this treatment, we assume
that both AH® and AS° do not vary within the temperature range employed.
However, this assumption, overlooking the temperature dependence of AH° and
AS°, is not always true and may lead to a curved van’t Hoff plot if there is a
considerable difference in heat capacity between the right and left sides of the
equilibrium (Eq. 6).%!%

In titration calorimetry, minute heat change or flow is measured as a function of
the concentrations of equilibrating species, affording a thermogram. Computer
simulation of the thermogram gives the enthalpy change (AH°) and the equilibrium
constant (K) simultaneously.”>*® Since the measurements are run at constant
temperature, the ambiguities in the van’t Hoff analysis do not exist in principle and
the thermodynamic parameters determined are more accurate. Therefore, in the
following sections we mostly employ the thermodynamic parameters determined
by calorimetry except for some biological supramolecular systems in which the low
sample availability makes the calorimetric measurement difficult.

5. ENTHALPY-ENTROPY COMPENSATION EFFECT AS
EXTRATHERMODYNAMIC RELATIONSHIP

First of all, we should emphasize that the compensatory enthalpy—entropy relation-
ship cannot be derived directly from the fundamental thermodynamic equations but
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is just an empirical rule that was proposed originally by Leffler.**** This rule has
hitherto been exemplified amply with the activation and thermodynamic parameters
obtained for a wide variety of reactions and equilibria.

In chemical reactions and equilibria, both rate constant (k) and equilibrium
constant (K) are critical functions of the reaction condition employed. Thus, the
enthalpy and entropy changes (AH® and AS®) as well as the activation enthalpy and
entropy (AH* and AS*) are affected by internal and external perturbing factors such
as substituents introduced and solvent employed. It is widely observed also that,
when a reaction or equilibrium system is perturbed by changing substituent,
solvent, or any other factors, the induced change in k or K (AAG* or AAG®) is more
or less smaller in general than that expected solely from the enthalpic change (AAH?
or AAH®), as the corresponding entropy term (AAS* or AAS®) always deviates in the
direction that cancels part of the enthalpic change induced.

For instance, in a reaction proceeding through a transition state that is more
polarized than the reactant, the use of a more polar solvent reduces the free energy
of activation (AAGY) through enthalpic stabilization of the transition state by
enhanced solvation. However, the situation is not so simple. The enthalpic gain
(AAHi < 0) is not fully reflected to the reaction rate or AG* but is canceled at least
in part by the entropic loss (AAS* < 0) arising from the reduced freedom in the
transition state caused also by the increased solvation. Consequently, the enthalpy
and entropy terms show inherent tendency to compensate each other, affording a
linear relationship illustrated in Figure 9. Hence, the compensatory enthalpy—en-
tropy relationship has widely been observed in the activation and thermodynamic
parameters for numerous reactions and equilibria.

Extensive theoretical analyses of the compensatory enthalpy—entropy relation-
ship were first carried out by Leffler’ and later by Leffler and Grunwald,* Exner,*
and Li.* The empirical linear relationship between the thermodynamic or activa-
tion parameters (AH and AS) directly leads to Eq. 11, where the proportional
coefficient B, or the slope of the straight line in Figure 9, has a dimension of
temperature.>® Merging Eq. 11 into the differential form of the Gibbs—Helmholtz
Eq. 12 gives Eq. 13:

AAH = BAAS an
AAG = AAH — TAAS (12)
AAG = (1 - T/B)AAH (13)

From Eq. 13 one can immediately recognize that, when the temperature is equal to
B, any changes in AH never affect the reaction rate or equilibrium and the original
AG value is conserved under any reaction conditions as far as no change in
mechanism occurs. The critical temperature B, which gives the same rate or
equilibrium constant irrespective of the reaction conditions, is called the isokinetic
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AS*

Figure 9. Compensatory entropy-enthalpy relationship.

or isoequilibrium temperature.*® Such phenomena have abundantly been observed
within the experimental temperature range employed. Of course, the compensation
effect is observed only when the perturbation applied does not alter the mechanism,
stoichiometry, or species involved in the reaction or equilibrium. Interestingly, the
strong correlation between AH and AS may be taken as indirect evidence for
consistent mechanism or species involved.

It would be somewhat surprising that the enthalpy—entropy compensation,
though never derived from the fundamental thermodynamic relationships, is found
so abundantly in various reactions and equilibria and that the reaction rate and
equilibrium are independent of any perturbing factors at the specific temperature.**
However, it seems natural at the same time that chemical events are not controlled
exclusively by a single factor but are rather governed by multiple factors correlating
each other.

In examining earlier discussion on the enthalpy—entropy compensation effect,
we have realized that the emphasis is placed mostly on the reliability of the linear
AH-AS plot, and merely the slope of the plot is used to calculate the isokinetic or
isoequilibrium temperature, while the intercept has been discussed neither qualita-
tively nor quantitatively. In the next section, we will discuss the physical meanings
of both slope and intercept of the compensation plot obtained with a wide variety
of supramolecular systems, and attempt to understand globally the molecular
recognition phenomena in chemistry and biology.

33-36
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6. A THERMODYNAMIC VIEW FOR GLOBAL
UNDERSTANDING OF MOLECULAR
RECOGNITIQN'?-262837-3

With a variety of chemical and biological molecular recognition systems, the
thermodynamic quantities have already been compiled, analyzed, and discussed in
order to extract some insights into the mechanistic profile of molecular recognition.
However, most of these specific discussion and conclusions, though certainly
self-consistent within the specific and closely related systems, unfortunately seem
ad hoc in many cases and are not always applicable to the other molecular
recognition systems composed of different categories of host—guest combinations.
Typically, the ideas and conclusions obtained for cation binding do not appear in
general to contribute to further understanding of the molecular inclusion, for
example, by cyclodextrin.

An attempt to treat globally the thermodynamic data is a classification by the
major and minor factors contributing to the complex stability, using the signs of
enthalpy and entropy changes (AH® and AS°).%04! Thus, all host—guest interactions
fall into the following four categories, the first term being the major contributor:

1. AH°<0,AS°>0
2. AH°<0,A8°<0
3. AS°>0,AH°<0
4. AS°>0,AH°>0

In the first two categories, the host—guest complexes are stabilized primarily by the
favorable enthalpy change (AH® < 0), which is either assisted by the positive entropy
change (AS° > 0) or canceled in part by the negative entropy change (AS° < 0),
respectively. On the other hand, in the last two categories the major driving factor
to form complex is the positive entropy change (AS°® > 0) accompanied by minor
stabilizing (AH® < 0) or destabilizing enthalpic contribution (AH° > 0). However,
the classification itself does not particularly lead to deeper understanding of the
molecular recognition phenomena.

Apart from the classification, the thermodynamic terms have occasionally been
correlated with each other in several chemical and biological molecular recognition
systems.*2~® For instance, Izatt et al.,*> Michaux and Reisse,** and Ouchi et al.*
demonstrated in the studies on cation binding by crown ethers that AH and AS
compensate each other with AH being the dominant quantity in determining the
complex stability. Similar compensatory AH-AS relationships have also been
observed by several researchers in various biological molecular recognition, but
analyzed merely within the individual cases.? 1:46.50.53-55.57.59.6264 The general va-
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lidity and physical meanings of this compensation effect have not been discussed
from a more global point of view until recently,'61%-28.38-39

In this chapter, we first analyze the compensation effect observed for the most
simple molecular recognition system, i.e. cation binding by ionophores of different
basic designs. The analyses lead us to a theory that is compatible with the physical
image of cation-binding behavior and applicable to the other more complicated
cation-binding systems. In this theory, we assign the slope and intercept of the
compensation plot respectively to the conformational change and the degree of
desolvation induced by the host-guest association. Then, we extend the scope of
this theory to the inclusion complexation by molecular hosts like cyclodextrin,
cyclophane, and porphyrin. Following the successful applications in the cation- and
molecule-binding systems, we will demonstrate that the basic idea of this correla-
tion analysis and interpretation of the thermodynamic data is further applicable to
a variety of biological systems, promoting the global and unified understanding of
the supramolecular interactions in both chemistry and biology beyond their appar-
ent diversities in structure and behavior.

6.1. lonophores: Cation Binding'®-*

We first discuss the thermodynamics of cation binding by ionophores where only
a couple of weak interactions are mainly involved and the binding behavior seems
relatively simple to analyze.

A wide variety of ionophores synthesized so far may be classified into three
categories, according to the ligand’s topology or dimensionality that defines their
structural rigidity. As shown in Figure 1, glymes are composed of several
oxyethylene units or their aza or thia analogues. Possessing the donor atoms at the
appropriate positions in a straight chain, these acyclic ligands inherently suffer
considerable conformational changes upon cation binding. In contrast, crown
ethers, originally possessing preorganized cyclic structures, do not have to alter
significantly the conformation upon complexation. In the bicyclic ligands, called
cryptands, the donor atoms are both preorganized in space and preoriented in
direction to maximize the cation-binding ability, and therefore the structural
changes upon complexation must be minimal.

The guest cations hitherto examined cover broadly uni- to trivalent and inorganic
to organic ions that include alkali, alkaline earth, heavy and transition metal ions,
as well as (ar)alkyl ammonium and diazonium ions. As to the complex
stoichiometry between cation and ligand, both 1:1 stoichiometric and 1:2 sandwich
complexes are analyzed. The solvent systems employed also vary widely from
protic and aprotic homogeneous phase to binary-phase solvent extraction.

Although the thermodynamic data obtained with different types of host-guest
combinations had not been either related to each other or discussed globally, the
compensatory enthalpy—entropy relationship was found to be held first in the cation
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binding by acyclic and macro(bi)cyclic ligands such as glyme, crown ether, and
cryptand, affording linear AH-TAS plots.

Linear AH-TAS Plot: Glyme, Crown Ether, and Cryptand

A considerable amount of thermodynamic parameters have been reported for the
complexations of uni- and bivalent cations with various glymes mostly in protic
solvents like water and methanol.!”'*%? As has already been demonstrated, 1920 the
plot of the entropy change (TAS) as a function of the enthalpy change (AH) gives
a good straight line as shown in Figure 10. The slope (a) and the intercept (TAS,)
of the regression line are calculated as 0.89 and 2.0, respectively. Much more
abundant thermodynamic data are available for the correlation analysis of the
complexation by crown ethers of uni- to trivalent organic and inorganic cations in
various solvents. As can be seen from Figure 11, the AH-TAS compensation plot
using more than 600 data points also exhibits strong positive correlation, affording
a regression line of somewhat different slope (o 0.77) and intercept (TAS;, 2.9). In
the case of cryptands shown in Figure 12, the AH-TAS plot, though more scattered,
shows moderate positive correlation between TAS and AH, giving a much smaller
slope (o 0.42) and larger intercept (TAS,, 4.0) than those for the former two ligands.

The compensatory AH-AS relationship itself is not specific to the cation-ligand
complexation thermodynamics but have amply been exemplified in a variety of

TAS, kcal/mol
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Figure 10. AH-TAS plot for cation binding by glymes.
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Figure 11. AH-TAS plot for cation binding by crown ethers.

-20 -
-30 A ok L
-30 -20 -10 1} 10
AH, kcal/mol

Figure 12. AH-TAS plot for cation binding by cryptands.
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Interacting distance

Figure 13. Consequences of perturbations to a host-guest complex {HeesGlo; stabi-
lizing perturbations lead to a deeper, narrower potential well and more spaced
vibrational levels which mean stronger binding and reduced freedom in the resulting
complex [HeGJs, while destabilizing perturbations lead to a mare shallow, broader
well, and congested vibrational levels which correspond to weaker binding and
increased freedom in the destabilized complex {HeseesGlg.

reactions and equilibria.>*~*¢ The origin of the extrathermodynamic compensation
effect found here may be illustrated schematically in Figure 13. We suppose a
moderately stable host-guest complex [HsesG]  shown in the middle of Figure 13.
The stability of this original complex [HeeeG], is affected by changing the host,
guest, solvent, or any other perturbing factors to afford a stabilized complex {HeG},
(lower left) or a destabilized complex [HeeseeG], (upper right). The increased
stability, arising from stronger binding (more negative AH), inevitably accompanies
reduced freedoms (more negative or less positive AS) of the complex formed and
vice versa.
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As illustrated in Figure 13 (lower left), the stabilization of the complex makes
both components closer in distance, the potential well deeper, and the vibrational
levels more spaced in energy. As a consequence, only the lowest vibrational level
is populated and the ranges of stretching and rotational vibrations are quite limited
in the extreme case shown here; in other words, the freedom of the stabilized
complex [HeG], is much reduced, although the binding is greatly reinforced. On
the contrary, destabilization of the original complex [HeeseG] leads to the less-sta-
ble, looser complex [HesessG], with shallow, broadened potential curve shown in
Figure 13 (upper right). The shallow well, though indicating weaker binding or less
negative AH, simultaneously brings less-spaced vibrational levels of broader vi-
brating ranges. This enables the destabilized complex [HeeeseG], of looser binding
to populate to the upper levels and also to stretch over wider ranges than the original
complex even at the same temperature, which is synonymous to much increased
freedom or less negative or more positive AS, as schematically illustrated in Figure
13 (upper right).

In summary, the enthalpy and entropy terms do not vary independently but
compensate each other in nature as far as the weak interactions are concerned, while
the extent of AH-AS compensation appears to depend significantly on the host’s
topology.

Slope: Measure of Conformational Change

As experimentally demonstrated above, in the complexation thermodynamics
involving cationic species as guests and ionophores as hosts, the entropic change
TAAS, induced by altering cation, ligand, or solvent, is proportional to the enthalpic
change AAH. This correlation immediately leads to an empirical Eq. 14 with a
proportional coefficient a, integration of which affords an extrathermodynamic
relationship between TAS and AH. Thus, Eq. 15 is the quantitative expression of
the observed compensation effect:

TAAS = aAAH (14)

TAS = aAH + TAS, (15)

Combining Eq. 14 with the differential form of the Gibbs—Helmholtz equation
(Eq. 12), we obtain Eq. 16:

AAG = (1 — )AAH (16)

Equation 16 indicates that, even if one changes the cation, ligand, solvent, or any
other perturbing factor(s) in order to stabilize a cation-ligand complex, the enthal-
pic gain thus obtained (AAH) is not fully reflected to the complex stability but is
canceled in part (1 - o) by the entropic loss (AAS). Hence, the slope of AH-TAS
plot is taken as a quantitative measure of the entropic loss upon complex formation.
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The three categories of ionophores, shown in Figure 14, originally possess different
topologies or dimensionalities, and the ligand structure is altered upon complexa-
tion to the extent that depends on the structural differences before and after
complexation. Then, it is reasonable to assume tentatively that the tendency of a is
related to the degree of the induced structural changes.

As can be seen from Figure 14, the donor atoms (D) in acyclic glymes, which
possess extended original structures, have to encircle the guest cation, suffering
most comprehensive conformational changes and structural fixation. This entropic
disadvantage makes these acyclic ionophores relatively poor cation binders. By
contrast, cation binding by cyclic crown ethers with preorganized donor atoms
causes no serious structural changes and is entropically more advantageous. Bicy-
clic cryptands, whose donor atoms are preorganized and preoriented, suffer mini-
mal conformational changes upon complexation and are entropically most favored.

Interestingly, the slope o of AH-TAS plot decreases dramatically from 0.89 for
acyclic glyme to 0.42 for bicyclic cryptand as the degree of conformational change
upon complexation decreases. According to Eq. 16, these o values indicate that as
high as 89% of the enthalpic gain (AAH) is canceled by the entropic loss in the case
of glyme, while only 42% of AAH is canceled entropically in the cryptand case.
Taking into account the tendency of the a values obtained for each ligand type and
the fact that the o value represents how much enthalpic gain acquired upon ligation
is canceled by the entropic loss from the accompanying conformational fixation, it

Glyme (acyclic) S}gge I?;EXEZI;I

o/ " No/ N\ @ — D:@;n 0.89 2.0
Crown ether (cyclic)

/D——D\
A 2.9
D\D—D/D + Q — DCE\,D 0.77

Cryptand (bicyclic)

> @ L3>
<= =
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change

Figure 14. Schematic drawings of conformational changes upon cation binding by
glymes, crown ethers, and cryptands (D denotes donor atom); also shown are the

slopes (&) and intercepts TASo of AH-TAS plots as measures of conformational change
and desolvation.
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is natural to adopt the a value as a quantitative scale to measure the conformational
changes caused upon complexation. In this context, it would be somewhat unex-
pected that even the most rigid three-dimensional ligand cryptand loses nearly half
the enthalpic gain by the entropic canceling effect. However, this seems reasonable
since cation binding inherently involves a molecular association process, which
inevitably needs to pay the entropic cost. Yet, it may be emphasized that no other
supramolecular system affords such a low o value and cryptand as a three-dimen-
sional ligand is one of the entropically most optimized hosts.

Intercept: Measure of Desolvation

In this section, we discuss the physical meaning of the intercept TAS, of AH-TAS
plot. Similar to the slope a, the intercept TAS,, is specific to the ligand topology,
but its changing profile is inverse as the TAS,, value increases from 2.0 for glyme
to 2.9 for crown ether and further to 4.0 for cryptand with increasing ligand’s
dimensionality. Another distinct feature is that the intercept never goes negative for
all ligand types. The positive TAS, value means that, even if no heat production is
obtained upon complexation (AH =0 and therefore AG = —~TAS), the entropy change
TAS can be a positive value that is equal to the intercept TAS,, according to Eq. 15.
Then, even in the case of endothermic association, the complexation is assisted by
the intrinsic entropic contribution of —~TAS,, to afford a negative free energy change.
As can be seen from Figures 11 and 12, such an entropy-driven complex formation,
affording positive TAS and zero to positive AH, does occur indeed in several cases.
In such an endothermic system, the only source of the positive entropy change is
the increased freedom arising from the complexation-induced desolvation of guest
cation and/or host ionophore. The complexation causes desolvation mainly from
cation in aprotic polar solvents but from both cation and ionophore in protic
solvents.

(8)
_—D—D__ EWPR)
0 o« S — (@‘\D + n@®

AS * AS

Figure 15. Schematic drawing of complexation-induced desolvation from cation and
ligand (solvation to the latter is not shown): the complex formation itself reduces the
entropy of the system to some extent but the accompanying desolvation leads to much
farger increase in entropy ascribed to the liberation of solvent molecuies.
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Consequently, we employ the slope TAS, as a quantitative measure of the extent
of desolvation caused by host—guest association. The complexation-induced
desolvation process is schematically illustrated for cation binding by crown ether
in Figure 15. It is evident that a considerable part of the solvent molecules
surrounding cation (M%) and ligand have to be released upon complexation. The
molecular association process itself accompanies inherently negative AS, while the
extensive desolvation from cation and ligand gives rise to a much larger positive
AS. However, the number of solvent molecules removed from the solvation shell
around the cation depends significantly upon the ligand topology. As can be seen
from Figure 14, both acyclic glyme and cyclic crown ether wrap around the cation
(quasi)circularly to liberate most or all solvent molecules that are originally placed
in the coordination plane, leaving the axial solvation intact. Hence, these two
ligands, though original structures differ substantially, are expected to resemble
each other in the desolvation behavior. In contrast, the desolvation induced by
complexation with bicyclic cryptands is much more thorough and extensive,
liberating most solvent molecules originally surrounding the cation and the host.
These schematic views of the induced desolvation nicely coincide with the tendency
of the intercept TAS,,, experimentally confirming the assignment of the TAS,, value
to the extent of desolvation.

Sophisticated lonophores: Long Glyme, Lariat Ether, Bis(crown ethers),
and lonophore Antibiotic®

We now proceed to more complicated ionophores in order to testify the validity
of this extrathermodynamic relationship and its hypothetical interpretation as an
attempt to understand the nature of supramolecular interactions more generally and
deeply. The thermodynamic parameters? are plotted in Figures 16-19 for long
glymes, (pseudo)cyclic ionophore antibiotics, lariat ethers with donating side-
arm(s), and bis(crown ethers), whose structural changes upon complexation are
schematically illustrated in Figure 20.

All of the AH-TAS plots gave good to excellent straight lines of different slopes
and intercepts, again depending upon the topology of individual ligand. Both the
slopes and intercepts for these ligands, listed in Table 2, are particularly large: a =
0.89-1.03 and TAS, = 4.2-5.4. The large « values close to unity indicate that the
conformational changes are more extensive than the simple glyme case shown in
Figures 10 and 14, and further mean that all efforts to enhance cation-binding ability
will not be rewarding due to the large entropic losses. Then, the extent of induced
conformational changes is deduced to increase in the order: cryptand (0.42) < crown
ether (0.77) < glyme (0.89) = lariat ether (0.89) < ionophore antibiotic (0.93) <
bis(crown ethers) = (1.03) long glyme (1.03). This analysis, according to the
proposed theory that the slope a is a quantitative measure of the conformational
changes upon complexation, is well compatible with the binding behavior of long
glyme, ionophore antibiotic, bis(crown ethers), and lariat ether since these ligands
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Figure 16. AH-TAS plot for cation binding by long glymes.
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Figure 17. AH-TAS plot for cation binding by (pseudo)cyclic antibiotics.
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Figure 18. AH-TAS plot for cation binding by lariat ethers.
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Figure 19. AH-TAS plot for cation binding by bis(crown ethers).
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Table 2. Slope (o) and intercept (TAS,) of the AH-TAS Plots for Supramolecular
Interactions of Natural and Synthetic Hosts with a Variety of lonic, Molecular, and
Biomolecular Guests in Homogeneous and Heterogeneous Solutions

Host Guest Solvent a TAS,
glyme ion aqueous 0.89 20
crown ether ion aqueous 0.77 29
crown ether ion solvent 0.73 2.6
extraction
crown ether ion aqueous 0.94 32
(sandwich complex)
cryptand ion aqueous 0.42 40
long glyme ion aqueous 1.03 42
ionophore antibiotic ion aqueous 0.93 5.4
lariat ether ion aqueous 0.89 43
bis(crown ethers) ion aqueous 1.03 4.6
cyclodextrin organic molecule aqueous 0.93 33
quinone-receptor porphyrin  quinone organic 0.60 0.0
metalloporphyrin pyridine organic 0.61 1.6
cyclophane/calixarene organic molecule aqueous 0.78 34
enzyme coenzyme/substrate/inhibitor aqueous 1.11 7.0
antibody antigen aqueous 0.88 8.7
DNA/RNA DNA/RNA/intercalator aqueous 1.03 85

suffer considerable but different degrees of structural alterations in the process to
wrap around a cation.

On the other hand, the TAS,, values, which are comparable or even larger than
that for cryptand, indicate fairly extensive desolvation, according to the present
theory. This is totally agreeable since the wrapping complexation by these types of
ligands should replace most of the solvent molecules that is originally occupying
the cation’s coordination sites with the ligand’s donor atoms. The order of the
desolvation ability is: glyme (2.0) < crown ether (2.9) < cryptand (4.0) < long glyme
(4.2) < lariat ether (4.3) < bis(crown ethers) (4.6) < ionophore antibiotic (5.3), as
listed in Table 2.

Sandwich Complexation’®

Although the ligands incorporated are the same, the sandwich complexation of
a cation with two molecules of crown ethers should be discussed separately. The
sandwich complexes are formed in two successive processes consisting of usual
stoichiometric 1:1 complexation followed by further ligation by another molecule
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Figure 21. AH-TAS plot for sandwich complexation of cations with crown ethers.

of the ligand, as illustrated in Figure 20. Here we discuss the thermodynamic view
of the second step.

The AH-TAS plot for the sandwich complexalion20 afforded an excellent straight
line as shown in Figure 21. The slope « and the intercept TAS, obtained for the
sandwich complexation with crown ethers are 0.94 and 3.2, respectively. Interest-
ingly, these values are much larger than those for the first step (a 0.77 and TAS,
2.9). These values indicate that the further ligation of the second crown ether to the
original 1:1 complex induces substantial conformational changes not only to the
second crown ether but also to the originally ligating crown ether, and that the
desolvation caused by the second ligation is more extensive than the first step.

Solvent Extraction

We have hitherto dealt with the complexation thermodynamics in the homoge-
neous solutions. However, the above interpretation based on the linear enthalpy—
entropy relationship may be extended to the complexation behavior in the solvent
extraction of aqueous metal salts with ionophores in organic solvent.

Although the thermodynamic data reported for the solvent extraction equilibria
are limited,”® we obtained a well-correlated AH-TAS compensation plot (Figure
22) for the solvent extraction of aqueous metal picrates with crown ethers in organic
solvents. Quite interestingly, the slope (. 0.73) and the intercept (TAS,, 2.6) are very
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Figure 22. AH-TAS plot for solvent extraction with crown ethers.

similar to the corresponding values (o 0.77 and TAS,, 2.9) observed in the homo-
geneous-phase complexation. It is deduced therefore that, as far as the same ligand
is concerned, the degrees of conformational changes and desolvation are essentially
the same, irrespective of the solvent system employed.

In view of the compensatory enthalpy—entropy relationship observed for a wide
variety of ionophore types, we may conclude that the cation-binding behavior,
where the weak ion—dipole and dipole—dipole interaction is the major driving force
for complexation, can be quantitatively analyzed and characterized by the slope and
intercept of the AH-TAS plot without any exception. In this context, it is stimulating
to extend the scope of this theory to the inclusion complexation of organic guests
with molecular hosts.

6.2. Molecular Hosts: Inclusion Complexation

There are several types of natural and synthetic molecular hosts, such as cy-
clodextrin and cyclophane, that are shaped to accommodate neutral and charged
organic molecules in the three-dimensional cavity. The inclusion complexation by
molecular hosts is driven by various weak forces like van der Waals, hydrophobic,
hydrogen bonding, ion-dipole, and dipole~dipole interactions, and therefore the
molecular recognition process seems much more complicated. In expanding the
scope of the present theory, it is intriguing and inevitable to perform the extrather-
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modynamic analysis of the inclusion complexation by molecular hosts such as
cyclodextrin, porphyrin, cyclophane, and calixarene.

Cyclodextrin®>2°

a-, B- and y-Cyclodextrins are a series of cyclic oligosaccharides composed of
six, seven, and eight glucopyranose units forming a truncated cone structure.' %7
Possessing a hydrophobic cavity, these natural cyclic hosts are known to include a
variety of size-matched organic molecules in the cavity and are often employed as
model systems that mimic some enzymatic functions.”! "%’ The secondary hydroxyl
groups at C2 and C3 of the glucose units are successively hydrogen-bonded to the
hydroxyl groups of the adjacent glucose to form a tightly knit hydrogen-bond
network circling the wider opening of cyclodextrin molecule, while the primary
hydroxyls at C6 located at the narrow end contribute to the solubility into aqueous
solution. It is well documented that cyclodextrins in aqueous solution hold several
“high energy” water molecules in the cavity,''®” which are released upon guest
inclusion enhancing the complexation entropically.

A considerable amount of thermodynamic data have already been collected for
the inclusion complexation of simple organic molecules and more sophisticated
drugs with a- to y-cyclodextrins in aqueous solutions.?>?¢ Using these thermody-
namic parameters, we plotted the entropy change against the enthalpy change in
Figure 23. The data for a-, B-, and y-cyclodextrins, marked individually in Figure
23, show no appreciably different tendencies in the plot, affording practically the
same regression line of large slope (a 0.93) and moderate intercept (TAS, 3.3).

The large slope as high as 0.93 indicates that only 7% of the enthalpic gain or
loss (AAH) induced by any alterations in host, guest, or solvent is reflected to the
overall complex stability (AAG), owing to the accompanying entropic canceling
effect (AAS). This would seem curious in view of the apparently rigid structure of
cyclodextrin. However, the rearrangement of the peripheral hydrogen bond network
and the accompanying minor skeletal conformational changes'"® are considered
to be responsible for the large o value.

On the other hand, the intercept obtained for cyclodextrin cannot directly be
compared with those for ionophores since the species and weak interactions
involved are obviously different in these two host categories. Nonetheless, the TAS,
value of 3.3 is not small but comparable to those for crown ether (2.9) and cryptand
(4.0). Thus, the entropic gain, arising from desolvation upon guest inclusion, is
undoubtedly significant. Both the release of “high energy” water molecules in-
cluded originally in the cavity and the induced dehydration from the peripheral
hydroxyl groups of cyclodextrin must be responsible for the large intrinsic entropic
gain (TAS).

It is thus demonstrated that the inclusion behavior of cyclodextrins is similarly
analyzed and interpreted in terms of the enthalpy—entropy compensation effect,
although the major weak forces involved are quite different from those working in
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Figure 23. AH-TAS plot for inclusion complexation of organic guests by a-(e), B-(0),
and y-cyclodextrins ().

the cation binding process. These results prompted us to further extensions of this
theory to other molecular recognition systems.

Porphyrin?®3

Recently, Aoyama et al.>’ synthesized a quinone-receptor porphyrin that pos-
sesses two 2-naphthol moieties at the transannular positions of porphyrin (Figure
3). Positioned at the exact distance and directed properly, these two naphthol units
bind various p-quinone derivatives by forming two hydrogen bonds. This molecular
recognition system has some characteristic features differing from the above-men-
tioned cation- or molecule-binding systems: (1) the host molecule with a very rigid
skeleton suffers quite limited conformational changes upon complexation only at
the peripheral naphthol moieties; (2) the associated weak forces are limited in
number and clearly defined, i.e. the hydrogen bonding and the charge-transfer n—n
interaction between porphyrin and quinone; and (3) the solvent used is not protic
but the less-polar aprotic organic solvent, chloroform.

The thermodynamic parameters®’ reported for the complexation of various
quinone derivatives with this porphyrin derivative are plotted to give an excellent
straight line, as shown in Figure 24 (closed circle). The small slope obtained (a
0.60) is immediately related to the rigid skeleton and the restricted motion of the
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Figure 24. AH-TAS plot for complexation by quinone-receptor porphyrins (@) and
ligation to metalloporphyrins (0).

naphthol moieties upon quinone binding, and indicates that any enthalpic efforts to
enhance the binding ability is rewarded at a fairly high return up to 40%.
Importantly, the intercept (TAS,) observed for this quinone-receptor porphyrin
is literally zero, clearly indicating that no entropic assist is gained from the
release of solvent molecules upon complexation. Since practically no complexa-
tion-induced desolvation is expected to occur in view of the nonsolvating nature
of the solvent used, this result is quite reasonable and strongly supports the
theory that the intercept of the AH-TAS plot serves as a quantitative measure
of the extent of desolvation.

The ligation thermodynamics of various metalloporphyrins?® (Figure 3) are also
analyzed successfully by this theory. The AH-TAS plot obtained for the ligation of
pyridine derivatives to metalloporphyrins, also shown in Figure 24 (open circle),
gives practically the same slope (o 0.61), indicating again that the rigid porphyrin
skeleton suffers little significant conformational changes upon ligation of pyridines.
Furthermore, the intercept is also very small (TAS, 1.6), indicating trivial desolva-
tion caused by ligation.

Cyclophane and Calixarene?®

Cyclophanes and calixarenes®'>'* are aromatic hosts that share the same grand
design and common structural and functional features as exemplified in Figure 4:
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(1) two or more aromatic rings, placed circularly in space, are connected to each
other with methylene or oxyethylene chains to construct a hydrophobic cavity of
appropriate size surrounded by several aromatic rings; and (2) some hydrophilic
groups are appended at the peripheral positions in order to make them water-
soluble.

Thermodynamic data reported for the inclusion complexation of organic mole-
cules with these aromatic hosts?® are treated as above to give a linear AH-TAS plot
shown in Figure 25. The slope obtained (a. 0.78) is comparable with that for crown
ether (a 0.77). This reveals that these hosts composed of several aromatic rings
connected with methylene or oxyethylene chains suffer considerable conforma-
tional changes upon inclusion, probably due to the structural flexibility which is
comparable to crown ether. The relatively large intercept obtained (TAS, 3.4) is
indicative of moderate desolvation from both host and guest upon inclusion
complexation. Beyond all the differences in host structure, guest type, and weak
forces involved, the cation binding by crown ethers and the molecular inclusion by
cyclophanes and calixarenes share the same strategy to create a apparently different
but essentially resembling two-dimensional arrangement of interacting sites that
optimizes the cooperative weak interactions between host and guest.

It has thus been demonstrated that the complexation behavior of various synthetic
hosts, including ionophores and molecular hosts, can be interpreted quantitatively
and systematically in terms of the slope (a as a measure of complexation-induced

TAS, kcal/mol
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Figure 25. AH-TAS plot for inclusion complexation by cyclophanes and calixarenes.
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conformational changes) and the intercept (TAS, as a measure of desolvation upon
complexation) of the AH-TAS plot, in spite of the vast diversity in host design,
guest type, complex stoichiometry, solvent property, and particularly weak interac-
tion involved.

6.3. Biological Hosts: Supramolecular Complexation

Since the present theory has been shown to be useful in analyzing molecular
recognition of relatively simple guests with most synthetic hosts, we now proceed
to the supramolecular interactions in more sophisticated biological systems where
relatively abundant thermodynamic data are available in the literature.

We will discuss the interaction of enzyme with coenzyme, substrate, and inhibi-
tor; the antigen—antibody reaction; and the duplex formation and intercalation of
DNA and RNA. In these biological supramolecular systems, molecular recognition
takes place in a hydrophobic pocket or environment surrounded by water. Most of
the weak forces discussed above are involved more or less in the biological
supramolecular interactions, constituting most sophisticated molecular recognition
systems that appear difficult to analyze in the same manner. It should be emphasized
however that the precise biological molecular recognition is also materialized by
the cooperation of several weak interactions, as is the case with the synthetic
host-guest systems. We therefore believe that these apparently complicated bio-
logical systems should also be discussed by using the same theory proposed for the
chemical molecular recognition systems. Otherwise, this theory does not have a
general validity and should perish.

Enzyme’®%°

Enzymes, composed of various amino acids, constitute hydrophobic interior and
hydrophilic exterior by arranging in space the appropriate amino acid residues. The
hydrophobic receptor site is usually located inside and the hydrophilic amino acid
residues located on the surface of enzyme are heavily solvated by water molecules
in aqueous solution. Then, the supramolecular interactions with specific coen-
zymes, substrates, and inhibitors inevitably accompany extensive dehydration and
conformational change of both enzyme and ligand.

Relatively ample thermodynamic data are available for the interaction of enzyme
with coenzyme, substrate, and inhibitor in aqueous solution.®®~"! The enzymes
investigated are aldolase 5%’ ATPase 34 chymotripsin,69 de:hydrogenase,69‘7l
lipase,” lysozyme,% phosphofructokinase,” ribonuclease A,% tRNA synthetase,”
and trypsin.”® The thermodynamic parameters obtained for the enzyme-coenzyme,
enzyme—substrate, and enzyme—inhibitor combinations are plotted separately in
Figure 26. Although the data for each combination tend to flock together, essentially
all the data points fall on the same regression line whose slope () and intercept
(TAS,) are 1.11 and 7.0, respectively. The large slope, slightly exceeding unity,
means that the enthalpic gain from the supramolecular association of enzymes is
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Figure 26. AH-TAS plot for supramolecular interaction of enzyme with substrates (@),
coenzymes {0), and inhibitors (a).

completely canceled out by the entropic loss arising from the conformational
changes upon enzymatic interaction. On the other hand, the very large intercept as
high as 7.0 indicates that the enzymatic reactions in aqueous solutions are driven
exclusively by the far-reaching desolvation from enzyme itself and also from
coenzyme, substrate, and inhibitor to be bound.

Antibody*83°

The antigen-specific supramolecular interaction of antibody is also made possi-
ble through cooperative weak interactions and is therefore worth pursuing the
extrathermodynamic analysis. Composed of the same components, i.e. amino acids,
antibody behaves like enzyme upon interaction with its specific antigen. Thus, the
binding of antigen to the concave hydrophobic pocket of antibody in aqueous
solution induces considerable structural changes especially in antibody and exten-
sive dehydration of both components around the receptor site. Unfortunately, only
a limited number of thermodynamic data are available for antigen—antibody reac-
tion.>>%° The antigens examined are di- or trinitrophenyl (DNP or TNP) derivatives
of amino acids such as lysine and glycine, menadione, and ribo- and lumiflavins,
with which anti-DNP or -TNP antibody,®* mouse plasmacytoma protein,® and
aporiboflavin binding protein™ interact specifically to produce the corresponding
antigen—antibody complexes.
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Figure 27. AH-TAS plot for supramolecular interaction of antibodies.
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Although the AH-TAS plot shown in Figure 27 is moderately scattered, the slope
(o) and intercept (TAS,) are calculated as 088 and 8.7, respectively. Again, both
values are very large, indicating significant conformational changes and very
extensive dehydration occurring upon antigen--antibody binding interaction.

DNA and RNA3839

One of the most intriguing biological supramolecular systems that should be
examined by the enthalpy-entropy compensation theory is the duplex formation
and intercalation of DNA and RNA.

DNA, RNA, and polynucleotides constitute the most sophisticated supramolecu-
lar systems that play the crucial, essential roles in living organisms. DNA possesses
several functions of transmission, transcription, and duplication of genetic infor-
mation, and protein synthesis, all of which involve the equilibrium between single-
and double-stranded DNA. Hydrophobic domains of nucleic acid bases in single-
stranded DNA are known to associate together in aqueous solutions, while the
hydrophilic phosphates and the carbonyl and amino groups of nucleic acid bases
are exposed to aqueous solvent and therefore heavily hydrated. Hence, the duplex
formation of DNA inevitably requires the initial dissociation of single-strand
aggregation followed by the bimolecular association, which undoubtedly accom-
pany drastic conformational changes and extensive dehydration. In double-stranded
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DNA, functional groups of nucleic acid bases are completely dehydrated and
located inside the hydrophobic domain of duplex, forming efficient interhelix
hydrogen bonds as shown in Figure 6.

Another type of supramolecular interaction of DNA is the intercalation of fused
aromatic compounds into the stacked base pairs in double-stranded DNA (see
Figure 6). Intercalation induces not only dehydration from the polar groups in
intercalator but also concomitant unwinding, lengthening, dehydration, and stiff-
ening of the DNA double helix.

In the thermodynamic study of duplex formation, a variety of complementary
pairs of relatively simple, well-defined oligonucleotides are employed,”~"" while
the intercalation thermodynamics was examined with more complex or natural
DNA duplexes.’%%%8-8 Typical intercalating agents examined are acridine
orange,”® acriflabine,”® actinomycin,” daunomycin,’*7-8! ethidium bro-
mide, 35788283 and netropsin,%7479:8485

As can be seen from Figure 28, the AH-TAS plots for intercalation and duplex
formation give practically the same regression line of large slope (o 1.04) and
intercept (TAS, 8.5), although the data for duplex formation are spread more widely
than those for intercalation. Hence, both the conformational changes and the extent
of dehydration are deduced to be tremendous not only in the duplex formation but
also in the intercalation of rather simple molecules. It is interesting to note that, in
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[

L ] Il

40
-140 -120 -100 -80 -60 -40 -20 0 20 40

AH, kcal/mol
Figure 28. AH-TAS plot for duplex formation (0) and intercalation (@) of DNA/RNA.
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spite of the apparent differences in mechanism and weak forces involved, the duplex
formation and the intercalation of DNA and RNA can be analyzed and discussed
globally.

7. SCOPE AND LIMITATIONS?

As demonstrated broadly for chemical and biological molecular recognition sys-
tems, the compensatory enthalpy—entropy relationship is hold in general and the
interpretations using the slope o and intercept TAS,, of linear AH-TAS plots serve
as a versatile tool for analyzing the degree of conformational changes and the extent
of desolvation upon supramolecular association based on the cooperative weak
interactions. It is, however, intriguing and inevitable to explore the limitations of
this extrathermodynamic analyses.

As representative cases in which stronger interactions are involved upon com-
plexation, we chose coordination reactions of soft, heavy, and transition metal ions
with chelating agents that carry soft nitrogen and/or sulfur donors. Unlike alkali
and alkaline earth metal ions that form complexes with ionophores such as glymes
and crown ethers through weak interactions, heavy and transition metal ions
constitute clearly defined and directed coordination sites around the ion. The chelate
ligation of these soft metal ions by soft ligands leads to the formation of highly
covalent bonds between the soft ion and soft donor atoms. Essentially different
behavior has been observed for the complexation thermodynamics of these soft
cation—soft ligand combinations.?

A typical result was obtained with the coordination reaction of heavy and
transition metal ions with acyclic chelating agents carrying two or more soft donors
like nitrogen and sulfur atoms. Using the thermodynamic parameters reported for
these soft glymes, the entropy changes are plotted against the enthalpy changes to
give a completely different, very flat plot of poor correlation, as shown in Figure
29. It is noted that, although the AH values spread over a wide range of 30 to 0
kcal/mol, the TAS values stay in a relatively narrow range around zero.

These results clearly indicate that the chelate ligation is driven primarily by the
enthalpic factor and the entropy plays merely a trivial role in determining the
complex stability. This is quite reasonable since the structures of these chelate
complexes are strictly defined by the number and direction of the coordination sites
of given heavy/transition metal ions, and therefore there is little room for the
entropic term to adjust flexibly the complex structure and stability. On the contrary,
alkali and alkaline earth metal ions also have the formal coordination numbers, but
the actual number and direction of ligand coordination are highly flexible in the
weak interaction-driven ligation by hard donors like glyme and crown ether.

1t is advised therefore that the extrathermodynamic analysis based on the en-
thalpy—entropy compensation effect should be restricted to the (supra)molecular
recognition phenomena governed by cooperative weak interactions.
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Figure 29. AH-TAS plot for chelation of heavy and transition metal ions by soft
glymes (containing more than two nitrogen and/or sulfur atoms).

8. CONCLUSION: THERMODYNAMIC VIEW OF
SUPRAMOLECULAR INTERACTIONS

We have described a theory, based on the compensatory enthalpy—entropy relation-
ship, to understand globally the chemical and biological molecular recognition
systems governed by cooperative weak interactions. The slope o and intercept TAS,
of the linear AH-TAS plot, which are distinctly different for each host category (see
Table 2), are employed respectively as quantitative measures of the conformational
changes and the extent of desolvation caused by host—guest complexation. This
thermodynamic way of understanding molecular recognition phenomena, proposed
originally for the cation binding by ionophores,'*? can be extended not only to the
inclusion complexation by natural and synthetic molecular hosts like cyclodextrin,
porphyrin, and cyclophane but also to the biological supramolecular interaction of
enzyme, antibody, and DNA. Hence, this empirical theory can be used as a versatile
tool to analyze quantitatively a wide variety of molecular recognition behavior in
chemistry and biology from a global and unified point of view.

In Figure 30, all types of molecular recognition systems discussed above are
mapped graphically as a function of the complexation-induced conformational
change (o) and desolvation (TAS). As can be seen from Figure 30, both parameters,
a and TAS;, do not appear to correlate each other, and the molecular recognition
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Figure 30. Slopes (a) and intercepts (TASo) obtained for a variety of cation binding
(closed circle), molecular inclusion (lightly shadowed; in italic), and biological
supramolecular interaction (shadowed; in bold).

behavior can be discussed from the structural rigidity of the host molecule and the
solvent property. Thus, the rigid hosts with fixed two- or three-dimensional frame-
works do not suffer appreciable conformational changes upon complexation and
therefore give very small slopes (o) of 0.4-0.6, while more flexible hosts, particu-
larly biological supramolecules, suffer serious conformational changes, affording
large slopes up to unity. Apart from the quinone-receptor porphyrinin chloroform,’
the complexation of the other natural and synthetic hosts is more or less enhanced
by desolvation from both host and guest molecules. Particularly in the biological
supramolecular systems, the unfavorable canceling effect due to the extensive
conformational changes is overcome by the great entropic contribution from
desolvation. From these analyses, we may conclude that the biological systems that
employ flexible natural macromolecules as receptors conquer the intrinsic entropic
disadvantage arising from the inevitable conformational changes upon molecular
association by means of the extensive dehydration in aqueous solution, realizing
an ultimate entropy-governed molecular recognition system after a billion years of
chemical and biological evolution on Earth.
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Some practical guidelines for designing efficient and selective host molecules
may also be extracted from this compensation theory. There are two entirely
different or even opposite routes to excellent hosts. The first one is to construct a
very rigid two- or three-dimensional cavity surrounded by conformationally fixed
binding sites that interact with the included guest through multiple cooperative
weak interactions. Good examples are cryptand and quinone-receptor porphyrin
derivatives. However, the entropic assist through desolvation is not expected to be
very large in these cases. In this strategy, the (enthalpic) effort to enhance binding
ability by molecular engineering should be concentrated on the system that gives a
small slope (o), in which an appreciable part (1 ~ a) of the enthalpic gain will be
reflected to the complex stability.

The second strategy to optimize both binding ability and selectivity is the way
that nature employs. In the biological molecular recognition in aqueous solution,
macromolecular hosts carrying numerous mutually interacting functional groups
suffer significant conformational changes upon supramolecular interaction, leading
to the total cancellation of the enthalpic gain from binding. However, since the
biological recognition process usually occurs in agueous media and both host and
guest are fully hydrated, the complexation inevitably induces very extensive
dehydration, resulting in large entropic gains that cannot be realized only by the
enthalpic gain.

Finally, we wish to emphasize that, to the best of our knowledge, only the present
theory can consistently explain the whole molecular recognition systems and
present a global and unified view to understand the sophisticated supramolecular
interactions in chemistry and biology. It is also said that the molecular recognition
phenomenon through cooperative weak interactions is synonymous to entropy-gov-
erned chemistry.
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1. INTRODUCTION

The porphyrins (e.g., 1) and their tetrapyrrolic analogues been studied extensively
since the turn of the century. These molecules play critical roles in a large number
of biological processes,' and are widely recognized for their diverse coordination
chemical properties.'®? The porphyrins also show promise for use in applications
as far ranging as magnetic resonance imaging (MRI)® and photodynamic therapy
(PDT),* and have proved useful in the construction of molecular devices® and
light-harvesting arrays.®

In recent years, increasing attention has begun to be devoted to the sub-branch
of porphyrin chemistry that involves the synthesis and study of so-called expanded
porphyrins.” In general terms, expanded porphyrins may be defined as being
systems (aromatic and nonaromatic) that contain at least one pyrrole or other
five-atom heterocycle constrained within a macrocycle possessing an internal ring
core of at least 17 atoms (one more than the number of atoms present in the inner
core of porphyrin). Expanded porphyrins, by virtue of containing a greater number
of m-electrons, a greater number of donating heteroatoms, and a larger central core
possess properties that differ significantly from those of the porphyrins. These
differences include, but are not limited to, chemical reactivity, photophysical
characteristics, and metal coordination capability. Taken together, these features
have made certain expanded porphyrins, notably the so-called texaphyrins, attrac-
tive as MRI contrast agents,? radiation sensitizers,® and photodyrnamic—therapy9
sensitizers. One further feature also distinguishes many of the expanded porphyrins
from their simple tetrapyrrolic “parents”. This is an ability to chelate anions and
polya.nions.10 This unique ability, which derives from the enhanced basicity many
expanded porphyrins display relative to the porphyrins, has made this class of
molecules attractive candidates for use in anion-recognition-based applications,
including several medical and analytical ones such as drug delivery, antisense-like
oligonucleotide modification, and chromatography.
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In this review, written in a personal, account-like style, we have chosen to
illustrate the anion binding potential of the expanded porphyrins in general by
showing how a prototypic system, sapphyrin (e.g., 2), is able to function in this
regard. We will thus start this review by presenting evidence that supports the
conclusion that monomeric sapphyrins can indeed bind anions both in solution and
in the solid state. Next, we will detail the solution-phase anion-recognition proper-
ties of sapphyrin conjugates and sapphyrin oligomers. Following this, the DNA-
chelation chemistry of water-soluble sapphyrins will be summarized. Finally, the
results of HPLC analyses made using sapphyrin-derived stationary phases will be
described. Taken together, these various summaries should suffice to provide a
fairly complete picture of the known anion binding properties of the sapphyrins and
should allow for an inference of what may be possible using other expanded
porphyrin systems. Still, to limit the size of this review, we will not discuss
heterosapphyrins (sapphyrin analogues in which nitrogens are partially replaced by
oxygen or sulfur atoms), and other expanded porphyrins. Some of the latter,
particularly the rubyrins,ll rosarins,'? anthraphyrins,13 and turcasarins,'* show
promise as anion binding agents but have yet to be studied extensively in this regard.

Sapphyrin (e.g., 2) is the most venerable of the many expanded porphyrins now
known. It was first discovered serendipitously in the Woodward group more than
30 years ago during the course of studies directed toward the synthesis of vitamin
B,,.'** Recently improved syntheses of sapphyrin have been developed by the
authors.'>%¢ This has made it possible to study this molecule in detail and, as
described below, allowed for the discovery that sapphyrin can act as a bona fide
anion binding agent.

Unlike simple porphyrins, sapphyrins contain five pyrroles and four meso car-
bons. They also possess an aromatic 22 w-electron framework, rather than the 18
n-electron periphery found in porphyrins. Monomeric sapphyrins display intense
red-shifted Soret-like absorption at ca. 450 nm, and Q-like bands in the 600-710
nm region of the visible spectrum. As a result, the sapphyrins are not porphyrin-like
purple in color, but rather blue-green in the solid state and dark-green in solution
(hence the name sapphyrin). The free-base form of sapphyrin has three protonated
pyrroles and two sp’-hybridized nitrogen atoms. These latter nitrogen atoms are
relatively basic with pK,, values of ca. 4.8 and 8.8 being recorded for the correspond-
ing conjugate acids.'® This basicity has important consequences. It means sap-
phyrins are monoprotonated under neutral conditions and effectively diprotonated
at pH values below ca. 3.5. Typical unsubstituted porphyrins, on the other hand, are
but weakly basic. Indeed, they remain unprotonated at neutral pH and become
monoprotonated only at very low pH values. The sapphyrins, possessing an inner
cavity of ca. 2.5 A radius, are also substantially larger than the porphyrins (for which
radii of ca. 2.0 A are routinely recorded). This fact, which surely accounts for their
increased relative basicity, helps make the sapphyrins anion chelating agents par
excellence.
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2. ANION COMPLEXES OF SAPPHYRINS IN THE SOLID
STATE

R? R?

3 R'=R%2=R%=CH;3

4 R'=CH,yCH,0H; R?2=R3=CH,
5 R'=CH,CO,H; R?=R%=CH;3

6 R'=CHj R?=CH,COH; R®=H

2.1. Halide Anion Complexes

The first anion complex of sapphyrin was obtained fortuitously. It resulted form
an attempt to obtain X-ray quality crystals of the bis-HPF, salt of decaalkyl
sapphyrin 3. Instead of the expected structure, an X-ray crystal diffraction analysis
of what was thought to be this bis-HPF; salt revealed the presence of only one
PF¢ counteranion per sapphyrin. This same analysis, however, also indicated the
presence of unexpected electron density at the center of the sapphyrin core that, on
the basis of fitting procedures and independent synthesis, was ascribed to an F~
anion.'” This bound fluoride anion, presumably extracted from PF; , was found to
be held in place by a combination of Coulombic effects involving the protonated
nitrogens and the negatively charged fluoride anion, and hydrogen-bonding inter-
actions. The five N~H--F bonds were found to be nearly linear and ca. 2.7 Ain
length (Figure 1). Subsequent solution studies confirmed this binding motif and
indicated a high degree of selectivity for fluoride over the other halide anions (vide
infra).""'® Therefore, looking back, the authors view these initial structural results
as being seminal; they provided the critical “hint”, now fully realized, that sap-
phyrins, unlike simple porphyrins, can serve as generalized anion binding agents.

Following the discovery of the above solid-state fluoride anion complex, the
authors succeeded in crystallizing the bishydrochloride salt of this same system,
3.19247 The X-ray structure of this derivative revealed the presence of two chloride
counterions bound via hydrogen bonds to the diprotonated macrocycle (Figure 2).
In contrast to what was seen in the case of the fluoride anion structure, in this
instance neither of the counteranions is located in the plane of the sapphyrin
macrocycle. Rather, they are found in near symmetric fashion ca. 1.8 A above and
below the mean N plane. This out-of-plane binding reflects, presumably, the fact
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Figure 1. Single crystal X-ray structure of the mixed HF-HPF¢ salt of sapphyrin 3. This
figure was generated using information down-loaded from the Cambridge Crystal-
lographic Data Centre and corresponds to a structure originally reported in ref. 17.
Atom labeling scheme: carbon: O; nitrogen: &; fluorine: &; hydrogen: o. Selected
hydrogen atoms have been omitted for clarity.
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Figure 2. Single crystal X-ray structure of the bis-HCI salt of sapphyrin 3. This figure
was generated using information down-loaded from the Cambridge Crystallographic
Data Centre and corresponds to a structure originally reported in ref. 17b. Atom
labeling scheme: carbon: C; nitrogen: @©; chlorine ®; hydrogen o. Selected
hydrogen atoms have been omitted for clarity.
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that anionic chloride is significantly larger than anionic fluoride (atomic radii =
1.67 and 1.19 A, respectively'®), and that the shape of the doubly protonated
sapphyrin cavity is rather invariant.

The above results were later complemented by the observation that the monopro-
tonated form of sapphyrin is also capable of chelating chloride anion in the solid
state.'® Here, in analogy to what was seen in the case of the bishydrochloride salt,
the single chloride counteranion was found to lie ca. 1.72 A above the macrocycle
plane, being held there by four hydrogen bonds (Figure 3).

Currently, the only other monoprotonated sapphyrin-monoanion complex to be
solved by X-ray diffraction analysis is that of 3-HN;,. 102 As expected, in this complex
the azide counteranion s bound above the sapphyrin plane by a combination of
anisotropic electrostatic interactions and oriented hydrogen bonds (Figure 4). As
such, this structure supports the conclusion, reached in the case of 3-HCI, that a
single positive charge on the sapphyrin is enough to effect anion recognition of
anionic substrates, at least in the solid state.

2.2. Phosphate Complexes

As a part of our program to develop new adjuvants for the into-cell delivery of
phosphorylated nucleotide-type antiviral agents (see Section 3 of this chapter), we
became interested in developing a sapphyrin-based approach to phosphate anion
chelation. As proved true for halide anion recognition, important initial support for
the idea that sapphyrins could function as phosphate anion receptors came from
single crystal X-ray diffraction studies. In fact, to date, five X-ray structures of
sapphyrin—phosphate complexes have been obtained. 10,16

The structures of a 1:1 inner-sphere, cationic complex of formally monobasic
phosphoric acid with diprotonated sapphyrin 4, and the analogous neutral 1:1
complex formed between dibasic phosphoric acid and diprotonated sapphyrin 4 are
shown in Figures 5 and 6, respectively. The first of these complexes is characterized
by a single bound dihydrogen phosphate counteranion tethered via five hydrogen
bonds to a diprotonated phosphate receptor. This results in an umbrella-like
arrangement with the other three oxygen atoms of the bound H,POj anion being
splayed out like spokes on a wheel. The bound oxygen atom is located 1.22 A above
the sapphyrin plane. While not relevant to the details of the sapphyrin—phosphate
interaction, this structure is further complicated by phosphate aggregation in the
crystal lattice. Indeed, in the solid state, six phosphate groups are found to be linked
in an hydrogen-bonded array. This array is terminated by a sapphyrin at each end
and contains the second needed counteranion bound to a phosphate, as opposed to
a sapphyrin. This latter counteranion thus plays no appreciable role in defining the
details of the sapphyrin-to-phosphate chelation. The actual protons, however, were
not localized in this structure. Thus, the assignment of this structure as being a
cationic complex between diprotonated sapphyrin 4 and monobasic phosphoric
acid holds true only in a formal sense; alternatively, it could also be described as
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Figure 3. Single crystal X-ray structure of the mono-HCl salt of sapphyrin 3. This X-ray
structural figure was generated using unpublished data provided by Sessler et al., but
corresponds to a structure originally reported in ref. 10a. Atom labeling scheme:
carbon: O; nitrogen: &; chlorine ®; hydrogen o. Selected hydrogen atoms have been
omitted for clarity.
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Figure 4. Single crystal X-ray structure of the mono-HN3 salt of sapphyrin 3. This
X-ray structural figure was generated using data provided by Sessler et al., but
corresponds to a structure originally reported in ref. 10. Atom labeling scheme:
carbon: O; nitrogen: @; hydrogen 0. Selected hydrogen atoms have been omitted for
clarity.
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Figure 5. View of the 1:1 cationic inner-sphere complex formed between sapphyrin
4 and monobasic phosphoric acid. This X-ray structural figure was generated using
information down-loaded from the Cambridge Crystallographic Data Centre and
corresponds to a structure originally reported in ref. 16a. Atom labeling scheme:
carbon: O; nitrogen: ®; oxygen €; phosphorous ®; hydrogen ©. Selected hydrogen
atoms have been omitted for clarity.

being a neutral complex between monoprotonated sapphyrin and phosphoric acid.
Arguing against this latter interpretation, however, is the finding that the analogous
1:1 complex between the dibasic phosphoric acid and diprotonated sapphyrin 4
(Figure 6) shows a second interaction, namely one involving a protonated nitrogen-

Figure 6. View of the 1:1 neutral complex formed between diprotonated sapphyrin
4 and dibasic phosphoric acid. This X-ray structural figure was generated using
information down-loaded from the Cambridge Crystallographic Data Centre and
corresponds to a structure originally reported in ref. 16a. Atom labeling scheme:
carbon: O; nitrogen: @; oxygen ©; phosphorous 8; hydrogen ©. Selected hydrogen
atoms have been omitted for clarity.
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Figure 7. View of the 1:2 complex formed between diprotonated sapphyrin 3 and
monobasic phenylphosphate. This X-ray structural figure was generated using infor-
mation down-loaded from the Cambridge Crystallographic Data Centre and corre-
sponds to a structure originally reported in ref. 16a. Atom labeling scheme: carbon:
O; nitrogen: @; oxygen ®; phosphorous €; hydrogen 0. Selected hydrogen atoms
have been omitted for clarity.

to-phosphorus oxygen hydrogen bond. Interestingly, in this case, no excess phos-
phoric acid is found in the complex.

Two of the other phosphate structures solved, namely the 2:1 inner sphere
complex of monobasic phenylphosphate with diprotonated sapphyrin 3 (Figure 7),
and the 2:1 complex of the diphenyl phosphate with diprotonated sapphyrin 4
(Figure 8) bear a significant resemblance to the structure of the sapphyrin—dichlo-
ride complex described earlier (Figure 2). For instance, the key ligated oxygen
atoms are held both above and below the sapphyrin plane by three and two hydrogen
bonds to the NH groups. However, it is of interest that in both cases the chelated
oxygen atoms are found to lie much closer to the sapphyrin plane than do the
chloride anions in the analogous sapphyrin-bishydrochloride structure of Figure
2. For example, the “chelated” oxygen atoms of monobasic phenylphosphate are
bound 1.22 and 1.60 A, respectively, above and below the mean sapphyrin plane.
In addition, the phenyl portions of the phenylphosphate molecular anion are found
to reside over a portion of the aromatic sapphyrin skeleton at distances similar to
those expected for van der Waals contact. By contrast, the phenyl substituents in
the analogous diphenylphosphate—sapphyrin complex do not adopt an orientation
parallel to the sapphyrin macrocycle.

The fifth sapphyrin—phosphate structure to be solved is of the mixed chlo-
ride/monobasic cyclic AMP salt of diprotonated sapphyrin 4 (Figure 9). While the
general features of binding are similar to the other phosphate ester structures
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Figure 8. View of the 1:2 complex formed between diprotonated sapphyrin 4 and
diphenyl phosphate. This X-ray structural figure was generated using information
down-loaded from the Cambridge Crystallographic Data Centre and corresponds to
a structure originally reported in ref. 16a. Atom labeling scheme: carbon: O; nitrogen:
®; oxygen ©; phosphorous ®; hydrogen o. Selected hydrogen atoms have been
omitted for clarity.

described above, this particular complex was considered particularly interesting. It
provided prima facie evidence that biologically important phosphorylated nucleo-
tides could be bound by protonated sapphyrins, at least in the solid state.'®

2.3. Carboxylate Complexes

In addition to phosphate and halide anion binding, carboxylate chelation by
sapphyrin macrocycles has been the subject of recent investigation. To date, two
crystal structures have been solved.2%?! A 2:1 complex formed between dipro-
tonated sapphyrin 3 and trifluoroacetic acid shows that the oxyanions are chelated
above and below the sapphyrin plane (Figure 10).%° Greater complexity of organi-
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Figure 9. Single crystal X-ray structure of the mixed salt formed between sapphyrin
4, HCl, and the acid form of c-AMP. This figure was generated using information
down-loaded from the Cambridge Crystallographic Data Centre and corresponds to
a structure originally reported in ref. 16b. Atom labeling scheme: carbon: O; nitrogen:
®; oxygen &; chlorine @; phosphorous ®; hydrogen ©. Selected hydrogen atoms
have been omitted for clarity.

Figure 10. Single crystal X-ray structure of the bis-TFA salt of sapphyrin 3. This X-ray
structural figure was generated using unpublished data provided by Sessler et al. Atom
labeling scheme: carbon: O; nitrogen: ®; oxygen &; fluorine &; phosphorous ®;
hydrogen 0. Selected hydrogen atoms have been omitted for clarity.
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Figure 11. View of the self-assembled dimer formed from sapphyrin 5 in the presence
of trifluoroacetic acid. This X-ray structural figure was generated information down-
loaded from the Cambridge Crystallographic Data Centre and corresponds to a
structure originally reported in ref. 21. Atom labeling scheme: carbon: _; nitrogen:
®; oxygen S; fluorine &; phosphorous 8; hydrogen o. Selected hydrogen atoms
have been omitted for clarity.

zation was revealed in the solid-state structure of the sapphyrin carboxylate §
complex with trifluoroacetic acid.?! This species is zwitterionic, containing both a
carboxylate anion, and a protonated sapphyrin macrocycle. These two self-comple-
mentary subunits are linked by short ethylene spacers. The short length of these
spacers prevent internal sapphyrin-to-carboxylate “tail-biting” interactions. As a
result, compound 5 crystallizes so as to form a supramolecular dimer in the solid
state (Figure 11). In this dimer, a carboxylate “hook” from one molecule of 5 is
chelated to the pyrrolic core of a second. This second macrocycle, in turn, shares
its carboxylate “tail” with the first sapphyrin subunit. A trifluoroacetate ion is
coordinated to each of unchelated faces in the dimer and prevents these sites from
being involved in further binding. Perhaps as a result of this, the second carboxylic
acid is not bound to a sapphyrin core, but is coordinated to a methanol molecule.
The planes of the two constituent sapphyrins of this supramolecular dimer lie
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parallel to each other in an offset fashion at a typical van der Waals distance of 3.39
A. Itis thus possible that these latter interactions play an important role in defining
the details of the structure in the solid state.

The all-important finding that carboxylate-appended sapphyrins can self-assem-
ble was confirmed in the case of the sapphyrin monocarboxylate 6.2° For both
compounds the self-assembly phenomena were shown to take place not only in the
solid state, but also in solution and in the gas phase (see Section 3.3). This meant
that the carboxylate-binding properties of the sapphyrins could be used as the key
molecular recognition basis for engendering the spontaneous self-assembly of
appropriately designed supramolecular ensembles.

3. ANION CHELATION BY SAPPHYRINS IN SOLUTION

R2 R3

R%2=R3=CH,
HZCHZOH R2=R3=CHj
CH,CO.H: R2 = R3 = CHj
CHg; R? = CHoCOZH; R3-H
c

3R'=
4 R'=
5R'=
6 R =
7 R' = CHyCON(CHoCHoOH)o; R? = R® = CHy

The solid-state evidence for anion chelation described in the previous section
provided an important “augury” that the sapphyrins could also function as anion
binding agents in solution and in the gas phase. Subsequent studies by the authors
established that this was in fact the case. What makes anion recognition in solution
especially timely (and important) is the fact that many anions, particularly phos-
phates, chloride, and carboxylates, are ubiquitous in biology.'® Their roles are
various and sundry and vary from information storage and processing to energy
transduction.??*= These negatively charged species are also involved in metabolic
processes and in protein conformation regulation.m‘f Finally, certain phosphory-
lated nucleotide analogues are known to exhibit antiviral properties.” For these
reasons it is nearly a truism that finding ways to chelate and transport anions is one
of the most important challenges facing supramolecular chemists today.
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In the case of the sapphyrins, initial documentation of their anion binding ability
under nonsolid state conditions was made using fast atom bombardment mass
spectrometric (FAB MS) analysis. These studies, which were often carried outin a
“screening” sense, involve taking mixtures of the chosen sapphyrin receptor and
the putative anionic substrates in an appropriate solvent and subjecting them to low-
and high-resolution FAB MS analyses. In most cases, a clear correlation between
binding under the matrix desorption/gas phase conditions of the MS experiments
and chelation in solution was observed. In fact, without exception, if a peak
corresponding to the sapphyrin—anion complex could be detected in the mass
spectrum, binding in solution was later confirmed. Thus, in the authors’ hands, these
simple FAB MS screening studies define an important tool that can be used easily
to check for the viability of any given receptor—substrate combination.

More detailed analyses of sapphyrin anion chelation in solution were made using
a full range of “tricks™ borrowed from the supramolecular field. Thus both spectro-
scopic techniques (e.g., NMR, UV-vis, fluorescence spectroscopy)24 and transport
studies (carried out in a model Pressman type U-tube membrane system?®’) were
employed. From these analyses, it became clear that sapphyrin does in fact bind
various negatively charged substrates in solution, but does so both with variable
affinity and oft-times remarkable selectivity. These findings/conclusions are de-
tailed further in the paragraphs below.

3.1. Halide Binding

The desire to study the halide binding properties of sapphyrin in solution was
largely inspired by the solid state sapphyrin—fluoride and sapphyrin—chloride
structures described above (Figures 1, 2, and 3). It was also inspired in part,
however, by a very important public health problem, namely cystic fibrosis.2® Cystic
fibrosis is the most common lethal genetic disease in Caucasians, affecting one out
of 2500 infants in the U.S.2%¢ This disease is characterized by an inability to produce
properly functioning chloride anion channels.”® The dysfunctional ion channels
are believed unable to effect sufficient chloride and fluid excretion from, among
others, pulmonary epithelia cells.?®>¢ This, in turn, leads to a thick build up of
mucous deposits in the lungs and to a higher than normal susceptibility for fatal
pulmonary infections. It is these infections, often of the Pseudomonas aeruginosa
type,2® that are generally the causative agents of cystic fibrosis death. While some
recent progress towards treating this disease has been made of late, cystic fibrosis
remains a serious medical concern.?’

In view of the above, it is not surprising that significant efforts have been
dedicated to the problem of generating synthetic chloride receptors. Indeed, a
number of such systems are known.?8?** Unfortunately, many of them are hydro-
philic polycations and, accordingly, suffer from low solubility in organic media %™
Others are metal- or metalloid-derived systems. The clinical utility of these is
clouded by metal toxicity.??* The sapphyrins, being both wholly organic and
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hydrophobic, were considered likely to be free from these kinds of “prior art”
problems. It was thus this hope that helped fuel a desire on the part of the authors
to determine whether or not the protonated sapphyrins would function as halide
anions in solution.

After completing initial mass spectrometric studies, it was quickly found, much
to the authors delight, that sapphyrin 3, when protonated, acts as an efficient
receptor and carrier for chloride and fluoride anions (as judged from the U-tube
model membrane studies); vide infra.'”'® Further, using visible absorption and
fluorescence spectroscopic analyses, it proved possible to derive a binding constant
(K,) of ca. 9.6 x 10* M~ for fluoride anion in methanol. For comparison, chloride
anion was found to be bound with much lower affinity in this same solvent (K, =
10> M™"), whereas bromide anion hardly formed a complex at all (K, < 10°M™).

The extremely high fluoride-to-chloride/bromide selectivity (more than 1000-
fold!) was attributed to the fact that fluoride anion, unlike chloride and bromide,
could be encapsulated fully within the mean sapphyrin plane. This contention was
further supported by visible, fluorescent, and NMR spectroscopic studies carried
out in dichloromethane. Here, the choice of solvent was actually considered critical
to the studies. First, the use of this less polar solvent was expected to promote
stronger interaction between the protonated sapphyrin receptor and halide sub-
strates. Second, by using this solvent, the problem of sapphyrin aggregation could
be avoided.?' The results obtained (i.e., higher affinities; reduced aggregation) led
to the suggestion that both the hydrochloride and hydrobromide salts of sapphyrin
exist as out-of-plane-chelated tight ion pairs in dichloromethane solution, whereas
the fluoride anion sits in the sapphyrin core. Thus under these solution-phase
conditions, the anion binding modes were considered to reflect those seen in the
solid state.

Complementing the K, determination studies were the through-model-membrane
transport experiments alluded to above.'® These revealed, interestingly, that it was
chloride anion (i.e., the species that is less well bound) that is transported at the
greatest rate. This finding, although initially surprising, was interpreted as meaning
that it is the off-rate for fluoride anion release from the sapphyrin—fluoride complex
that plays a significant, perhaps rate-limiting, role in mediating the actual transport
process. In any event, it was found that the transport could be effected not only via
simple synport, but also via antiport, in which a particular target anion is transported
through a membrane at the expense of back-transmission of some other negatively
charged species. These critical findings clearly bode well for the eventual use of
sapphyrin-based halide anion transport systems in clinical situations.

3.2. Binding of Phosphates

Subsequent to the work with halide anions, efforts were made to quantify the
extent to which phosphate anions are bound by protonated sapphyrin.'®'¢ As for
chloride and fluoride, the rationale for this work was both chemical and biological.
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Chemically, it is a challenge to design phosphate receptors.?8% Also, it is of interest
to see if the solid-state sapphyrin phosphate structures reflect events in solution.
On the biological side, phosphate anions play critical roles in numerous metabolic
and energy transduction processes.'“?** Also, phosphate entities are present in the
active forms of many antiviral agents.?

In terms of actual experiment, a range of spectroscopic techniques were used to
determine the nature of the different phosphate anion-to-protonated sapphyrin
interactions and to probe the extent of binding. Proton and 3P NMR spectroscopic
analyses were used, for instance, to obtain direct evidence of phosphate anion
binding. Here, changes in the chemical shifts of either the sapphyrin proton or
phosphorous *'P signals were monitored as a function of various receptor-to-sub-
strate ratios. From these changes, which were often substantial (up to 16 ppm! in
the case of >'P NMR spectroscopic analyses), standard curve-fitting procedures
were used (in well behaved cases) to derive the relevant binding constants.”* While
intellectually straightforward, these analyses were often made complicated by
multiple equilibria involving sapphyrin protonation, anion binding, and/or anion
exchange.“"a To avoid technical complications associated with these multiple
equilibria, it often proved advantageous to define the protonation state of sapphyrin
and the nature of the counteranion bound (if any) by separate extraction experiments
at different (but known) pH values. Also complicating these studies, especially in
more polar media and at higher sapphyrin concentrations, were dimerization and
aggregation processes involving sapphyrin itself. Similar processes involving the
phosphate substrates also had to be considered.'®*!”* Fortunately, by carefully
choosing the solvent system, the concentration of species under investigation, and
the sapphyrin receptor itself, clean binding isotherms for the formation of either
1:1 or 2:1 phosphate-to-protonated sapphyrin complexes could often be obtained.
Depending on the nature of receptor and the substrate, protonation stage of the
sapphyrin, the nature of counterion, if any, and the solvent system, binding con-
stants of up to a 1.8 x 10* M~! were observed. This puts phosphate anions second,
as a class, only to fluoride anion in terms of the avidity with which it is bound by
sapphyrin.

To support the above conclusion, phosphate anion displacement (i.e., competitive
binding) studies were carried out. From these studies, the following affinity series
was deduced for anion binding in methanol: F~ > H,PO; > C¢H,CO; > CIO; >
NO; > AcO™ > CI". These results thus reinforce the notion that sapphyrin, when
protonated, functions as a highly effective phosphate anion receptor in organic
solution. Further, they also support, but certainly don’t establish definitively, the
idea that the binding interactions in solution as well as in the solid state involve a
combination of (1) electrostatic attractions between the positively charged sap-
phyrin core and the negatively charged phosphate oxyanion, and (2) multiple
hydrogen-bonding interactions between this same phosphate oxyanion and the
pyrrolic hydrogens of the protonated sapphyrin core.



Anion Binding by Sapphyrins 115

3.3. Carboxylate Chelation and Self-Assembly

The last small anion class to be studied in detail were the carboxylates. While it
was appreciated that these anions would be bound more weakly than fluoride or
phosphate (vide supra), it was also recognized that anionic carboxylate groups play
a critical role in Nature.'® Indeed, amino acids, enzymes, antibodies, and other
natural products contain carboxylate functionality that often plays a critical role in
shaping the relevant biochemistry. In terms of molecular recognition, carboxylates
are important because they are capable of acting as chelates for a range of positively
charged substrates, including protonated amines and metal cations. Not surpris-
ingly, therefore, considerable effort has been devoted to the problem of preparing
carboxylate-binding receptors and a number of such systems are now known, 328533

In the case of sapphyrin-based carboxylate receptors, the relative binding
affinities were found to depend on the nature of the substrate. In particular, aromatic
carboxylates were found to be bound with higher affinity to protonated sapphyrins
than aliphatic ones. Indeed, in the case of the decaalkyl sapphyrin 3, affinity
constants measured in dichloromethane, were found to be ca. 10° M~ for aromatic
substrates but less than 10? M™! for aliphatic ones.

This finding that sapphyrins bind carboxylate anions in dichloromethane solution
led us to consider exploiting this interaction to design a new kind of supramolecular
energy transfer ensemble. The specific system proposed is shown in Figure 12 and
is based on the binding of a carboxylate-appended, free-base porphyrin photodonor
by a monoprotonated sapphyrin acceptor.* Upon irradiation at 573 nm, singlet—
singlet energy transfer from the porphyrin to the sapphyrin subunits takes place
readily with energy transfer dynamics consistent with a Foster-type mechanism.
This system, which is still in the process of being studied further, thus appears to
be a first example of what could be an important new class of photosynthetic model
system that is based on the use of anion chelation.

Also investigated in solution were the self-assembly processes “hinted at” by the
X-ray structure of 5 (Figure 11). Solution state self-assembly of complementary
fragments occurs throughout Nature and plays an essential role in the construction
of such biologically critical “superstructures” as nucleic acids, multicomponent
enzymes, cell membranes, and viral capsids.'® In these instances, the structural
information required for self-assembly is “preprogrammed” into the topography
and functionalization of the various “building block™ surfaces. Reversible assembly
of the building blocks then serves to generate the final supramolecular ensemble as
the result of multiple weak noncovalent interactions. This minimalistic yet effective
approach to molecular architecture has challenged supramolecular chemists to
design artificial systems capable of self-assembly. While a number of such systems
are now known,>>~%7 few are based strictly on anion chelation.*®

It occurred to us that the anion binding properties of sapphyrins could be
employed for the self-assembly of these species. In particular, we speculated, that
the zwitterionic sapphyrins 5 and 6 should self-assemble. These species contain
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energy
transfer

Figure 12. Proposed noncovalent ensemble for energy transfer.

anionic carboxylate groups attached to a protonated sapphyrin core, but are pre-
vented from “biting their own tails” due to the length of the carboxylate—sapphyrin
spacer. In contrast to the previously reported anionic systems capable of self-as-
sembly,® the sapphyrin-based carboxylate building blocks are self-complementary
and would not require the presence of extra components for the desired self-asso-
ciation to take place. To our delight, the anion chelation-driven dimerization of
carb(;xylate-appended sapphyrin 5 was observed in the solid state (see Section
2.3)2

In the specific case of the “tailed” sapphyrin carboxylates § and 6, for which
evidence of self-assembly was noted in the solid state (vide supra), 'H NMR
spectroscopic studies carried out in d,-methanol, d-chloroform, and mixtures of the
two solvents showed strong line broadening, and upfield shifts of the methylene
“tail” peaks. Such findings are, of course, fully consistent with the proposed
dimerization. Further, dilution experiments performed over a concentration range
of 50 to 5 mM in these solvents showed little change in the spectra, indicating that
the dimeric form prevails under these conditions, even in highly polar solvents. In
the case of 6, the actual dimeric stoichiometry was confirmed by vapor pressure
osmometry (VPO) measurements carried out in 1,2-dichloroethane.

To test further the self-assembly process, experiments were carried out in the
presence of fluoride anion. As noted above, protonated sapphyrins have a signifi-
cantly higher affinity for fluoride anion as compared to other anions. 17" 1t was thus
expected that adding fluoride anion to a solution of 6 would serve to inhibit the
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Figure 13. Schematic representation showing both the dimerization of sapphyrin, 6,
that occurs spontaneously in solution, and the inhibition of this dimerization process
that can be effected by adding fluoride anion.

dimerization process. As confirmed by detailed 'H NMR analyses, this indeed
proved to be the case. Specifically, adding F~ breaks the dimers and reestablishes
the “normal” lower-field chemical shift for the methylene signals that is seen in
sapphyrin monomers (Figure 13).

4. SAPPHYRIN CONJUGATES

The processes Nature uses for chelation of substrates, now increasingly well
understood, continue to provide an inspiration for chemists to design effective
receptors for complex multidentate guests (i.e. those containing multiple functional
groups). Here it has been come to be appreciated over the years that multidentate
receptors, containing recognition sites that complement those found on their
targeted substrates, offer an advantage in terms of achieving effective binding.
However, the design and synthesis of multidentate receptors is not easy. First, and
foremost, one needs to bring together building blocks that are known to be capable
of binding at least one of the functional groups present in the prospective substrates.
Second, these building blocks need to be connected to each other in such a way that
the number of host—guest interactions is maximized. Third, the actual tethering
process should be one that not only establishes an appropriate overall receptor
topography but also helps achieve a desirable level of solubility. In addition, in those
cases where stereoselective substrate binding is desired, chiral receptors, featuring
at least three-point interactions with the substrate,’ are required. In this section,
we describe the sapphyrin-based approaches to generating functionalized multiden-
tate receptors capable of binding such important biological substrates as nucleotide
monophosphates and amino acids.

4.1. Sapphyrin—-Nucleobase Conjugates

Nucleotide monophosphates based on purine and pyrimidine-derived systems
play critical roles in various biological processes such as signal processing, feed-
back inhibition, energy transduction, gene replication, and enzymatic regula-
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tion.'“?2 Also, as noted previously in this chapter, some phosphorylated nucleotide
analogs exhibit antiviral activity in vitro.”> Many of these latter compounds,
however, fail to cross the lipophylic cell membrane in their charged form. They are
thus inactive in vivo.*® Indeed, in the normal course of clinical practice, these
substances are administered in their uncharged, nucleoside form. Upon gaining
entry to the cytoplasm, enzyme-mediated phosphorylation gives the corresponding
active, ionic species. However, the efficiency of this phosphorylation process is
often low, or does not occur at all.*' Given the above, it is not surprising that
intensive efforts have been made to solve the problem of phosphate recognition and
transport. 2832

Our approach to nucleotide analogue transport derives from an appreciation that
these compounds are divergent in structure: they contain both an ionic phosphate
and a potentially hydrogen-bonding nucleic acid base linked together by a spacer.
We, therefore, sought to design a ditopic receptor, having recognition sites for both
the charged phosphate and the nucleobase moiety. These, we thought, could be used
to bind, neutralize, and transport nucleotide phosphates through a membrane.

In accord with these thoughts, a first generation prototypical conjugate 8,
designed to bind and transport guanosine 5'-monophosphate (GMP), was synthe-
sized in the authors’ laboratories. It is comprised of two parts: a sapphyrin macro-
cycle and a tethered cytosine nucleobase.*?**#* In preparing this system, the
expectation was that the nucleobase portion of 8 would bind the guanine part of the
GMP via hydrogen bonds, while the protonated sapphyrin would serve to neutralize
the phosphate part of this same multifunctional substrate. To our delight, this
conjugated receptor (8) was found to be an effective carrier for GMP, effecting
through-membrane transport in a model U-tube system under neutral conditions.

One of the interesting aspects of the above finding is that effective transport was
observed even though (1) the sapphyrin portion of the carrier is monoprotonated at
neutral pH while (2) the GMP substrate is mostly dianionic**® (roughly 66%) under
these conditions. This means that either the second pK, of GMP (6.66) is changed
when this species is bound to 8, or, as implied by Figure 14, receptor 8 binds and
transports the minor, monoanionic form of GMP so effectively that over the course
of the transport experiment, the amount of GMP is depleted as the result of (1) a
fast GMP 2~ to GMP" interconversion followed by (2) an effective through-mem-
brane transport of GMP~. In any event, the transport process is both viable and
selective; carrier 8 shows a high preference for GMP over the other nucleotide
monophosphates.*?*® This, presumably, is due to the fidelity of the guanine-cy-
tosine base-pairing interactions. In the best cases, the relative rate enhancements
for GMP transport over CMP and AMP are 100:1 and 11:1, respectively.“z"'b To
achieve this selectivity and to provide a high overall flux, a strongly basic receiving
phase had to be used in a model membrane. Presumably, this latter observation just
reflects the fact that deprotonation of the sapphyrin is necessary for rapid
substrate release.
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8 8 . GMP

Figure 14. Proposed supramolecular complex formed between conjugate 8 and
monobasic GMP.

Subsequent to the preparation of 8, a number of other sapphyrin—nucleobase
conjugated carriers were synthesized in the authors’ laboratories.**° These include
compound 9 that has two cytosine moieties appended to the sapphyrin macrocycle,
as well as two guanine-bearing sapphyrins, 10 and 11. Here, as expected, the ditopic
sapphyrin—guanine receptor 10 served to enhance the transport of cytosine-5'-mo-
nophosphate (but not GMP or AMP). By contrast, the two tritopic receptors, namely
9 and 11, were designed with the intention of allowing for the formation of the
complexation-derived “triple-helix-like” C-G-C and G-C-G motifs in addition to
phosphate chelation by sapphyrin. In other words, it was expected that a centrally
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bound nucleobase subunit would participate in two different kinds of hydrogen-
bonding interactions, involving both Watson—Crick and Hoogsteen recognition
patterns. To the extent such hypothetical thinking proved valid, it was anticipated
that these extra interactions would lead to an enhanced stability for the critical
nucleotide phosphate-receptor complex and, accordingly, an augmentation of the
through-membrane transport rate. It was also expected that a higher level of
substrate selectivity might be observed. In spite of such predicative thoughts, it was
found that the doubly functionalized cytosine derivative 9 was both less effective
and less selective than its monofunctionalized analog, 8, perhaps as a result of
internal cytosine-to-cytosine interactions or an inability of one of the cytosine
subunits to bind under the transport conditions (as would be required for Hoogsteen
binding). On the other hand, highly selective transport was observed using the
bis-guanosine sapphyrin 11, leading to the conclusion that the double base-pairing
design considerations are not necessarily devoid of merit. Accordingly, current
work is focused on the design of more sophisticated (but similar), receptor systems
as well as on the in vitro testing of the sapphyrin—nucleotide conjugates prepared
to date.

4.2. Sapphyrin-Lasalocid Conjugate

In another development, the authors have used the carboxylate binding properties
of sapphyrin for the construction of a receptor for zwitterionic aromatic amino
acids. Binding and transport of amino acids constitutes an important problem in
supramolecular chemistry from both the analytical and biomimetic points of view.*
Presently, some information is available about the regulation and dynamics of
amino acid transport in nature, but a detailed mechanistic and structural under-
standing remains lacking.*> This relative lack of information is providing an
incentive to develop synthetic systems that are capable of carrying out amino acid
transport.*® Unfortunately, the normal zwitterionic nature of a-amino acids tends
to make both the carboxylate and protonated amino portions of the molecule
difficult to bind concurrently. This makes the design of receptors for zwitterionic
amino acids extremely challenging. Further, in water, the best solvent for these
doubly ionic species, the strengths of normally-used supramolecular binding inter-
actions (e.g. hydrogen bonds, Coulombic attractions) are weakened substan-
tially.*®® On the other hand, the low solubility of amino acids in organic solvents
imposes a costly energetic burden on their recognition in non-aqueous solutions.
Thus, in order to bind an amino acid in its zwitterionic form effectively, bidentate
receptors must contain recognition sites for both the carboxylate anion and the
protonated amino group. In addition, in order to effect enantioselective recognition,
specific interactions involving the amino acid side chain must be established and
exploited.***’ This adds yet an additional challenge to this already very tough
problem in molecular recognition.
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We have shown previously that sapphyrins, unlike their simple porphyrin conge-
ners, when mono-, or diprotonated act as excellent receptors for a variety of anions
including carboxylates (see paragraphs 2.3 and 3.3). We reasoned that an appropri-
ate protonated amine receptor, when attached to sapphyrin, would make an effective
amino acid receptor. It occurred to us that lasalocid (c.f., parent structure 12)“8‘50
might function well as the requisite “attachable amine receptor.” Lasalocid is a
naturally occurring polyether antibiotic*® that is composed of a conformationally
constrained acyclic polyether chain terminated by a carboxylate anion at one end
and an hydroxyl group at the other. These structural features allow lasalocid to (1)
form intramolecular head-to-tail hydrogen bonds, (2) establish a pseudo-cyclic
cavity, and (3) accommodate, in a stereo-differentiating way, a range of cationic
substrates, including protonated amines.**° Thus, it was thought that a covalently
connected sapphyrin-lasalocid conjugate (e.g., 13) would function as such a
sought-after binding agent for zwitterionic amino acids.>' Such a putative receptor
would be of further interest in that it should both feature non self-complementary
binding sites (precluding it from internal collapse) and contain 10 asymmetric
centers making it of potential utility as an enantioselective receptor.

As expected, system 13 did in fact bind and transport zwitterionic o-amino acids
through a model membrane barrier with good selectivity under conditions where
the porphyrin-derived control system (14), lacking the carboxylate anion chelation
ability inherent in 13, would not. Specifically, it was found that at neutral pH
compound 13 acts as a very efficient carrier for the through model membrane?®
(H,0-CH,Cl,-H,0) transport of phenylalanine and tryptophan. Further, in direct
competition experiments, L-phenylalanine was found to be transported four times
faster than L-tryptophan and 1000 times faster than L-tyrosine. As implied above,
little or no transport was observed when a porphyrin control (14) was used. Nor
was significant transport observed when a mixture of sapphyrin and lasalocid was
used.

Further support for the contention that conjugate 13 can act as an amino acid
binding agent came from quantitative visible spectroscopic titrations carried out in
dichloromethane. It was determined that compound 13 forms 1:1 complexes with
both phenylalanine and tryptophan with relatively high association constants (K, =
4.86 x 10° M1 (L-Phe), 5.35 x 10°M~! (D-Phe), 0.83 x 10° M~! (L-Trp), and 0.94
x 10° M~! (D-Trp)).
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5. SAPPHYRIN OLIGOMERS

Unlike conjugated receptors, which are constructed from covalently linked, but
intrinsically different building blocks, oligomeric receptors are comprised of sev-
eral identical sapphyrin-type binding units tied together by various tethering
groups. Such systems, which serve to define sapphyrin-based “supermolecules”
offer several fascinating opportunities from a molecular recognition perspective.
First, they can provide for the multiple interactions a polydentate substrate may
need in order to be chelated effectively; this could allow for the full electrostatic
neutralization of a polyanionic species thereby allowing for its efficient through-
membrane transport. Second, the use of oligosapphyrin receptors provides a
platform that allows a range of host—guest interactions, involving differing parts of
the sapphyrin receptor and the substrate, to be explored. In this way, the macro-
scopic and binding properties of a multidentate receptor could, in principle, be “fine
tuned” by changing the number of sapphyrin “parts” and/or by varying the tethering
“spacers” that link them. In view of these considerations, it was considered worthwhile
to prepare a series of sapphyrin-based oligomers and to study them as possible
polyanion binding receptors. The results of these studies are summarized below.

5.1. A Covalently Linked Sapphyrin Dimer

Our first generation sapphyrin—sapphyrin dimer is represented by structure 15.
In this system, two covalently connected anion binding sites are contained within
the same overall recognition framework. It was thus expected that system 15 would
act as an effective receptor for dicarboxylate anions under conditions where the
corresponding monomeric systems (e.g. 3) would not.>? Indeed, this proved to be
the case (vide infra).

Our desire to generate a receptor for dicarboxylate anions came from an appre-
ciation that di- and tricarboxylates play critical roles in numerous metabolic
processes including, for instance, those associated with the citric acid and glyoxy-
late cycles.'® They also play important roles in the generation of high-energy
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phosphate bonds and in the biosynthesis of important intermediates. Given this
importance, it is not surprising that numerous groups have targeted the problem of
dicarboxylate anion binding.>* In our sapphyrin-based approach (i.e., 15), two
protonated sapphyrin subunits serve as the key carboxylate-binding “building
blocks,” while a flexible diaminopropane “tether” serves as the all-important
macrocycle-to-macrocycle linking chain. This system, as it transpired, binds dicar-
boxylate anions in polar solvents (e.g., methanol) as well as the best current systems
while, at the same time, displaying a unique substrate selectivity.

Part of what makes dimer 15 so interesting is that, apart its substrate recognition
properties, it displays some quite characteristic spectral features. Indeed, visible
spectral analyses of the dimer revealed the presence of two conformations in organic
solution: a closed endo-like conformation (A, =426 nm in dichloromethane) and
an open exo-like conformation (A, = 450 nm in dichloromethane). Addition of
trifluoroacetic acid afforded complete conversion to the open exo form. While such
a conformational change could indicate specific anion binding (as desired), it could
also simply reflect generalized protonation effects. Since only the former phenome-
non would be of interest in a molecular recognition sense, efforts were made to
distinguish between these two limiting possibilities.

Mass spectrometric studies were carried out as a first qualitative means of
checking for dicarboxylate anion binding (see also Section 3). Here, mixtures of
sapphyrin dimer 15 and several representative dicarboxylate anions, such as ox-
alate, 4-nitrophthalate, 5-nitroisophthalate and nitroterephthalate in methanol, were
subjected to high resolution FAB mass spectrometric (HR FAB MS) analysis using
FAB positive NBA matrix. In general, peaks for the putative complexes were seen,
lending credence to the hypothesis that the dicarboxylate substrates in question
were, in fact, being bound by 15 under the matrix desorption/gas phase conditions
used to effect these mass spectrometric analyses.
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More definitive proof of binding came from transport experiments. Here, in
analogy to earlier work involving phosphate anion transport,*** a standard Press-
man-type, Aq. I-CH,Cl,-Aq. II, model membrane system® was used. Under
standard conditions, it was found that dimer 15 acts as an efficient carrier for a range
of dicarboxylate anions including various isomeric ones derived from nitrobenzene
(e.g., 4-nitrophthalate, 5-nitroisophthalate and nitroterphthalate dianions). Interest-
ingly, in direct competition experiments, nitroterephthalate dianion was found to
be transported three times more quickly than 4-nitrophthalate dianion by dimer 185.
By contrast, the use of the monomeric control sapphyrin 3 resulted in a minimal
transport of all the isomeric nitrophthalate anions tested.

Quantitative assessments of dicarboxylate binding efficacy in methanol were
made using standard 'H NMR titration techniques. Here, in order to avoid problems
associated with proton transfer, the mono- and diprotonated forms of sapphyrins 3
and 15 (as their hydrochloride salts) and the bis(trimethylammonium) salts of the
various dicarboxylic acids substrates were used. In general, chemical shifts of the
aromatic protons of the carboxyl-containing substrate were monitored as a function
of increased receptor concentration.®* In some instances, well-resolved shifts could
not be observed in the appropriate '"H NMR spectra. Here, either visible spectro-
scopic titration procedures were used or deuterated substrates were employed such
that the binding process could be followed by 2H NMR. The results of these binding
studies confirm what was concluded from the transport studies, namely that system
15 is both an excellent and inherently selective receptor for dicarboxylate-type
substrates. System 15, for instance shows little affinity for monocarboxylate-
derived substrates (K, < 20 M- for mﬂuoroacetate) while showing affinities for
certain dicarboxylates (e.g., K, = 9.1 x 10°M~! for nitroterephthalate dianion) that
rival those of the very best receptor systems known.>> Further, within the class of
derivatives of dicarboxylic substrates, system 15 displays a preference for linear
over bent substrates and aromatic over aliphatic substrates, this is remarkable given
the flexible nature of this receptor. It is also consistent with the binding mechanism
proposed, namely that the sapphyrin dimer 15 forms a well deﬁned ‘sandwich”-
like complex with the various dicarboxylate anions it binds.*?

5.2. Sapphyrin Trimers and Tetramers

It has been emphasized in the previous paragraphs that effecting the through-
membrane transport of artificial antiviral nucleotide analogs would be beneficial in
that it might allow the direct into-cytoplasm entry of species that would be
otherwise inactive in vivo (due to an inability to cross hydrophobic cell mem-
branes).*>*! Within the overall scope of this problem, finding ways to effect the
into-cell transport of nucleotide di- and triphosphates is deemed particularly
important. This is because it is often these forms that are the most potent.

In spite of the importance of the above problem, few receptors are known at
present that are capable of binding and transporting di- and triphosphates or
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oligonucleotides, even under laboratory conditions.>* The reason for this is that near
or full electrostatic neutralization is generally required for the transport of these
highly charged species and this, in turn, imposes much tougher requirements on the
design of multidentate receptors.

Based on our recent discovery that several expanded porphyrins, including
sapphyrins, can function as specific receptors and carriers for phosphates and
phosphonates,'® we considered it likely that oligosapphyrins would function as
specific receptors and carriers for biologically important phosphorylated species
such as mono-, di-, and triphosphates. To test this hypothesis, compounds 15 and
16-18, prepared from the sapphyrin monoacid 6 and corresponding amines, were
constructed. These systems contain sapphyrin “monomers” connected by flexible
“linkers”.>> As such, it was thought that the various sapphyrin subunits would
provide the basic phosphate chelation needed for binding, while the flexible linking
chains would allow for the kind of generalized conformational mobility required
to accommodate a range of substrates. It was also appreciated that the spacers might
allow for additional stabilizing interactions, including hydrogen bonds (involving
the amides) and, in the case of 16 and 18, Coulombic attractions (as the result of
the protonated amines in the tethers).

Visible spectroscopic analyses of the tetramer 18 and trimers 16 and 17 gave
results that were analogous to those obtained with compound 15. However, as might
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be expected intuitively, there is a clear tendency towards higher aggregation as the
number of sapphyrin units in the molecule is increased. Addition of anionic species,
in particular phosphates, to solutions of these oligosapphyrins in methanol causes
the Soret-like band with the higher wavelength maximum to increase in intensity
at the expense of the one at lower wavelength. This kind of behavior, which is seen
throughout the series 15 and 16-18, is attributed to deaggregation of an
“internally stacked”, or “folded over”, macrocyclic species as the result of anion
chelation. By following the decrease in relative absorbance, it also proved
possible to determine association constants (K,), accurate at least in a relative
sense, for the formation of 1:1 complexes between receptors 16-18 and ADP
or ATP.* The relevant association constants (K,) were found to be on the order
of 1.9x 10°M™' - 6.8 x 10°M™".

As detailed above, simple monomeric sapphyrins and nucleobase-substituted
sapphyrin conjugates can function as viable carriers for the transport of nucleotide
monophosphates across bulk liquid membranes.***3* However, the efficiency of
these systems is strongly pH-dependent. In the case of an unmodified sapphyrin 3,
for instance, the upper pH limit for detectable transport is 5.5.4% Even after a
complementary nucleobase recognition subunit is attached (to give, for instance,
8), the effective transport rates were found to drop off dramatically as neutral pH
is approached. On the other hand, even at neutral pH, the oligosapphyrins 16-18
function as effective carriers for nucleotide-type species (as judged from standard
U-tube type model membrane experimentszs). Interestingly, the sapphyrin trimers
16 and 17 were found to be very efficient carriers for nucleotide diphosphates at
neutral pH. These same species, however, proved ineffectual as carriers for nucleo-
tide triphosphates. By contrast, the tetrameric species 18 was found to be a highly
effective carrier for all studied phosphorylated species (i.e., mono-, di-, and triphos-
phates). Interestingly, with this carrier (as with 15-17), adenosine-derived nucleo-
tides (i.e., AXP; X =M, D, T) were always found to be transported with greater
efficiency than UXP, CXP, or GXP. This selectivity, although not yet fully under-
stood, has been observed previously by others.>

For the linear species 15 and 17, further insight into the mode of binding was
obtained from *'P NMR experiments. In the case of receptor 15 we found that the
phosphate oxyanions of both AMP and ADP are all complexed by (or atleast located
in the vicinity of) the sapphyrin subunits of dimer 15, as judged by the upfield shifts
of the relevant *'P signals. In the case of receptor 17, however, the situation was
found to be more complex. Specifically, it was found that the 31B signal migrates
to higher field, whereas the *'Pa. and y signals are shifted to lower field upon
binding. These results, although not analyzed in detail, were interpreted as meaning
that Py is located near the edge of the sapphyrin macrocycle, as opposed to being
chelated in a “regular” fashion above the plane.
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6. INTERACTION OF SAPPHYRIN AND ITS CONJUGATES
WITH OLIGONUCLEOTIDES AND DNA

Oligonucleotides and nucleic acids are essential for numerous biological proc-
esses.'“??* As a result, Nature has developed highly selective methods for manipu-
lating these phosphorylated materials.’’ This, in turn, has inspired synthetic
chemists to try their hand at generating small molecules that might be capable of
effecting the specific recognition and transport of these all-important anionic
entities. 2332

6.1. Studies Involving Monomeric Sapphyrins

The finding that sapphyrin interacts well with simple phosphate anions both in
solution and in the solid state'%'®4>*3 jnspired us to examine how sapphyrin might
interact with oligonucleotides such as DNA. While there are three modes of binding
that small molecules generally exhibit when binding to DNA—referred to as
intercalation, groove binding, and simple electrostatic attraction®®—it was found,
interestingly, that sapphyrin interacts via none of these. Rather, as detailed further
in the ensuing paragraphs, monoprotonated sapphyrin, often as a non-covalent
dimer, binds to both single-stranded (ssDNA) and double-stranded (dsDNA) DNA
in an unique way that can best be referred to as “phosphate chelation”.'%-16%59 At
higher sapphyrin-to-phosphate ratios, a second mode of binding, involving the
aggregation of highly ordered sapphyrin domains along the surface of the DNA,
becomes relevant. Finally, under certain conditions, hydrophobic attractions, in-
volving interaction between the large aromatic surfaces of the pentapyrrolic sap-
phyrin and the purine or pyrimidine-containing nucleic acid residues,'® serves to
complement the basic phosphate chelation mode of binding.

Initial evidence for the proposed phosphate chelation mode of binding came from
studies involving the water-soluble sapphyrin 7.'*®%° Here, it was first found that
simply mixing an excess (on a per phosphate basis) of this sapphyrin with dsDNA
at neutral pH leads to immediate precipitation of the dsDNA in the form of green

4 R'=CH,yCH,0H; R2=R3=CH,

7 R' = CH,CON(CH,CH,0H)y;
R2=R3=CHj

19 R' = CHy,CONH(CH2)aNH(CHg)oNHo;
R%=R%=CHy

20 R' = CH;CONH(CH2)20(CH3),0(CH2)oNHy; R
R? = R3 = CH3

21 R' = CH;CONH(CH2)oN(CH2CHaNHo)2; R2 R
R? = R® = CHy



128 J. L. SESSLER, A. ANDRIEVSKY, and J. W. GENGE

fibers. Since sapphyrin is green, it was assumed that this meant that the monopro-
tonated form of sapphyrin was binding to, and neutralizing the charge on, the DNA
(i.e., rendering it insoluble in aqueous media).

The above precipitate, once isolated, was studied using solid-state 3p NMR
spectroscopy. Such analyses revealed that the *'P signal of the sapphyrin-bound
DNA was shifted upfield by 3.6 ppm, a value that was found to compare favorably
with the 3.8 ppm upfield shift observed for the *'P signal of a “control” sapphyrin—
phosphoric acid complex. This was taken as meaning that the same type of binding
interaction, namely the “phosphate chelation” binding of Figure 5, is responsible
for the sapphyrin-to-phosphate binding process in the case of both DNA and the
simpler phosphates studied by X-ray diffraction methods.

UV-vis spectroscopy was also used to probe the nature of the presumed sap-
phyrin-DNA complex. Before such studies could be made, however, it proved
necessary to map out the spectroscopic properties of sapphyrin itself when con-
strained to an aqueous medium. As the result of these latter predicative analyses, it
was determined that sapphyrin can exist in three spectroscopically distinct states in
aqueous media. The first spectroscopically distinct state, characterized by a Soret-

like absorbance at A ,, = 450 nm, is ascribed to a monomeric form. The second,
assigned to dimerized forms of sapphyrin, is readily identified by its characteristic
Soret-like band at &_. = 420 nm. The third state, identified on the basis of its

max
signature 400-nm Soret-like absorption maximum, corresponds to the highly

aggregated form of sapphyrin; it is this form that is generally dominant in simple
aqueous media.

When either dsDNA or ssDNA is added to the otherwise dominant aggregated
form of sapphyrin, spectroscopic changes occurred that were best interpreted in
terms of the level of aggregation being lowered (i.e., sapphyrin aggregated —
DNA-bound sapphyrin dimer; A_,, =420 nm). Such a reduction in aggregation is
expected since the proposed “phosphate chelation” binding to DNA would neces-
sarily serve to “dilute” the sapphyrin and compete energetically with a tendency
towards aggregation. To the extent such interpretations are correct, the spectral
changes can be used quantitatively; doing so allowed an estimated binding constant
of ca. 10 M~ to be derived for sapphyrin 7 chelating to dsDNA at low sapphyrin-
to-DNA ratios.

A critical consequence of the above studies is that they allowed groove binding
to be ruled out as a dominant sapphyrin-DNA recognition mode. This is because
in the presence of sapphyrin 7, (1) the same spectral features were seen for both ss-
and dsDNA, yet (2) only the latter contains a well-defined set of major and minor
grooves.

Ruling out intercalation as a critical recognition mode proved harder on a
spectroscopic basis. Thus resort was made to a biochemical Topoisomerase I assay.
This assay, which sapphyrin passed in a negative sense, can be used to detect the
unwinding that is considered diagnostic of intercalation.®®
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Currently, efforts are underway to augment our understanding of the seemingly
unique way whereby sapphyrin recognizes and binds to DNA. Towards this end, a
number of new sapphyrin derivatives, including the more water soluble systems
19-21 are being studied. These new systems contain amines that should be
protonated at neutral pH and which are expected to augment the affinity for the
interaction of sapphyrin with DNA. Another way the interactions between sap-
phyrin and DNA are being probed is through the construction of sapphyrin—oli-
gonucleotide conjugates and functionalized sapphyrin derivatives. Initial work
along these latter lines is described in the ensuing subsections.

6.2. Sapphyrin-Oligonucleotide Conjugate

The appreciation that sapphyrin is a viable singlet oxygen generating photosen-
sitizer’! led us to test whether DNA photocleavage could be effected using this
unique chromophore. Towards this end, a general pBR322 plasmid DNA assay®%®
was employed; using it, the authors determined that sapphyrin 7 would indeed
cleave supercoiled DNA successfully with a 17% photo-efficiency when irradiated
at wavelengths above 700 nm.%!

Obviously the above results were considered highly encouraging. They showed
that sapphyrin could indeed be used as a DNA-modifying photosensitizer. Further,
because wavelengths in the far-red portion of the visible spectrum were used (i.e.,
A > 700 nm), these results led the authors to speculate that this basic sapphyrin-
based approach to DNA photomodification could have real merit if and when it
came time to apply it in vivo. This is because it is light of these wavelengths that is
best transmitted through bodily tissues.5* Accordingly, it was predicted that this
photosensitizer might prove better on a per-photon basis than other light-based
DNA approaches currently being pursued (vide infra).

While the above promise continues to invigorate our efforts in the area, it was
also appreciated that for the DNA photomodifying properties of sapphyrin to be
applied most effectively they would have to be site-directed. This would allow
targeting DNA sequences at sites that would mediate the greatest biological effect
(e.g., at a susceptible site of, say, an oncogene). Towards this end, efforts have been
made to attach sapphyrin covalently to different oligonucleotides; so far these
efforts have given rise to the preparation of the prototypic system 22 whose
properties are discussed below.*?

It has long been known that oligonucleotides of sufficient length will bind to
complementary sequences and that these same oligonucleotides can be func-
tionalized so as to either enhance their binding affinity or convey specific DNA-
modifying properties via the attachment of specialized functional groups.“'64 Not
surprisingly, therefore, the use of such modified oligonucleotides as a means of
regulating gene expression is receiving considerable current attention. One ap-
proach, germane to the authors’ work with sapphyrin-moidified oligonucleotides,
involves using photo-activatable groups as the DNA-modifying antisense “reactive
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sites” % The advantage of this strategy is that it gives an agent with an “on—off” switch
that may be activated via irradiation with a particular wavelength of light. Unfor-
tunately, most of the agents currently being tested in this context require the use of
the wavelengths below 700 nm. Since this is the spectral region where absorption
of bodily tissues is high, these systems are necessarily less efficient than those, like
sapphyrin, that can be activated by longer (i.e., more-red) wavelengths of light.

The prototypic sapphyrin conjugate 22 was made using the H-phosphonate
method and involved attaching the sapphyrin nucleus to a thymidine 12-mer
precursor site isolated on controlled pore glass.®? After deprotection, oxidation, and
cleavage from the solid support, the resulting sapphyrin-modified thymidine 12-
mer was characterized by UV-vis and MALDI-MS methods. Melting temperature
studies were also carried out to determine what effect, if any, sapphyrin had on
oligonucleotide binding. Using complementary oligodeoxyribonucleotide targets,
a substantial melting temperature difference (2.7 °C) between the sapphyrin deri-
vatized oligonucleotide and a nonderivatized thymidine 12-mer was observed; this
indicates that the presence of the sapphyrin on the thymidine backbone facilitates
binding to complementary oligonucleotides. Interestingly, however, this enhanced
binding was ascribed to hydrophobic effects rather than phosphate chelation.®?

When tested as a light-activatable, site-specific DNA-modifying agent, conjugate
22 proved quite effective, with, as expected, good cleavage being observed at
proximate G sites following photoirradiation at > 620 nm and subsequent piperidine
treatment. Controls demonstrated that the combination of light, attached sapphyrin,
and hybridization were all required to effect observed site-directed cleavage and
led to the conclusion that the mechanism of photomodification involves, most
likely, both electron transfer and singlet oxygen-mediated processes.

6.3. Sapphyrin—EDTA Conjugate

While many sapphyrin-derived conjugates can be conceived that would allow
one to study more extensively the interactions of this fascinating chromophore/an-
ion binding agent with DNA, most of these remain as yet unprepared at present.
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23

One critical exception is the sapphyrin~ethylenediaminetetraacetic (EDTA) conju-
gate (23).%° Previous studies of small molecule-EDTA conjugates have shown that
these species, in the presence of iron(Il), O,, and a suitable reducing agent, can
effect the cleavage of the DNA backbone.® In turn, so-called “affinity cleavage”
can be used to elucidate the specificity of the small molecule-DNA interactions. It
was thus considered worth making 23.%°

Once synthesized, a supercoiled plasmid DNA assay®**® was employed to test
whether conjugate 23 would or would not work as an effective DNA-binding and
cleavage reagent. To do this, the iron chelate of 23 was prepared in situ by adding
ferrous ammonium sulfate. In the presence of O, and the reducing agent dithiothre-
itol (DTT) this iron chelate was then found to effect cleavage of the supercoiled
plasmid pBR322 very efficiently (i.e., at concentrations roughly 20-fold lower than
those needed for cleavage using Fe-EDTA alone). These results are important not
only because they show that Fe-23 is indeed an efficacious reagent for the cleavage
of DNA, but also because they provide an extra bit of proof that sapphyrin per se
has a high affinity for DNA.

7. ANION SEPARATION BY SOLID SUPPORT BOUND
SAPPHYRINS

Purification and analysis of biologically important anions and zwitterions repre-
sents an ongoing challenge for analytical chemists. To date, the primary focus has
been on the resolution of amino acids®’ and nucleotides®, In this context, a variety
of chromatographic methods have been employed including ion-exchange chroma-
tography,®’ dynamic ion-exchange chromatography,” ion-pair chromatography,71
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and affinity chromatography.’” Often anion binding plays a role in these separa-
tions’* and is also an important analytical problem in its own right. In this context,
the use of ion-pair chromatography, to effect separations of anionic species such as
nucleotides™ and amino acids’® needs to be mentioned, as should be more recent
approaches based on the use of polymer-, and silica-bound azacrown ethers’® and
metalloporphyrins.”

Our entry into the anion separations field was inspired by the findings, described
above, that the protonated forms of sapphyrin will bind a wide range of anionic
species, including phosphate- and carboxylate-type anions. This led us to consider
whether sapphyrin, as an anion-recognizing group, could be used to generate solid
supports that would allow for the separation of these and other anionic substrates.
To test this possibility, a sapphyrin-substituted silica gel was synthesized (shown
schematically in Figure 15).”® This derivatized silica gel, when used in the HPLC
chromatographic columns, was found to allow the separation of many phosphory-
lated entities, including simple phosphates, mononucleotides, and oligonucleotides
under standard, isochratic conditions at neutral pH. As expected, the retention times
correlated quantitatively with the total phosphate number. Thus, these sapphyrin-
modified silica gel columns provide a new, nonelectophoretic, HPLC method for
achieving separations of phosphate-containing anionic entities that also comple-
ments the kinds of separations that may be achieved by using more standard
diethylaminoethyl (DEAE)-based approaches.”

The sapphyrin-modified silica gels also proved effective for HPLC separation of
various anions other than phosphates, but not neutral or cationic species. For
instance, various monoanionic species such as diphenyl phosphate, benzene sul-
fonic acid, phenyl arsenate, phenyl phosphate, and benzoate could all be separated
from each other. Nucleotide mono-, di-, and triphosphates such as AMP, ADP, and
ATP were also retained on these columns and were found to be readily separable
from one another under isochratic HPLC conditions.”® Likewise, in what is still
unpublished work, it has been found that these columns can be used to separate

SiO,

Figure 15. Sapphyrin-substituted silica gel.
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nitrate-, sulfate-, and halide-type anions. Based on an integrated view of these
findings, it is now believed that the key anion binding motif involves a specific
interaction between the relevant oxyanion (or halide anion) portion of the substrate
and the positively charged sapphyrin core, as observed in solution and in the solid
state (vide supra).

Unfortunately, the first-generation sapphyrin-modified HPLC columns built
using the silica gels of Figure 15 were found to be limited in some respects. For
instance, these columns proved ineffectual at separating mixtures of CMP, GMP,
AMP, and GDP, even though as mentioned above they would work to separate the
relevant monophosphates (XMP) from the corresponding diphosphates (XDP). In
order to circumvent this limitation, it was considered prudent to attach a nucleic
acid base to the sapphyrin core prior to attaching the latter to the silica gel solid
support; such an approach proved successful in the case of the U-tube type transport
experiments described in Section 4.1 above.*?

To test the above hypothesis, a silica gel was prepared that was modified with a
cytosine-appended sapphyrin (c.f. Figure 16 for a schematic representation).80
When incorporated into an HPLC column, this new material allowed for excellent
separations of AMP, CMP, GMP, UMP, ADP, UDP, GDP, ATP, UTP, and GTP under
neutral isochratic conditions. Thus, it did in fact prove to be far superior as a solid
support than the corresponding unmodified sapphyrin system shown in Figure 15.
In spite of its superior characteristics, it is important to note that this new material
was inefficacious at separating AD(T)P from UD(T)P. However, this result is not
entirely unexpected in view of the fact that neither adenosine nor uridine will
normally interact with cytosine-derived receptors; it merely leads the authors to
suggest that analogous columns, derived from sapphyrins bearing other nucleic acid
bases, would need to be used if the separation of these di- or triphosphates is being
targeted.

H2N = H e
\ ' NN G
o) o]

Figure 16. Cytosine-sapphyrin conjugate attached to silica gel.
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8. CONCLUSION

In this review, the authors have tried to show some of the range and power
protonated sapphyrins possess when considered as anion binding agents. Not only
do they form stable complexes with a wide range of anions in the solid state, they
also act to bind and transport some of the most physiologically relevant anionic
entities under typical solution-phase and model-membrane transport conditions.
These anionic entities are not limited to such all-important small molecules as
chloride anion and mononucleotides; they also include, as shown by the HPLC-
related work and DNA-targeted studies, higher order entities such as oligonu-
cleotides. This diversity of action and scope of utility makes the protonated
sapphyrins quite unique as anion chelating agents. It also serves to raise the
intriguing question of whether other expanded porphyrins containing other heteroa-
tom cores or larger macrocyclic geometries might not only show a diversity equal
to sapphyrin but a selectivity that is markedly different. This would allow the
present approach to anion recognition to move into quite a number of new
directions.
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1. INTRODUCTION

The functions of living organisms rely not only on single molecular performance
but on those of the molecular assemblies or supramolecular systems. Typical
examples can be found in the structure and functions of cell-membrane, in which
proteins and other active molecules are embedded in a self-organized lipid bilayer
to form a supramolecular system. The interactions of enzyme—substrate, antibody—~
antigen, and receptor—hormone or drug are representative constituents of the
biological supramolecular systems. The structure and function of the biological
systems have long been mimicked by organic chemists for constructing synthetic
counterparts of the supramolecular systems, including host-guest compounds,
molecular monolayer and ordered multilayers, self-assembled aggregates, etc.'™
On the other hand, little has been reported on the development of artificial
supramolecular systems using protein as a building block. It is reasonable to assume
that protein molecules are considered to be intrinsic supramolecules which are made
up of three-dimensionally well-arranged amino acid residues to form binding or
catalytic sites of the protein. Such protein-based artificial supramolecules would
find many potential applications due to the highly functionalized nature of protein
itself. The function of the protein-based supramolecules should be more than the
sum of the function of each component protein. This chapter describes preparation
of an avidin-based enzyme monolayer and ordered multilayers and their use in
biosensor fabrications.

2. AVIDIN-BIOTIN SYSTEM

Avidin is a glycoprotein (molecular mass: 68,000 Da) found in egg white, and
usually isolated as a tetramer of identical 128-residue polypeptide chains.® The most
characteristic feature of avidin is that each subunit contains a binding site to biotin
and forms a highly stable complex with biotin noncovalently, the binding constant
being reported to be 10'° M~' (Figure 1). Thus, a single avidin molecule can
accommodate up to four biotin residues simultaneously. The high-affinity avidin
and its homologous protein streptavidin, isolated from Streptomyces avidinii,” have
been studied as prototypes for understanding high-affinity protein-ligand interac-
tions. At the same time, this strong and specific binding has led to widespread use
of the system in diagnostic and biochemical assays in which the formation of
practically irreversible and specific complexes between macromolecules is re-
quired.® This is due to the fact that avidin binds not only biotin itself but chemically
derivatized forms of biotin whose carboxy! side chain is modified covalently with
proteins, lipids, nucleic acids, etc. For this purpose, many kinds of activated biotins
for labeling and even biotin- or avidin-labeled reagents have been developed and
are now commercially available.

Although many applications of avidin—biotin systems have been developed so
far the nature and mechanism of the tight binding are not yet fully understood. It
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Figure 1. Complexation of avidin and biotin.

has recently been shown that the strong binding arises from the formation of
multiple interactions between biotin heteroatoms and the binding site residues of
avidin. According to the crystallographic study of avidin, the interactions include
(1) a hydrogen-bond network between a biotin ureido group and amino acid
residues in avidin, (2) an interaction between biotin sulfur atom and a hydroxyl
group of threonine in avidin, and (3) a hydrogen bond between carboxylate in a
biotin side chain and protein backbone.” Among these, the first interaction plays a
predominant role in biotin binding. In addition, the contribution of hydrophobic
and van der Waals interactions between biotin and aromatic residues in the binding
pocket of avidin have been also suggested.?

As discussed briefly, avidin is a tetrameric protein having a 222 molecular
symmetry, and each subunit is organized in an eight-stranded antiparallel orthogo-
nal B-barrel. In the binding pocket, several polar residues are available including
asparagine, tyrosine, serine, and threonine which participate in the network of the
hydrogen bond with a biotin ureido group. These amino acid residues are deeply
buried inside the barrel and, in the presence of biotin, water accessibility is severely
limited. The aromatic amino acid residues such as phenylalanine and tryptophan,
are also suggested to interact with the bicyclic ring of biotin to stabilize the
avidin—biotin complex. It should be noted that the complementary hydrogen bond
between the biotin ureido group and polar residues, in avidin is responsible for the
strong binding of biotin. The importance of complementarity is clearly shown by
the effects of chemical modification of the ureido ring of biotin on the binding
constant. For example, the binding constant of diaminobiotin (1) and 2'-iminobiotin
(2) are reported to be reduced to 105-10° M~" as compared with the value of 103
M~ for the original form of biotin, while the binding of desthiobiotin (3) is rather
strong (i.c., 10'> M~") (Figure 2).° In this connection, the molecular recognition
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Figure 2, Structure of biotin analogues.
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and the supramolecularsystems have beenstudied extensively based on the forma-
tion of complementary, multiple hydrogen bonds using synthetic small molecules. 10

The avidin molecule (tetramer) is a cube-like shape, the size being approximately
55x 50 x40 A. The binding sites to biotin are arranged in two pairs on opposed
faces of the avidin molecule. The two binding sites on the same faces (50 x 55
A)are separated 20-25 A from each other, according to X-ray crystallography7
and electron microscope studies of bis-biotin-linked avidin polymers'' (Figure
3). The shape and size together with the favorable arrangement of the binding
sites of avidin make its use promising as a building block for the construction
of supramolecular protein architectures, in which avidin may be compared to
“molecular Lego”.

3. BIOSENSOR APPLICATIONS OF AVIDIN-BIOTIN
COMPLEXATION

3.1. Use of Avidin-Biotin Systems for Enzyme Immobilization

Biosensors are fabricated by immobilizing enzymes or other functional proteins
on the surface of electrodes, semiconductors, optrodes, etc.'? The chemical events
on the electrode surface induced by the proteins (i.e., molecular recognition,
catalytic reaction, etc.) can be transferred into output signals such as electric current
and potential, mass changes, or photons. Figure 4 illustrates a typical structure and
reactions involved in a glucose sensor which is fabricated by immobilizing glucose
oxidase (GOx) on the surface of a metal electrode. Thus, the technique of protein
immobilization is of crucial importance for the development of high-performance
biosensors.

Many different types of techniques for protein immobilization have been devel-
oped using, in most cases, enzyme sensors. Early studies of enzyme biosensors
often employed thick polymer membranes (thickness: 0.01-1 mm) in which
enzymes are physically entrapped or chemically anchored. The electrode surface
was covered with the enzyme-immobilized polymer membranes to prepare electro-
chemical enzyme sensors. Although these biosensors functioned appropriately to

glucose + O,
gluconolactone
+
H,O
2e” 2
02 + 2H+
Electrode

Figure 4. Chemical reactions involved in electrochemical glucose sensor.
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determine the specific substrates, they sometimes suffered from such drawbacks as
insufficient reusability arising from poor adhesion of the membrane to the electrode
surface and slow response due to the suppressed diffusion of analytes in the thick
polymer membrane. In order to overcome these problems, much attention has been
devoted to the molecular-level modification of electrode surfaces with enzymes or
other proteins by techniques including simple adsorption, covalent bonding and
monolayer deposition.'® One of the advantages of the molecular-level modification
techniques is that rapid-response sensors can be prepared due to the thinner enzyme
layer (thickness: 10~100 nm) than the conventional types of thick polymer mem-
branes.

In 1989, to the best of our knowledge, the first report appeared on the use of an
avidin-biotin system for the immobilization of enzymes in the preparation of
biosensors. Walt et al. have immobilized biotin-modified enzymes (urease, esterase,
and penicillinase) on the surface of biotin-modified optical fiber using avidin as a
binder (Figure 5a).'* They have demonstrated the general use of this procedure in
immobilizing several types of enzymes. At nearly the same time, Gunaratna and
Wilson used an enzyme column in which choline esterase and choline oxidase were
immobilized through avidin—biotin complexation for the determination of acetyl-

E ‘Avidin  ®— :Biotin G :Enzyme

Figure 5. Immobilization of enzyme on electrode surface through avidin.
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choline.'® They attached avidin covalently to the support, followed by coupling it
with biotin-labeled enzymes (Figure 5b).

As schematically depicted in Figure 5, two different routes are available for
immobilizing biotin-labeled enzymes on the support through avidin—biotin com-
plexation. The first procedure employs the biotin-modified surface on which
biotin-labeled enzymes are immobilized through avidin as binder protein. For this
procedure, the covalent linkage of biotin onto the surface of a carbon electrode'®
and the preparation of biotin-labeled lipid bilayer on electrode'” have been studied.
An alternative way involves the direct modification of an electrode surface with
avidin. If avidin could be immobilized directly without loss of the binding activity
to biotin, biotin-labeled enzymes could be loaded more easily on the electrode
surface.

3.2. Avidin-Biotin Monolayer and Multilayer on LB Film Surface

Avidin is known to be adsorbed strongly on the hydrophobic surfaces through
hydrophobic interactions.'® Therefore, we tried to immobilize avidin by simple
adsorption on the surface of Langmuir-Blodgett (LB) monolayer film composed of
stearic acid.!® The surface of a metal electrode was first coated with the LB
monolayer and the resulting hydrophobic electrode was immersed in an avidin
solution to form an avidin layer. Then, the avidin-modified electrode was treated
with biotin-labeled GOx to cover the electrode surface with the monolayer of
biotin-labeled GOx (Figure 6a). Alternatively, to immobilize much amount of
enzyme on the electrode, the LB film-coated electrode was immersed in a diluted
solution of the multiple complex of avidin and biotin-labeled GOx (Figure 6b). One
can expect the former procedure to afford a monomolecular layer of enzyme on the
electrode surface, while the giant aggregates of proteins composed of avidin and
enzyme molecules are adsorbed randomly in the latter procedure. From the view-
point of enzyme sensors, the latter sensors would show higher response than the
former sensors because the total activity of the enzyme (or total amount of enzyme)
directly determines the rate of the catalytic reaction. This is clearly shown in Figure
7. The amperometric response of the enzyme sensors arises from the oxidation
current of H,0, produced enzymatically in the presence of glucose (Eq. 1). These

glucose + O, — gluconolactone + H,0, (1
results show that GOx is still active even in the multiple complex with avidin. A
colorimetric estimation of the catalytic activity of GOx at both electrodes revealed
the rate of H,0, generation to be 0.8 x 10”!! and 3.0 x 107" mol cm™ s™' of H,0,
generation rate for the monolayer and multilayer GOx sensors, respectively. The
use of native GOx in place of biotin-labeled GOx in the preparation of glucose
sensor resulted in negligibly small response to glucose, confirming that GOx 1s
immobilized through avidin-biotin complexation.
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Figure 6. Immobilization of enzyme on LB film-coated electrode.

The LB film can be endowed with a variety of functions by being modified with
functional molecules. We assembled a GOx monolayer on the surface of redox-ac-
tive LB film composed of ferrocene-bearing amphiphile, according to the similar
procedure as shown in Figure 6.!° The glucose sensor thus prepared showed an
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Figure 7. Amperometric response of glucose sensors prepared using LB film-coated
electrodes. (@) multilayer GOx; (0) monolayer GOx sensors.
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Figure 8. Electron relay of glucose sensors mediated by ferrocene LB film.

amperometric response to glucose at +0.5 V vs. Ag/AgCl, which is an inadequate
potential for the electrochemical oxidation of H,0O, on the electrode used (indium
tin oxide electrode). Indeed, the glucose sensor based on the stearic acid LB film
did not give any current response to glucose at this electrode potential. The electron
relay was considered to be accelerated in the LB film/GOx assembly on the
electrode as illustrated in Figure 8.

3.3. Electrodeposition of Avidin Film

It has been known that adsorption kinetics and/or thermodynamics of proteins
depend on the electric or electrochemical properties of solid supports on which the
proteins are adsorbed.?° This has led us to elucidate the effects of electrode potential
on the adsorption behavior of avidin on the electrode surface. For this purpose, the
electrode potential of a Pt electrode was varied systematically in the range of
-0.5-42.0 V in an avidin solution (pH 7.4). Although the data was somewhat
scattered, a general trend was observed that the adsorption of avidin is suppressed
by the application of a positive potential (+1.0~+2.0 V).2! This may be originating
from the fact that avidin is a basic protein and has net positive charges in the solution
of neutral pH. In the potential range tested, no significant acceleration in the
adsorption was induced.

In the course of the experiments, on the other hand, unexpected effects of
alternating potential was observed; the adsorption of avidin was accelerated more
than 10 times under the influence of alternating potential of triangular wave form
from —0.5 to +2.1 V (200 V s7").2?? The loading of avidin was monitored by a
quartz-crystal microbalance (QCM). The QCM technique has been widely used to
monitor surface phenomena which are accompanied by a change in mass, including
selective adsorption and reaction,” electrodeposition,2* molecular recognition on
solid surface,” etc. We employed the QCM with a9 MHz AT-cut quartz crystal to
examine the loading of avidin onto the surface of a platinum (Pt) electrode coated
on the quartz crystal. Figure 9 shows the frequency changes (AF) caused by the
deposition of avidin. The decrease in the frequency means that avidin molecules
are adsorbed onto the surface of Pt electrode, increasing the mass ioading on the
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Figure 9. Electrodeposition of avidin as monitored by QCM.

quartz crystal. The Sauerbrey equation (Eq.2) is routinely used to calculate the mass
change (AM/g cm™2) from the frequency change (AF)

AF = 2F*AM/A(pp)" /2 @

where the frequency shift AF is a function of the initial frequency F|,, the mass
loading AM, the active area of the electrode A, the density p (2.645 g cm™), and
the shear modulus p (2.947 x 10" g cm™s7%) of the quartz.?® For the 9 MHz AT-cut
device, | ng of mass loading induces —0.91 Hz of frequency change. The data in
Figure 9 show clearly that the multilayer of avidin was deposited by the application
of alternating potential, because ca. 1000 Hz of the frequency change was induced
by 10-min treatment. The QCM data demonstrate also that the loading of avidin (or
thickness of the avidin layer) can be regulated by changing the adsorption time. A
disadvantage of this technique to prepare an avidin layer is that the orientation of
avidin molecules in the surface layer cannot be controlled at all. The electrodepo-
sited avidin film retained its binding activity to biotin and enzyme sensors were
prepared successfully using biotin-labeled enzymes.

3.4. Enzyme Multilayers: Layer-by-Layer Deposition
of Avidin and Enzymes

It may be possible to build up a two- or three-dimensional architecture composed
of proteins using avidin and biotin-labeled enzymes as building blocks. If we use
enzymes tagged with more than two biotin residues, an enzyme multilayer illus-
trated in Figure 10 would be constructed because avidin contains four biotin-bind-
ing sites per molecule. Fortunately, the biotin-binding sites are located in two pairs
on the opposed faces of the avidin molecule. Thus, the use of biotin-labeled enzyme
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Figure 10. Three dimensional protein multilayer based on avidin-biotin complexa-
tion.

whose diameter is 5 nm, for example, should result in the formation of a multiple
protein layer composed of approximately 10 nm double layers of avidin plus
enzyme. In other words, the thickness of the multilayer can be regulated strictly by
changing the number of depositions.

As a first step toward the construction of three-dimensional protein architectures,
formation of an avidin monolayer and an avidin plus enzyme double layer was
studied.”’ The adsorption behavior of avidin and biotin-labeled enzymes onto a Pt
electrode was monitored by means of QCM. Figure 11 illustrates the frequency
changes induced by the adsorption of the avidin first layer and the next layer of
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Figure 11. Frequency changes in QCM induced by the adsorption of avidin and
biotin-labeled GOx.
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biotin-labeled GOx. The loading of avidin onto the Pt surface by a simple adsorption
is estimated from Eq. 2 to be ca. 400 ng cm™2in equilibrium. Assuming that avidin
is a cube-like molecule with dimensions of 55 x 50 x 40 A, three different
orientations of the avidin molecule on the Pt surface can be considered as extreme
cases, as schematically shown in Figure 12. If the Pt surface is covered with a

55A
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: 40A
(a) L
S
Ol 50A
: 50 A
®
— 40A
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o 55 A
40A
0 | 0554
@11 0...le
) 50 A

Figure 12. Three different orientation modes of avidin on the solid surface.
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monomolecular layer of avidin which is adsorbed in type (a) orientation, the loading
of avidin should be in a maximum value among the three possible orientations and
ca. 510 ng cm™ calculating from the molecular mass of 68,000 Da. On the other
hand, the type (c) orientation would result in a loading of avidin of ca. 340 ng cm™,
which is a minimum value among the three orientations. In practice, it is reasonable
to assume that the surface layer of avidin on the Pt electrode contains all three
orientations simultaneously, and a large portion of avidin molecules are probably
tilting more or less from the extreme orientations. The data in Figure 11 suggest
avidin loading between the two extreme values, further suggesting the formation
of a monomolecular layer in random orientation. This seems quite reasonable
because the driving force of the binding of avidin onto the Pt surface is a combina-
tion of hydrophobic, van der Waals, and electrostatic interactions and no site-
specific interaction which determines the orientation of avidin exclusively is
involved. The binding of avidin is practically irreversible; no appreciable desorption
is observed upon exposing the avidin monolayer-modified QCM to buffer solution
or to pure water.

It is interesting to verify whether the avidin monolayer is still active to bind biotin
or not. To check this, the avidin monolayer-modified QCM was immersed in a
diluted solution of biotin-labeled GOx (10 pg mL™') and the frequency was
measured (Figure 11). The frequency change of —80 —~ -90 Hz (i.e., 360-400 ng
cm‘z) was induced, showing that the avidin monolayer is active to bind biotin-
labeled GOx through an avidin-biotin complexation on the QCM electrode. This
view is further supported by the fact that no frequency change was induced by native
GOx bearing no biotin label. These results suggest that the avidin molecules
circumvent the surface-induced denaturation (conformational change) and deacti-
vation, which are often the case for proteins at an interface. This may relate to the
robust nature of avidin molecule against heat, acid and base, detergent, etc. Taking
the size (60 x 52 x 77 A) and molecular mass (186,000 Da) of GOx into account,
the QCM data suggest the formation of submonomolecular layer (surface coverage:
50-60%) of GOx on the surface of avidin monolayer. This value of the surface
coverage may be an underestimation because the frequency change in QCM s often
attenuated by an intervention of elastic layer between the quartz crystal and
adsorbent.?® The effects of mass loading of GOx was probably canceled in part by
the first layer of avidin due to the elastic nature of the protein in water. Nevertheless,
the formation of a submonomolecular layer of GOx is plausible in view of the fact
that the avidin molecules are randomly orientated in the underlying layer and, as a
result, some portion of biotin-binding sites in avidin cannot be available to anchor
the biotin-labeled GOx.

In any event, ambiguity still remains in the surface coverage of GOx. The protein
double layer thus prepared is schematically shown in Figure 13. The catalytic
activity of GOx in the double layer was elucidated electrochemically by measuring
an amperometric response originating from the oxidation current of H,0, produced
enzymatically in the presence of glucose (Eq. 1), and was found to be still active.



156 JUN-ICHI ANZAI and TETSUO OSA

88 Avidin

@~ B-GOx

\Pl electrode
Quartz resonator

Figure 13. A possible assembly of avidin and biotin-labeled GOx on the surface of
QCM electrode.

Thus, we have succeeded in the construction of monomolecular layer of active
avidin and avidin plus GOx double layer.

These results strongly stimulated us to prepare protein multilayers by layer-by-
layer deposition of avidin and enzymes. On the uppermost surface of the double-
layer-modified electrode, free biotinyl residues are still available to further deposit
the avidin second layer because the GOx used is tagged with several biotin residues
per molecule. In order to ascertain the formation of a multilayer structure of avidin
and enzyme, we immobilized fluorescein-5-isothiocyanate (FITC)-conjugated
avidin and biotin-labeled GOx alternately on a quartz slide.” Prior to the formation
of a protein multilayer, the quartz slide was first modified with dichiorodimethyl-
silane to make the surface hydrophobic. The silylated quartz slide was immersed
in FITC—avidin and biotin-labeled GOx solutions alternately and repeatedly, which
treatment provides both sides of the slide with the protein multilayer. An increase
in absorbance at 459 nm, originating from the FITC moiety of FITC-avidin, was
monitored after each deposition of FITC-avidin and enzyme (Figure 14). The
absorbance increased in proportion to the number of layers deposited (deposition
number), suggesting the formation of a multilayer structure on the quartz slide. This
result indicates that FITC-avidin is immobilized in each layer as a roughly
monomolecular layer considering the molecular dimension of avidin and molar
extinction coefficient of 176,000 M~ cm™' for the FITC-avidin at 495 nm. The
multilayer-modified slide exhibited a slight increase in absorbance around 380 nm
ascribable to a cofactor flavin adenine dinucleotide (FAD) in the biotin-labeled
GOx, though the absorbance was too small to be treated quantitatively.

For further characterization of the protein multilayer, two electrochemical tech-
niques were employed independently. The first technique involves amperometric
measurements of the GOx multilayer-modified electrode in the presence of glucose.
Figure 15 plots the output current (Af) of the electrode to 1 mM glucose as a function
of the deposition number.?’ The response current depends linearly on the number
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Figure 14. A formation of protein multilayers as monitored by UV absorbance.

of GOx layers. On the contrary, when native GOx bearing no biotin residue was
used in place of biotin-labeled GOx, Al was negligibly small and did not increase,
even after several treatments with avidin and GOx. These results are clear indica-
tions that a constant amount of GOx is immobilized in each layer through avidin—
biotin complexation because the size of output current of the enzyme-modified
electrode should depend linearly on the total catalytic activity of the enzyme.

Another technique used is a cyclic voltammetry (CV) in the presence of electron
mediator.*® In the GOx-catalyzed oxidation reaction of glucose, cofactor FAD,
which is contained at the active center of GOx, oxidizes glucose to gluconolactone
and resultant FADH, is converted back to the active FAD form by O,. In the
conventional type of enzyme sensors, the H,0, generated from O, is oxidized at
the electrode surface.
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Figure 15. A linear dependence of the output current of glucose sensors on the
number of GOx layers. Sample; 1 mM glucose.
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Figure 16. Chemical reactions involved in the mediator-type glucose sensors.

It has recently been reported that GOx-catalyzed reaction can be mediated by
synthetic redox compounds including hydroquinone, ferrocyanide, ferrocene, etc.*
The mediation behavior of these compounds can be evaluated electrochemically by
CV measurements, the reaction scheme being depicted in Figure 16. The role of
these redox compounds in the enzyme-linked electrode reaction is to mediate
electron relay from FADH, in GOx to electrode. For this reason, they are usually
called “electron mediators”. In this situation, the magnitude of oxidation current in
CV of the electron mediator is a function of the concentration of glucose and
mediator and the catalytic activity of enzyme (or, for enzyme-modified electrodes,
the loading of enzyme on the electrode surface). Therefore, the CV measurements
in the solution dissolving a constant concentration of mediator and glucose reveal
the loading of GOx immobilized on the electrode. Thus, the oxidation current in
CV was measured in the presence of ferrocenemethanol as mediator and plotted as
a function of the deposition number of GOx layers (Figure 17).>' The oxidation
current depends linearly on the number of GOx layers, confirming that the present
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Figure 17. A linear dependence of oxidation current (ipa) in CV on the number of
GOx layers in the presence of glucose (30 mM) and ferrocenemethanol (0.5 mM).
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procedure affords an enzyme multilayer which is composed of monolayers contain-
ing a constant amount of GOx.

From the viewpoint of biosensor use, the enzyme multilayers would provide
many advantages as compared to the conventional type of enzyme membranes. The
most important feature of the enzyme multilayers is referred to feasibility of precise
regulation of output current by changing the number of depositions. It should be
emphasized that the regulation of enzyme loading (or the thickness of enzyme layer)
can be attained in molecular level or in nanometer level. The response time of the
GOx multilayer-modified glucose sensors was fast (10-20 s) and virtually inde-
pendent of the thickness of the GOx layer, implying that the avidin/GOx multilayers
do not influence significantly the mass transfer of analyte and the reaction product
of the enzymatic reaction. This is in striking contrast to the general trend that the
response time of enzyme sensors becomes longer with increasing the thickness of
the enzyme membrane due to slow diffusion of analytes and reaction products in
the membrane.

Another merit of the enzyme multilayer is that two or more different kinds of
enzymes can be assembled simultaneously in the multilayer. This enables us to
prepare multienzyme biosensors easily. As a prototype of bienzyme biosensors, we
prepared interferent-free glucose sensors by assembling ascorbate oxidase (AOx)
together with GOx on the surface of Pt electrode (Figure 18).32 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. A
physiological level of ascorbate (ca. 0.1 mM) in blood usually disturbs the deter-
mination of glucose in blood.** For the elimination of ascorbate interference, the
enzyme multilayers composed of 10 GOx layers and additional 10 AOx layers were

10-layer GOx 10-layer AOx

g2 :avidin - B-GOx -@- :B-AOx

Pt

Figure 18. Bienzyme multilayers for interferent-free glucose sensors.
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Figure 19. Relative response of GOx (10 layers)/AOx multilayer-modified sensors.

assembled by a stepwise deposition of avidin and biotin-labeled GOx and AOx. In
this glucose sensor, one can expect that ascorbic acid is oxidized to an electrochemi-
cally inactive form of dehydroascorbic acid in the outer AOx layer, and the
concentration of ascorbic acid at the Pt surface can be lowered considerably
depending on the catalytic activity of the AOXx.

Figure 19 summarizes relative response of GOx/AOx bienzyme glucose sensors
to 5 mM glucose and 0.1 mM ascorbate. About 20% of interfering current was
observed for the glucose sensor (10 GOx layers) in which no AOx layer is equipped.
On the contrary, the deposition of AOx monolayer on the glucose sensor reduced
the interference to a 2-3% level. The interference was further decreased by 5-layer
AOx and eliminated completely when 10 AOx layers were assembled on the glucose
sensor. These results support the reaction mechanism that ascorbate can be oxidized
to dehydroascorbate in the outer AOx layer. The effect of the deposition of AOx
layers on the kinetics of GOx-catalyzed reaction was also elucidated. The
Michaelis—Menten constant (K,,) of the immobilized GOx and the maximum
current of the sensors did not depend on the thickness of AOx layer, suggesting no
influence of the AOx layers on the transport of glucose from sample solution into
the GOx layer.

4. CONCLUSION

A supramolecular complexation between avidin and biotin-labeled enzyme results
in the formation of enzyme multilayers composed of avidin and enzyme monolay-
ers, in which each monolayer is connected through avidin—biotin complexation
with each other. The thickness of the multilayers can be precisely controlled by
regulating the deposition number (the thickness of each avidin plus enzyme double
layer is approximately 10 nm). The enzyme multilayers are useful in preparing high
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performance biosensors. The output current of the multilayer-modified biosensors
can be modulated arbitrarily by regulating the multilayer thickness. The present
technique for constructing enzyme multilayers makes it possible to prepare bien-
zyme biosensors. A deposition of GOx and AOx monolayers successively on the Pt
electrode affords interferent-free glucose sensors.

—_—
— O WO NOWY R WN —

— b e = — e
M=l RN B Y

N RN
0 AL h LW —-O

29.
30.
31
32
33.

REFERENCES

. Diederich, F. Angew. Chem. Int. Ed. Engl. 1988, 27, 362.

Rebek, J. Ir., Acc. Chem. Res. 1990, 23, 399.

. Lehn, J-M. Angew. Chem. Int. Ed. Engl. 1990, 29, 1304.

. Ulman, A. Chem. Rev. 1996, 96, 1533.

. Wilchek, M.; Bayer, E. A. Anal. Biochem. 1988, 171, 1.

. Guesdon, J.-L.; Ternynck, T.; Avramess, S. J. Histchem. Cytochem. 1979, 27, 1131.

. Pugliese, L.; Coda, A.; Malcovati, M.; Bolognesi, M. J. Mol. Biol. 1995, 23, 698.

. Chilkoti, A.; Stayton, P. S. J. Am. Chem. Soc. 1995, 117, 10622.

. Hofmann, K.; Titus, G.; Montibeller, J. A.; Finn, F. M. Biochemistry 1982, 21, 978.

. Chang, S.-K.; Engen, D. V.; Fan, F.; Hamilton, A. D. J. Am. Chem. Soc. 1991, 113, 7640.

. Green, N. M.; Konieczny, L.; Toms, E. F.; Valentine, R. C. Biochem. J. 1971, 125, 781.

. Alcock, S. J.; Karayannis, M.; Turner, A. P. F. Biosens. Bioelectron. 1991, 6, 647.

. Ahluwalia, A.; Rossi, D. D.; Ristori, C.; Schirone, A.; Serra, G. Biosens. Bioelectron. 1991, 7, 207.
. Luo, S.; Walt, D. R. Anal. Chem. 61, 61, 1069.

. Gunaratna, P.; Wilson, G. S. Anal. Chem. 1990, 62, 402.

. Achtnich, U. A.; Tiefenauer, L. X.; Andres, R. Y. Biosens. Bioelectron. 1992, 7, 279.

. Snejdarkova, M.; Rehak, M.; Otto, M. Anal. Chem. 1993, 65, 665.

. Ebersole, R. C.; Miller, J. A.; Moran, J. R.; Ward, M. D. J. Am. Chem. Soc. 1990, 112, 3239.
. Lee, S.; Anzai, J.; Osa, T. Sens. Actuators B 1993, 12, 153.

. Young, B. R.; Pitt, W. G.; Cooper, S. L. J. Colloid Interface Sci. 1988, 125, 246.

. Hoshi, T.; Anzai, J.; Osa, T. Anal. Chim. Acta 1994, 289, 321.

. Anzai, J.; Hoshi, T.; Osa, T. Chem. Leti. 1993, 1231.

. Ebersole, R. C.; Ward, M. D. J. Am. Chem. Soc. 1988, 110, 8623.

. Hillman, A. R.; Loveday, D. C. Langmuir 1991, 7, 191.

. Ebara, Y.; Okahata, Y. J. Am. Chem. Soc. 1994, 116, 11209.

. Sauerbrey, G. Z. Phys. 1959, 155, 206.

. He, P-G.; Takahashi, T.; Anzai, ].; Suzuki, Y.; Osa, T. Pharmazie 1994, 49, 621.

. Muramatsu, H.; Suda, M.; Ataka, T.; Seki, A.; Tamiya, E.; Karube, 1. Sens. Actuarors A 1990,

21-23, 362.

Hoshi, T.; Anzai, J.; Osa, T. Anal. Chem. 1995, 67, 770.

Heller, A. Acc. Chem. Res. 1990, 23, 128.

Anzai, J.; Osa, T., unpublished data.

Anzai, J.; Takeshita, H.; Hoshi, T.; Osa, T. Denki Kagaku 1995, 63, 1141.
Jung, S.-K.; Wilson, G. S. Anal. Chem. 1996, 68, 591.



This Page Intentionally Left Blank



ARTIFICIAL ION CHANNELS

Yoshiaki Kobuke

~

Introduction . . . . .. .. .. 164
Supramolecular IonChannels . . . . . .. ... ... ... ... ... 167
2.1. Doubly Amphiphilic LipidIonPairs . . . . .. .. .. ... ... ... 167
2.2. Amphiphiles Containing an Oligo(oxyethylene) Unit . . . . . .. ... 175
2.3. Macroring D,L-Peptide Stacks . . . . ... ..o oo 176
Bimolecular Channels from Macrocycle . . . .. ............... 178
3.1. Resorcin[4]arene-Based . . ... .. ...... ... ... ... ... 178
3.2. Cyclodextrin-Based . . . .. ... ...... ... .. ... 180
Unimolecular Channels . . . ... .. .. ... .. ... .. ........ 182
Gating . . . . . .. e 194
5.1. Voltage-DependentChannels . . . . .. ... .............. 195
5.2. PhotochemicalGate . . . .. ... ... .. ... ... 199
Towards NanoMaterials . . . . .. ... ... ... .. ... ..., 202
EstimationMethods . . . . . . .. ... ... ... ... 203
Concluding Remarks . . . . ... ... ... ... ... .. 205
Acknowledgments . . . . . .. ... 206
NOWES . . . o o et e e e e e 206
References . . . . . . . . . . e e 206

Advances in Supramolecular Chemistry
Volume 4, pages 163-210,

Copyright © 1997 by JAI Press Inc.

All rights of reproduction in any form reserved.
ISBN: 1-55938-794-7

163



164 YOSHIAKI KOBUKE

1. INTRODUCTION

Biological energy-producing membrane generates a H® concentration gradient
across the membrane. This is then transformed and stored as the chemical bond
energy of ATP, which is distributed to various biological organs for supplying free
energy to drive endergonic reactions. By consuming ATP thus produced, Na"™-K*
ATPase accumulates Na* and K* ions outside and inside the cell, respectively. With
such a concentration gradient, the opening of a path for ion transport in the
membrane induces rapid ionic flux across the membrane. In this way, nerve axons
transmit an induced local variation of membrane potential through voltage-depend-
ent Na* and K* channels as the waveforms of voltage, i.e., the action potential. At
the end of the synapse, Ca?* flows into the cell through Ca®* channels. Ca®* flow
then triggers the release of nerve-transducing hormones into the narrow synaptic
cleft. Upon hormonal reception by ligand-gated ion channels, an electrical signal
is again generated in the next synapse (Figure 1). Such a signal transduction triggers
the movement of skeletal muscle or coordinates contraction of the heart.'?

The primary sequences of important channel peptides, such as the nicotinic
acetylcholine receptors, and sodium, potassium, and calcium channels, have been
determined by the innovative work of the late professor Numa and his group.®”’
Thereafter, various structural models on the basis of empirical as well as molecular
mechanics or molecular dynamics calculations were proposedg_I3 and tested by
specific point mutation studies.'*2

There are two mechanisms for ion transport across biological membranes, i.e.
carrier and channel (Figure 2). The carrier encapsulates metal ions into the ligating
site and transfers across the membrane in the form of a carrier—metal ion complex
and releases the ion into the other aqueous phase. The relatively large molecular
entity of the carrier—ion complex limits the rate of diffusion through the membrane,
which exists as a mixture of gel and liquid crystalline phases. Many antibiotics,
known as ionophore families, transport ions by this mechanism and facilitate the
leakage of metal ions, thus acting as a decoupling agent in an energy-producing
membrane. The channel is, in principle, a pore in the membrane through which ions
flow in a state more or less similar to that in the bulk aqueous phase. Therefore, a
large ionic flux is easily obtainable and the mechanism is exactly what is adopted
by nature in cases where large ionic fluxes of alkali and alkaline earth metal and
chloride ions are required.

In spite of the overwhelming importance of the channel mechanism for the
transport of alkali and alkaline earth metal ions in biological systems, only carrier
transport has been studied extensively by chemists. Studies on ion channel mimics
of simple structures have long been limited to antibiotic families of gramicidin,
amphotericin B, and others. Several pioneers have reported successful preparation
of non-peptide artificial channels. However, their claims have been based on kinetic
characteristics observed for the release of metal ions through liposomal membrane
and lacked the very critical proofs of channel formation.?'~?® Such a situation was
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Figure 1. Mode of signal transduction of nerve system. Under concentration gradi-
ents, generated by Na*,K*-ATPase, opening of ion channel induces variation of the
local membrane potential, which opens the adjacent voitage dependent ion channel.
By this way the variation of the local membrane potential, called action potential, is
conveyed along the axon. This electrical signal is once transformed into signal of
chemical nature by ejecting nerve hormone, such as acethylcholin. Ligand gated
channel in the synapse membrane accepts the hormone and restarts the signal
transduction as an electrical wave form.

overcome in 1988 by the introduction of synthetic oligopeptides,”‘zg which have
been incorporated into lipid bilayer membrane and characterized by the measure-
ment of single channel currents.**-3* All of the succeeding artificial oligopeptide
channels were characterized by this method to obtain very basic, fundamental
features of ion channels.*>** However, none of non-peptidic artificial com-
pounds*~® even after 1988 has been tested by such a measurement of single
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Figure 2. Carrier (a) and channel (b) mechanisms for facilitated ion transport across
the membrane. Carrier encapsulates ion and moves across the membrane and releases
the ion at the other end. It shuttles in the membrane as a carrier—-metal complex.
Channel is, in principle, an aqueous pore structured in the membrane. lon can traverse
through the membrane more or less freely in the pore with recognition at the selectnwty
filter when the gate is open. Here illustrated is a voltage sensitive gate as an example.*
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channel current before the author reported the first successful demonstration of
single-channel properties by using planar bilayer membrane.*’

Studies on artificial ion channels are expected to provide important information
on molecular mechanisms and to deepen our understanding of natural ion channels
through the establishment of a detailed structure—function relationship. At the same
time, the research will contribute to the fascinating area of nanoscale transducers,
and may eventually lead to the development of so-called molecular ionics. Here,
the author would like to describe the basic concept for the molecular design of
various artificial ion channels and to compare their characteristics in the hope of
stimulating a future explosion of this research field.’*->* Special attention is focused
on non-peptidic approaches. Helical bundle approachess“‘” and studies on modi-
fied antibiotics®~® are beyond the scope of this review.

2. SUPRAMOLECULAR ION CHANNELS

2.1. Doubly Amphiphilic Lipid lon Pairs

A molecular arrangement of the voltage-gated Na* channel proposed by Numa
is illustrated in Figure 3.% Here the central ion-conducting pore is composed of four
sets of amphiphilic a-helical segment 2, which is supplied from each repeating unit
I-1V, and is surrounded by bundle arrays of all the remaining hydrophobic a-helices.

This generalized structure was mimicked by a very simplified artificial molecule
1. The hydrophilic core part 2 was substituted simply by an oligoether carboxylate
anion. The carboxylate may act as the polar ionic head group outside the membrane
and the ether part of the molecule may be located in the interior part of the
membrane to make an ion-conducting pathway. The molecular lengths were ad-
justed to fit the lipid monolayer in an extended or a helical conformation, with n
being 2 or 3 in 1. The hydrophobic exterior was substituted by dioctadecyldimethyl-
ammonium cation, which was ion-paired with the carboxylate.

The planar lipid bilayer system employed for the measurement is illustrated in
Figure 4 along with typical records of ionic currents on incorporating 1 into the
bilayer membrane separating two chambers. Currents of constant pico ampere
levels showed well-defined, frequent transitions in amplitude between the main
current level and zero. Several current levels were observed at different runs. The
appearance of each level appeared to be random and the overlap of currents with
the same or different levels was observed, although less frequently. It should be
noted, however, that each level, once apparent, remained stable and persisted for
times over 1 h without change to different current levels. This was even so when
the voltage was varied in the range +150 mV. Current recordings were digitized and
the histogram analysis of current amplitude and open—closed times was undertaken.
Single-channel current amplitude was read from peak-to-peak values of the histo-
gram, each peak representing the open and the closed level.
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Figure 3. A supramolecular arrangement of a helices of voltage-gated Na* channel
proposed by Numa [Noda et al. (1984)]. Four helix bundles of segment 2 from each
repeat unit constitute the wall of hydrophilic pore through which ions pass. All the
other helices 1, 3-6, cover the pore and stabilize it in bilayer membranes. The ion
pair 1 is a mimic from oligoether carboxylate and dioctadecyldimethylammonium
representing hydrophilic helix 2 and all the other hydrophobic helices 1 and 3-6,
respectively.

Currents were obtained under a series of voltages, ranging usually from +100 to
—100 mV and a constant conductance was always obtained from the linear slope of
the current—voltage plot: 97 pS in the example shown in Figure 4. In spite of the
appearance of such a stable conductance level, the very next run usually gave a
different conductance level. These observations are reconciled only by assuming
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Figure 4. (a) Planar bilayer membrane system for single-channel currents measure-
ment. Soybean lecithin in n-decane was applied to a hole separating two aqueous
chambers. Chambers were filled with metal chloride salt at pH 7.2. The voltage was
applied to the outer cell with respect to the inner. The currents across the bilayer were
recorded on a PCM recorder through a patch-clamp amplifier and a lowpass filter. (b)
Typical records of current observed at +50.0 mV (symmetrical 0.5 M solution).
Currents increase upward from the zero level shown by the dotted line in each panel.
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the existence of several stable conductance states. We observed one of them in any
given trial and others for different runs. The existence of multiple conductance
levels is not at all unusual but commonly observed for all known supramolecular
ion channels made from oligopeptide bundles. The opening and closing processes
seem to be random and to behave as a stochastic process. The histogram analysis
of open and closed times for the conductance level of 97 pS gave fast gating kinetics
with lifetimes of 1 to 10 ms order.

Next, the ion selectivity was examined, since the existence of molecular recog-
nition between cation and anion, K* and Na*, or others may be important criteria
for differentiating the ion channel from a defect formed in the membrane. Under
an asymmetrical salt concentration (0.5 M/0.1 M KCI), the current—voltage plot
gave a reversal potential of -23.5 mV for the run shown in Figure 4. From the
Goldmann-Hodgkin-Katz equation, the permeability ratio between K* and CI~
was calculated as approximately 5, indicating that the channel was selectively
permeable to cations. On the other hand, the single channel conductance in 0.5 M
NaCl was almost identical to that obtained at 0.5 M KCl, indicating no selectivity
between K* and Na* cations.

From the characteristics observed—constant and stable current levels, transitions
between zero and nonzero current levels with a stochastic process on millisecond-
to-second time scale, multiple and heterogeneous conductance levels, and selectiv-
ity of cations over anion—it can safely be concluded that the ion pair 1 constitutes
single ion channels. The similarity of the activity with those of natural ion channels
is fantastic and seems far beyond the expectation if one considers the simplicity of
the molecular structure.

The observation of single channel currents may suggest the successful self-or-
ganization of supramolecular channels. This process may require several steps: (1)
incorporation of the amphiphilic carboxylate—ammonium ion pair into the bilayer
lipid membrane; (2) molecular recognition of the relatively polar oligoether chain
from the surrounding hydrophobic lipid components to induce domain formation
of molecular level; and (3) interlayer connection of these hydrophilic domains
existing in different lipid layers.

These elementary steps are based on molecular recognition via subtle differences
in hydrophobicity—hydrophilicity between the channel-forming material and lipid
components. Using ammonium with a single long alkyl chain instead of two to
make ion pairs 1, only a transient disturbance of the zero current level was observed.
Also, none of the components by themselves—oligoether—carboxylic acids or
ammoniums having one or two long alkyl groups—could give rise to ionic channel
currents. Therefore the alkyl chains in the ammonium complex contribute signifi-
cantly to favor both the incorporation and the domain formation of the channel-
forming material in the lipid phase.

The observation of open—closed transitions and of different conductance levels
can be interpreted according to such a molecular aggregation mechanism. Pores
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having different aggregation numbers may define different conductance levels.
Open—closed transitions may be accounted for by three mechanisms:

1. Association—dissociation equilibrium of artificial amphiphiles in either lipid
layer may produce ion-conducting and nonconducting states, which may
correspond to open and closed states, respectively.

2. Encounter-separation model of half channels may give rise to the open—
closed transition.

3. Conformational fluctuations within the transmembrane aggregate produce
the open—closed transitions.

Either or all of these processes may account for the open—closed transitions. The
hypothetical scheme of supramolecular organization and open—closed transitions
is summarized in Figure 5.

Figure 6 shows the proposed subunit assembly structure of the nicotinic acetyl-
choline receptor channel.'' The inner wall of the lower half part is surrounded by
hydroxyl side chains from Ser and Thr, and by carboxylates or amides from Asp,
Glu, and Gln at the mouth. Furthermore, a Lys residue seems to offer ion pairing
with the carboxylate at the mouth. Considering the possibly similar stabilizing
effect of ether and hydroxyl groups to cations, the proposed artificial supramolecu-
lar channel could be regarded as a good model of the acetylcholine receptor channel,
which selects cations over anions, but does not discriminate between alkali metals.

While the ion pair combination 1 is found to be a successful example to afford
artificial ion channels, it may not be difficult to find analogous solutions. Ilustrated
in Figure 7 is a small expanded scheme for constructing artificial supramolecular
ion channels from synthetic amphiphilic pairs of hydrophilic and hydrophobic
counterions (note that the combination 2a-2e corresponds to 1). All of these
compounds gave stable single-channel currents when incorporated into a bilayer
lipid membrane.

In the supramolecular structure 4, the hydrophilic component is assumed to be
assembled at the inner surface of the channel to make an inner wall. Then the
carboxylate anions are assembled at the inner mouth of the channel and may
concentrate cations at the mouth of the channel. This may contribute significantly
to the cation selectivity, which was tentatively explained by a stabilized coordina-
tion of oligoether oxygen in the membrane. In order to know which is important in
determining the cation selectivity, combinations 2d-2f and 2d-2g were tested since
these may concentrate anions at the channel mouth and give the reverse selectivity,
if the charge at the mouth is a determining factor. Observed at the channel mouth
were cation selectivities, with Py-/P.- being 5 and 16.8 for 2d-2f and 2d-2g,
respectively. Therefore, the important factor determining the ion selectivity is
certainly not charges at the channel mouth, but the unit existing in the membrane
phase. Compared to a 2a-2e combination, a pair 2b—2e having a longer separation
unit between ether oxygens showed significant differences in single-channel char-
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Figure 5. Possible mechanisms of supramolecular organization of amphiphilic ion
pair 1 to form the transmembrane channel and its open-closed transitions. The
amphiphilic units are incorporated into bilayer lipid membrane and organized to the
ion channel through aggregation and interconnection between two lipid layers. lons
can pass through the pore only when the aggregates are large enough, and intercon-
nected between layers, and conformationally open.
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Figure 6. Proposed inner wall structure of the nicotinic acetylcholine receptor—chan-
nel composite from a2By8 subunit assembly.” The channel mouth is constructed from
charged amino acids and their amides such as Asp, Glu, and Gin. A Lys is located at
just the inner mouth. The lower half is covered by the amino acids having hydroxy!
such as Ser and Thr, while the upper half is lined up with hydrophobic residues such
as Leu, Val, Ala, Ile, and Phe.

acteristics. Small conductances near 8 pS were mostly observed; larger conduc-
tances in the order 10'-10? could not be observed. At the same time, two or three
channels were incorporated frequently. Such behavior is compatible with expecta-
tions from a longer separation distance. The efficiency of metal ion fluxes may be
decreased by a higher activation energy for the transfer of metal ions from one ether
site to the next, but the increased hydrophobicity may favor the incorporation of
the molecule into the membrane phase. The observed characteristics are in the range
of expected structure—function relationship.

In view of the use of a similar repeating unit, tetramethylenecarboxyl, Seebach’s
approach should be included here.5” He incorporated oligomers and polymers of
3-hydroxybutanoic acid (3-HB) into planar bilayers and observed singie-channel
currents. It is known that poly(3-HB) forms lamellar crystallites with thickness in
the range of 40 to 60 A when crystallized from dilute solutions. Therefore it is
assumed that poly(3-HB) forms lamellar crystallites with a thickness of ca. 50 A
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Figure 7. Schematic representation for the formation of supramolecular channel 4
from lipid units 2. A relatively hydrophilic synthetic lipid component of oligoether
structure 2a-d is combined with appropriate counter ion having two hydrophobic alkyl
chains 2e-g to make doubly amphiphilic synthetic lipid 2. Combinations 2c-2e and
2d-2g afforded voltage dependent channels as will be described later.

These hydrophobic crystallites fit properly into a planar bilayer by formation of
H-bonds between the free end groups of the oligomers and the polar head groups
of the phospholipids. In other words, a membrane contains islands of crystalline
poly(3-HB) within the liquid crystalline phospholipid phase. A schematic repre-
sentation is shown in Figure 8. Single-channel current fluctuations are assumed to

a) 0
X
{OJ\/L}OY
n

3-Hydroxybutyrate oligomers

sandnegsesas 1
2t UM £ 234

Oligomer (n = 32)

b)

Figure 8. (a) Structure of oligomeric and poly(3-hydroxybutanoic acid). (b) Crystallite
formation of oligo(3-HB) for the case n = 32 in planar phospholipid. The end group
represents hydroxyl and carboxylic acid functionalities.
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be occurring at the interfacial regions between the phospholipids and the poly(3-
HB) crystallites, and in a similar manner to the phenomena observed for phos-
pholipid bilayers at their phase-transition temperature. Current—voltage
measurement of stable currents may be a key for concluding the formation of
channels of certain conductance levels.

2.2. Amphiphiles Containing an Oligo(oxyethylene) Unit

As a prototype of the polyene macrolide antibiotic, amphotericin B, Regen
prepared a sterol-polyether conjugate, 5-androstene-3p,17B-bis[(oxycar-
bonyl)hexaethylene glycol] (5) (Figure 9).% Two flexible hydrophilic chains with
a pendant hydroxyl head group was attached to a long and rigid hydrophobic
steroidal unit in the hope that the molecule may exist as a “folded” conformation
where one face of the steroid is covered by polyether and the other is not, bearing
afacial amphiphile® structure. Monolayer aggregation experiments supported such
a conformation. When 5 was incorporated into egg PC vesicles in the aqueous
solution containing a shift reagent (Dy**) externally with Na*(external)/Li*(inter-
nal) gradient, a slow entry of Na* was detected directly by 23Na NMR spectroscopy.
Although the activity is low, the channel mechanism was suggested by the fact that
the activity was similar both in gel-phase vesicles from dipalmitoyl phosphatidyl-
choline and in fluid-phase egg phosphatidylcholine. The kinetic order with respect
to 5 was three to four, suggesting the aggregate channel structure.
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Folded Conformation

Figure 9. A sterol-polyether conjugate 5, 5-androstene-3p,17B-bis{(oxycarbonyl)-
hexaethylene glycol] could take a folded conformation 5f and assemble upon inser-
tion into lipid layers.®®
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Menger reports that CH,(CH,),,COO(CH,CH,0);CH,Ph (6) fortuitously ob-
tained but very specifically, conducts protons at extremely low concentrations and
eventually faster than gramicidin.”®’' The rate measurement relies on the decay of
pH-sensitive fluorescent dye, pyranine, entrapped in vesicles by proton influx when
proton potential was generated by adding HCI externally.”? He explains the struc-
ture specificity by three sets of requirements: S,, S,, and S;. The benzyl group
anchors to the membrane surface through an ion-dipole attraction with quaternary
nitrogen of the lipid head group,”” the hydrophobic tail embeds the molecule in the
membrane interior, and finally polyether moiety is thereby forced to span the leaflet
and conduct ions. A minimum of two molecules of 6 are supposed to be aligned to
permit passage protons across the membrane as shown in Figure 10. The channel
mechanism was claimed because 6 was inert when it was used in a chloroform
“liquid membrane”.

Il
|

Figure 10. The specific structure of flux-promoting compound 6. S3 anchors to the
membrane surface through N*-aromatic interaction and the hydrophoblc S1 locates
in the interior membrane, thereby spanning the oxyethylene part S2./
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2.3. Macroring D,L-Peptide Stacks

Recently, Ghadiri introduced a brilliant idea for the construction of a new class
of artificial ion channels.”*~’" He employed an eight-residue 24-membered macro-
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cyclic peptide with the sequence: cyclo[-(Trp-D-Leu);-GIn-D-Leu] 7. Alternating
D- and L-amino acid sequence adopts a ring-shaped flat conformation. All backbone
amide functionalities lie approximately perpendicular to the plane of the structure.
Then the units stack in an antiparallel fashion with intermolecular hydrogen
bonding to produce a contiguous 3-sheet structure. In order to make the self-assem-
bled molecule membrane-spanning, about eight to ten units are required to be
stacked, assuming an average thickness of the membrane bilayer of 40-50 A and
intersubunit distance of about 4.7-5.0 A. Here, the alternating D- and L-amino acid
sequence extrudes all of the side chains in a plane extending outside the backbone
structure. Such a structural arrangement may find an analogy with a gramicidin
A channel. The nano structure assembly is illustrated in Figure 11. The hollow
tubular structure is provided by a H-bond network to supply an internal medium
of low dielectric constant. Its outside is covered with hydrophobic amino acid
side chains.

The peptide subunit was easily incorporated into lipid bilayers of liposome, as
confirmed by absorption and fluorescence spectroscopy. Formation of H-bonded
transmembrane channel structure was confirmed by FT IR measurement, which
suggests the formation of a tight H-bond network in phosphatidylcholine
liposomes. Liposomes were first prepared to make the inside pH 6.5 and the outside
pH 5.5. Then the addition of the peptide to such liposomal suspensions caused a
rapid collapse of the pH gradient. The proton transport activity was comparable to
that of antibiotics gramicidin A and amphotericin B.

Subsequently the ion channel activity was tested by single-channel current
measurements using planar lipid bilayers. Single-channel conductances of ca. 55
in 500 mM NaCl and 65 pS in KCI were obtained. The weak ion selectivity was
claimed to reflect a slightly larger mobility of K* compared to that of Na* ion in
bulk solution. Therefore a large 7.5-A pore structure in lipid bilayers is assumed to
resemble the bulk aqueous solution.

A unique advantage of this strategy is that the internal diameter of the tubular
ensemble can be adjusted by simply varying the ring size of the peptide subunit.
Then a 10-residue, hydrophobic peptide subunit, cyclo[GIn-(D-Leu-Trp),-D-Leu},
was prepared. Upon self-assembling it produces tubular ensembles having a uni-
form 10 A internal diameter, which is large enough to pass glucose. The glucose
transport rate was linearly dependent on the glucose concentration and did not obey
Michaelis—Menten saturation kinetics, suggesting a simple transmembrane chan-
nel-mediated diffusion process. Furthermore, neither gramicidin A having an
internal diameter of approximately 4.5 A, nor cyclo[GIn-(D-Leu-Trp),-D-Leu],
having an internal diameter of approximately 7.5 A, displayed any glucose transport
activity. Therefore the mechanism of size-selective, pore-mediated transport of
glucose was strongly supported.
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Figure 11. (a) The chemical structure of a 24-membered macrocyclic molecule
composed of alternating D- and L-amino acids, cyclo[GIn-(D-Leu-Trp)s-D-Leu] 7. (b) A
self-assembled tubular structure spanned across the bilayer lipid membrane. Flat
ring-shaped units in the antiparallel configuration stack to form a tubular structure
through extensive inter subunit hydrogen bonding and peptide side chain-lipid
interactions.””

3. BIMOLECULAR CHANNELS FROM MACROCYCLE’

3.1. Resorcin[4]arene-Based’®

Observation of several single-channel conductances in supramolecular channels
is ascribed to reflect different aggregation numbers. Then, if a unimolecular
macrocyclic compound defines the channel structure, it may afford only a single
conductance level without any other heterogeneous levels. Such a candidate is
macrocyclic resorcinol tetramer 8, which develops a H-bond network between
adjacent phenolic hydroxyl groups to give rise to abowl-shaped rigid conformation.
All the alkyl chains are known to be in an axial and cis conﬁguration.79 The small
aromatic pore may differentiate alkali metal families, e.g., K* from Na®*. Eight
phenolic hydroxyl groups are partly dissociated even at neutral pH to act as the head
group and long alkyl chains are insertable into the molecule by the choice of the
condensing agent of alkanals. Therefore, resorcinol was condensed with octadeca-
nal under acidic conditions to afford amphiphilic cyclic tetramer 8 in a simple
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one-batch reaction. The octanal was chosen so that the alkyl chain length may fit
the lipid layer of soybean lecithin.

The expected channel shown in Figure 12 is of a bimolecular structure. The rigid
channel mouth may prohibit the consecutive long alkyl chains from assembling
themselves and to prevent lipid molecules from invading the area. The space thus
provided may accommodate water molecules to make the domain sufficiently
hydrophilic to pass ions. Such a domain would recognize its counterpart located in
another lipid layer to make a tail-to-tail dimer of 8, i.e. a symmetric transmembrane
channel, as in the case of Gramicidin A dimer."

A premixture of 8 and soybean lecithin gave stable single channel currents with
well-defined transitions between open and closed states with the 0.1-1s time scale.
The conductance level detected was 6.1 + 0.5 pS at 0.5 M KCl solution. At various
transmembrane voltages with different molar ratios of 8-to-lipid in the range 1/200
~ 1/3000, an identical conductance level was always observed. This observation is
therefore compatible with the original idea that monomeric 8 itself defines a pore
mouth with a specified diameter in the single lipid layer. It gave a cation/anion

Figure 12. (a) Macrocyclic resorcinol tetramer 8 has a rigid bowl shaped conforma-
tion with the long alkyl tails in an all-axial and all-cis configuration. (b) Model of K*
flow in a hypothetical bimolecular ion channel composed of tail-tail dimer of 8. The
ion passes through the inner pore of macrocyclic resorcinol unit which acts as a
selectivity filter and then to the area formed by the loose assembly of long alkyls. 78
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permeability ratio (Py+/P,-) of 20. Furthermore, the channel discriminated K* over
Na* with a permeability ratio (Py+/Py,-) of ca. 3. In contrast, Rb* blocked the K*
current: the biionic solution containing Rb* [(50 mM KCI + 450 mM RbCl)/(450
mM KCI + 50 mM RbCl), or vice versa] provided little stable channel current in
20 independent experiments. Once the biionic solution switched to symmetric 500
mM KCI solutions, however, K* currents appeared immediately. The blocking
behavior finally excludes the formation of aggregated channel from 8. With such a
significant selectivity, this channel is regarded as an artificial bimolecular K*
channel.

Ton selectivity is determined primarily by the narrowest region of the channel
pore, termed the “selectivity filter”. The relation between the electric field strength
of the selectivity filter and the dehydration energy of the permeating ion determines
the extent of dehydration; the resulting ion with the corresponding hydration states
is then discriminated by molecular sieving. The narrowest ion-conducting pore
comprises four resorcinol rings and provides only a weak electric field which allows
full dehydration of K* fully but fails to produce naked Na'. The size of this
selectivity filter resembles that of the pore of p-rert-butyl-calix[4]arenetetraamide,
which permits K* (r=1.33 A)butnot Cs* (r=1.69 A)to pass through, on the basis
of molecular dynamics simulation.®® The rigid macrocyclic cage seems to be just
enough to pass K* and even blocked by Rb* (r = 1.47 A). The negative n-cloud on
the aromatic face, although weak in producing the electric field, should contribute
to lower the potential barrier for passing K* through attractive cation—m interactions.
A stabilizing interaction between K* and n-electrons on the face of aromatic rings
has been proposed to interpret the selectivity of K* channels.®!~# It is interesting
to note also that the selectivity filter of K* channel has been suggested to comprise
four tyrosine residues by recent point mutation studies.®>*¢ Therefore, all of the
information from natural K* channels seems to support the appropriateness of the
molecular design of the K*-selective artificial channel.

3.2. Cyclodextrin-Based

The very first trial for obtaining artificial channels was reported early in 1982 by
Tabushi who synthesized A,B,D,F-tetra-6-n-butyrylaminohexylsulfenyl)-B-cy-
clodextrin, a B-cyclodextrin substituted at four primary hydroxyl sites out of seven
by long alkyl thioethers having amide functionality for the ion-stabilizing site in
the central membrane.®” The ion channel activity is based on the finding that the
Co?* transport followed second-order kinetics with respect to the concentration of
substituted cyclodextrin in the membrane in a range of 0-55 uM, while Cu**
transport followed first-order kinetics with a lower activity. The second-order rate
for Co?* matches the mechanism of putative transmembrane channel formation by
encountering two components in lipid bilayers. The question is: why do Co?* and
Cu?* ions show different behavior? Further, the transport rates have also been
reported to be sensitive to the types of potential gradients applied across the
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membrane. Unfortunately answers did not appear before Tabushi’s early death in
1987. These answers may now be obtained because closely related compounds are
being actively investigated as ion channels.

Once the concept of a bimolecular half-channel is established, many macrocyclic
compounds can be utilized as a unit for constructing artificial ion channels. It may
be useful for a basic structural unit, a channel mouth part, a receptor site, or many
other functional units of channels depending on their own molecular design. Among
various candidates, cyclodextrin may be interesting from several points of view. It
provides in aqueous media a rigid hydrophobic inner space, where guest molecuies
are included. Regioselective reactions on primary and secondary hydroxyls have
been scrutinized extensively and selective introductions of desired functional
groups at the desirable positions are now even possible.

Therefore, the authors have synthesized heptakis(carboxymethyl)-substituted
a-cyclodextrin which was combined with hydrophobic ammonium to afford 9
(Figure 13), whereby the number of carboxylate~ammonium ion pairs was regu-
lated to six. This compound was incorporated into BLM and subjected to single-
channel current measurements. The current—voltage plot gave a single straight line
to afford a conductance level of 7.7 pS under several different experimental
conditions. Then the modified cyclodextrin successfully controlled the ion channel
structure and therefore the conductance.

Cyclodextrin-substituted molecular channel approaches have now been extended
to include acyl substituents through a covalent bond formation. Stearoyl and methyl
cholate-substituted cyclodextrins 10 and 11, respectively, have been synthesized. It
may be worthwhile commenting on the molecular design of methyl cholate-substi-
tuted a-cyclodextrin. All of the ether groupings are convergent at the inner side of
the steroidal backbone of a bent structure to make the molecule amphiphilic. Once
the cyclodextrin derivative is incorporated into the membrane phase, it may easily
be expected that the ether parts are assembled inside the channel in the sea of
hydrophobic lipid molecules and the hydrophobic steroidal skeletons cover its
outside to stabilize the inner hydrophilic pore (Figure 13).

Two covalent channel models 10 and 11 also afforded single conductances of 7.5
and 10.2 pS, respectively. The larger conductance of 11 may be accounted for by
the increased hydrophilicity of the pore wall. Interestingly, the bimolecular ion
channels examined here afforded cation selectivities, Py /P, for 8, 9, 10, and 11
being 20, 29, 14, and 7, respectively. All the helical bundle channels hitherto
reported also showed cation selectivities. Furthermore, macrocyclic channels con-
taining long alky! groups 8,9, and 10 gave large cation selectivity ratios. In contrast,
the cation selectivity of 11 having a hypothetical ether-networked inner wall
decreased and approached the value obtained by oligoether channels 1 (Py/P¢, =
5). The increase of hydrophobicity of the pore wall apparently seems to favor the
cation selectivity. However, it may be too early to draw any conclusive reasons for
these selectivity ratios at present. The pore nature by the combination of macrocy-
clic mouth and hydrophobic long alkyl tails may need further investigation. It may
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Figure 13. a-Cyclodextrin-based bimolecular ion channels. (a) Hexa(car-
boxymethyl)-substituted a-cyclodextrin combined with dioctadecyldimethylam-
monium cation to afford hexa ion pairs 9, hexa(stearoyl)substituted a-cyclodextrin 10,
and hexa(trimethylcholyl)-substituted a-cyclodextrin 11. (b) A hypothetical side view
for the passage of metal ion through a hydrophilic channel wall comprised of ether
network convergently extended from steroidal backbone.

also be a challenging target to synthesize any anion selective channel, which may
really answer the true reason for these selectivities.

4. UNIMOLECULAR CHANNELS

Much interest for ion transport has its origin in the field of crown ether chemistry.
Therefore, most model studies of ion channels have been more or less based on
crown ether chemistries. Pioneering work has been undertaken by Fyles, who not
only synthesized varieties of gigantic molecules starting from crown ethers,5®-%!
but established a method of the rate assay for ion transport across lipid bilayer
membranes, a pH stat technique.?”~%° Vesicles having different inside and outside



Artificial lon Channels 183

pHs were prepared. The addition of a proton carrier FCCP (1,3-dinitrilo-2-
propanone (4-(trifluoromethoxy)phenyl)hydrazone) and the transporter has little
effect on the slow rate of proton efflux due to the gradual collapse of the pH gradient.
Upon addition of metal ion, a trans-membrane cation gradient is established and
starts to collapse rapidly via cation/proton countertransport to maintain the elec-
troneutrality in the vesicle, if the transporter is active. The proton efflux can then
be determined by the addition of a base to maintain the external pH. Efflux rate
eventually slows to the background rate, whereupon addition of Triton X100
provokes complete vesicle lysis and releases any entrapped buffer. Then the rate
constant for the metal ion influx can be estimated from the first-order rate analysis.

According to this method, Fyles analyzed the transport rate of alkali metal cations
for a series of 21 synthetic transporters (Figure 14). The whole molecules were
designed to elucidate the structure—function relationship. They are composed of
three parts: core, wall, and head units. The core units were derived from tartaric
acids so that the wall units may be fixed to provide structural control by incorpo-
rating both the polar and nonpolar functionality (Y and Z in Figure 14). The head
groups (X) are attached to provide an overall amphiphilic nature.

Transport activity was controlled by structural variables; the most active materi-
als had hydrophilic head groups, a balance of hydrophilic and lipophilic groups in
the wall units, and overall length compatible with the bilayer thickness. The relative
activities of the most active synthetic transporters were comparable to valinomycin
but a factor of 2-20-fold less active than gramicidin. Some of the synthetic
transporters showed an interesting cation selectivity among alkali metals. Selectiv-
ity patterns relative to Na* are illustrated in Figure 15. The most active transporter
(G8TrgP), Tet was strongly Na*-selective, while the isomeric (G8TrgP),mTet, the
second active one, was strongly K*-selective with the Na*/K* selectivity ratios
being 3.3 and 0.19, respectively.

The “peak” metal ion selectivity observed in some cases followed the Eisenman
III/TV selectivity sequence typical of many crown ether cation complexes.”® How-
ever, the Na*-selective patterns of (G8TrgP),Tet, (A8,P),Tet, (A8TrgP),Tet, and
possibly (A8TrgP) Hex were not related to any Eisenman selectivity sequences,
indicating that equilibrium ion binding cannot be the rate-limiting process. In some
cases, transport of one cation was inhibited by the addition of another cation. Since
the carrier mechanism is known to give rise to an enhancement rather than inhibition
of the transport rate, the observation of significant inhibition may indicate the
channel mechanism. These data along with zero-th order transport kinetics have
been proposed as criteria to recognize the channel-like transporter. According to
these criteria, transporters were classified into channel and carrier types, which
were marked by circle and square, respectively in Figure 15. Probable carriers were
found among the derivatives of the Di core unit, while channel-like transporters
were derivatives of the Tet and Hex core units. The wall units 8,, 8Trg, and 5, seem
to be suitable for either mode of action, but a balance of lipophilic character is
essential for active materials. The case of the isomers Tet and mTet is particularly
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Figure 14. A general view of the designed transporter, which is composed of three units. 91 The “core” unit lying near the bilayer
mia-gtane with “wall” units radiating from it. The core unit provides a rigid framework to direct the wall units to the face of the bilayer.
The wall units are stiff to provide structural contro!, and incorporate both the polar and nonpolar functionality (Y, Z) required for a
channel. The structure is completed with hydrophilic “head” groups (X) to provide overall amphiphilic character and to assist in the
transmembrane orientation of the molecule.
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6

Selectivity ( rate M* / rate Na*)

Li* Na* K* Rb* Cs*

Figure 15. Selectivity of transport rate of alkali metal cations relative to Na* by active
transporters: (G8TrgP)4mTet (m), (G8TrgP)6Hex(a), (G82P)2Di (0), (A82P)4Tet (@),
(G8Trg)4Tet (»).”

instructive. The marked conformational preference for an anti relationship between
the carboxylate groups, if translated to the transporter molecule as a whole, would
give columnar structures similar to those depicted in Figure 15 for Tet derivatives,
but would give Y-shaped structures for derivatives of mTet. The marked differences
between the isomeric transporters (G8TrgP),Tet and (G8TrgP),mTet must be
related to the basic conformational differences, implying a very strong structural
control.

Nolte introduced stacked arrays of benzo-18-crown-6 by using rigid helices of
isocyanide polymer (R—-N=C<)n. Since the polymer has four repeating units per
helical turn,”’~*® four crown ether rings run parallel to the polymer helix axis
(Figure 16). The compound 12 was incorporated into dihexadecyl phosphate
4-(2-pyridylazo)resorcinol monosodium salt (DHP) vesicles and the permeability
of Co?* ion was monitored by the absorption change of entrapped PAR at ~400 nm
or the increase in absorption of the Co?*~PAR complex at 510 nm. Channel
compound 12 was found to have a pronounced effect on the ion permeability of the
DHP vesicle bilayer. The Arrhenius activation energy (E, = 24 kJ mol™') was
comparable to that found for ion channel antibiotics Gramicidin A (E, = 20.5-22.5
kJ mol™!),'® which is significantly lower than those for a carrier transport mecha-
nism (E, = 90-120 kJ mol~").'%! The electroneutrality in the vesicles seems to be
maintained by a countertransport of protons, as monitored by the shiftinA_, value
of entrapped, uncomplexed PAR.

Gokel prepared a series of novel bis- and tris(macrocyclic) compounds, which
have been designed as models for cation-conducting channels that function in
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Figure 16. lsocyanide polymer (R-N=C<), containing benzo-18-crown-6
sidechains 12. Rigid helices with four repeating units per helical turn arrange the
crown ether rings on top of each other and four channel structures are formed.’

phospholipid bilayer vesicle membranes.!%2~'% His basic design has a central cation
relay unit which was connected by several spacer units to two distal crown ethers,
which may anchor as head groups to the whole molecule in an extended conforma-
tion and function as a cation entry point. Therefore molecules of the general
structure “sidearm-crown-spacer-crown-spacer-crown-sidearm” 13 equipped with
or without (for control) the above requisites have been prepared to assess the
structure—activity relationship (Figure 17).

The ionophores have been incorporated into the vesicle membranes and cation
flux was assessed either by monitoring the fluorescence of pyranine dye encapsu-
lated within vesicles for estimating the proton transport rate or by analyzing the
line shape of Na nucleus by NMR spectroscopy to evaluate the flux rate of
Na*.'%-11% The flux data of ionophores were expressed by percent activity relative
to the rate with gramicidin as 39, 28, 28, 25, and 14 for 13g, 13a, 13h, 13e, and 13f,
respectively. Others showed significantly less or no activity. It may be remarkable
that synthetic ionophores showed cation conduction of as much as 40% of the
activity of gramicidin. All of five active ionophores have a general structure—
diazacrown-C,, spacer-central unit-C,, spacer-diazacrown—that can span the
membrane. The central macroring enhances the flux a little bit compared to an
open-chain analogue (cf. 13a, 13e, with 13f), but the ionophore does not require a
tunnel-like conformation in order to function. Introduction of hydrophilic spaces
(13b, 13¢, and 13d) cancel the activity. The distal crowns are important as anchors
once protonated, since the deletion of one of the N-atoms (cf. 13h with 13i) loses
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the activity. Steroidal units as spacers seem to “close” the channel or at least
dramatically impede the cation transport. It is suggested that two or more molecules
are assembled in the membrane phase.

Voyer employed a rigid peptide helix for the columnar stacking of benzo-type
crown ethers.!!""!'2 Therefore, six 21-crown-7 units were introduced in 14 via
attachment to L-phenylalanine into a 21 amino acid peptide composed of 15
L-leucines and six L-phenylalanine, whose incorporation position was chosen at 2,
3, 8, 13, 16, and 20 of the sequence (Figure 18). Since these amino acids have a
high tendency to form the a-helix conformation, the crown ethers are expected to
be all located on the same side of the helix and form a transmembrane channel for
ions. Circular dichroism studies of 14 and similarly designed tubular hexacrown
peptides''! in trifluoroethanol demonstrated that these peptides adopt a stable
a-helix conformation, which suggests that the ligand side chains are positioned on
the same side of the helix. The ion transport ability was monitored through a pH
stat technique.''? Upon addition of a transporter to the outer aqueous solution of
unilamellar vesicle containing H* carrier under a Cs* concentration gradient as well
as a pH gradient, a rapid release of H* has been observed. No H* release was
observed before the addition of the transporter and the rapid increase on the addition
of the transporter results from the neutralization of Cs* influx by the efflux of H*
to maintain the electroneutrality of the vesicle inside. The release rate of protons
was rapid and comparable to gramicidin A, although the monomeric crown ether
and the heptapeptide, too short to span the membrane, behaved as typical carriers
by slowly and constantly transporting Cs* at a similar rate. The transport rates of
Li*, Na*, K*, and Rb* were similar to that of Cs".

Fuhrhop tackled artificial ion channels in his own unique way and introduced a
modified monensin 15 by the attachment of monopyromellitic ester at the hydroxy!
terminus to prohibit the formation of cyclic conformation, which is well known to
be an active form for complexing with alkali metal ions, and to induce a stretched
conformation.''*!'* When this amphiphile was co-sonicated with an a.,0-bifunc-
tional amphiphile, a bola-amphiphile 16a, which forms extremely thin (20 A)
monolayered vesicle membrane, no lithium ion was entrapped in the resulting
vesicles (Figure 19). Without the addition or with a small incorporation of 15,
bola-amphiphile vesicles entrapped lithium ion within the inner aqueous volume.
When dipalmitoylphosphatidyl-choline bilayer membrane vesicles were em-
ployed, no leakage of lithium occurred. Therefore, the lithium ion must be released
across the thin monolayer membrane of bola-amphiphile probably through an ion
channel assembly. Then the channel forming unit 15 was co-sonicated with an
uncharged membrane component 16b. Lithium permeable membranes were ob-
tained only at relatively high concentrations of 15 in the neutral membrane. Under
such a condition, the pore from the negatively charged channel forming unit 16b
was sealed by the use of positively charged bola-amphiphiles 17. The channel
blocking experiment is critical for proving the ion channel. Unfortunately in this
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Figure 18. (a) Transmembrane channel molecule 14 with 21 amino acid peptide
composed of 15 L-leucines and 6 21-crown-7-L-phenylalanine. (b} Axial projection of
the helix. (c) Side view of the channel structure.''?

case, however, the rate process of leakage itself has not been traced in the whole
experiment.

“Bouquet” molecules, grafting poly(oxyethylene) or polymethylene chains bear-
ing charged endgroups onto a cyclodextrin- or 18-crown-6 core were Lehn’s
approach to artificial ion channels.''>~!'® Alkali metal ions in the aqueous solution
inside and outside the liposomes were differentiated by adding a shift reagent (Dy*")
to the external aqueous solution and two resonance signals—shifted (external) and
unshifted (internal)—were directly observed under the opposing gradients of Na*
and Li* ion concentrations across the membrane. This system allowed determina-
tions of both influx of Na* ions into liposomes and efflux of Li* ions by monitoring
»Na and "Li nuclei simultaneously. Observed were almost identical values, which
established the mechanism of Na*—Li* one-for-one antiport transport.

A carrier mechanism was excluded for these molecules when ion-transport
activity was undiminished in membranes in the gel state. The transport rates
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Figure 19. (A) Monensin modified channel forming unit 15, negatively charged
o, w-bifunctional amphiphile 16a and neutral one 16b, capable of forming monolay-
ered membrane and positively charged bolaamphiphiles 17 as a sealing agent of the
channel. (B) Model of channel formation by 15 in the monolayered membrane
composed of 16 and the proposed blocking mode by 17.113

themselves were rather low and structural variations of cyclodextrin 18 and crown
ether 19 showed only a slight difference. Furthermore, bouguet molecules with
simple polymethylene chains (b) transport about as efficiently as those with
poly(oxyethylene) chains (a) (Figure 20). These rather unexpected results and a
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Figure 20. Bouquet molecules having a macrocyclic 18-crown-6-ether annulus 18
and a cyclodextrin annulus 19. Figure shows poly(oxyethylene) side chains (a).
Analogous compounds with polymethylene side chains (b) were also prepared.''®

possibility that highly hydrated Li* ion is difficult to be transferred and determines
the overall rate of transport will be explained soon.

5. GATING

Since ion channels can afford large ionic fluxes across the membrane, they should
have been equipped with their own gating systems. Otherwise the concentration
gradient will vanish immediately to result in death of the cell. More significantly,
gating is a sophisticated tool to control the ionic flux and hence the biological
functions. Voltage gating is a key mechanism to convey the electrical signals along
the nerve axon. The variation of local membrane potential generated by the channel
action itself becomes its own sensory device to allow the firing of an electrical
signal. Ligand gating, another mechanism, is the way that an electrical or ionic



Artificial lon Channels 195

signal transduction system is once subjected to the chemical (hormonal) control,
through which the biological functions are modulated in a variety of chemical
modes. Mechanoreceptors are another important class of quick and direct sensory
devices. Along with additional artificial gating systems, the mimic of gating is a
fascinating target for obtaining a molecular ionics device.

5.1. Voltage-Dependent Channels''®

In a series of double amphiphilic lipid ion pairs, the authors combined a
phosphate ester of oligo(butylene glycol) 2b with hydrophobic dioctadecyl-di-
methylammonium cation 2e to make an ion pair 20 (Figure 21). The difference from
the carboxylate—ammonium ion pair 1 is clear so that the phosphate group is
dissociated into the form having ca. 1.5 anionic charges at pH 7.2. Therefore, the
ion pair formed with equimolar ammonium compound does not neutralize the
charge and leaves extra anionic charges in the membrane phase.

When this amphiphile was incorporated into planar bilayer membrane, interest-
ing current behavior was observed: the open—closed probabilities varied with the
applied voltage. A typical record of the channel current is shown in Figure 22. At
50 mV, the channel is almost closed with only occasional opening. At 70 to 85 mV,
the open frequency increases and its duration becomes significantly longer. At 100

HiC, S~ SN NSNS 1e
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Figure 21. lon pair 20 prepared from oligoether phosphate 1c with hydrophobic
ammonium 1Te (Figure 7). Supramolecular assemblage in the membrane phase may
incorporate excess anionic charges at the pH range employed.
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Figure 22. Typical records of ionic currents at several voltages under symmetric 0.5
M KCI bath solutions at pH 7.2."'% Currents increase upward from the zero level,
shown by the dotted line in each panel.

mV, the channel resides almost completely in the open state with only transient
closings. The histogram analysis of this record shows a clear voltage dependence
of both the open and closed times, shifting to the open state at higher voltages
(which will be defined as a positive voltage dependence). Throughout the range of
applied voltage, the conductance was approximately constant at 126 pS for this run.
Therefore, this artificial channel mimics the way that natural ion channels control
the total current, i.e. by both the probability of being open as well as the amplitude
of the current.

Several sets of ionic currents were recorded at various voltages using the same
molecule under the same experimental conditions. As is usual for supramolecular
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channels, various conductance levels were observed, aithough that level remained
constant during the voltage series. In Figure 23, open probabilities are plotted as a
function of applied voltage for several runs. Here, interestingly, positive, negative,
and zero (not shown) voltage dependencies were clearly observable. The occurrence
of either of these three dependencies was apparently random and independent of
the conductance levels. Furthermore, the midpoint voltage, which is defined by the
voltage at which the channels are 50% open, seems to be independent of both the
magnitude of the conductance and the polarity of the voltage dependence.

It should be noted that such a voltage dependence has never been observed when
an electrically neutral ion pair 1 was employed. The net negative charges of the ion
pair are therefore responsible for the voltage dependence of 20. A similar voltage
dependence was observed when oligoether ammonium 2d (see Figure 7) was
combined with monoalkylphosphate 2g, but not with dialkylphosphate 2f. Here
again the unbalanced electrical charge for the inverse set of the head groups seems
to be the origin of the voltage dependence.

Based on the supramolecular ion channel model of 1, the combined observations
suggest a mechanism for the voltage dependence as schematically shown in Figure
24: Amphiphilic molecules are assembled to construct a half-channel in each
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Figure 23. Plot of open probabilities against applied voltages. The numbers in the
figure are the respective single channel conductances obtained from the linear
current-voltage dependence for each run. The currents shown in Figure 22 had
conductance of 126 pS and gave a positive voltage dependence, shifting to open the
state at higher voltages."’®
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Figure 24. A plausible mechanism for the formation of voltage-dependent ion
channels. Trapezoidal cylinders symbolize the transmembrane ion channel composed
of assembles of uneven (cases a and b) or even (case ¢) aggregation number of the net
negative ion pair 2, which is symbolized by -, at both surfaces of the membrane.'"®

membrane layer. This process occurring in one of the membrane layers should be
independent of the one occurring in the other layer. When two supramolecular
half-channels thus formed are interconnected, the assembly numbers in two layers
are generally different from each other unless strong interactions are operating and
the resulting trans-membrane channel may possess a net dipole vector across the
membrane. When the case a channel is stabilized by e.g. a positive external voltage
and destabilized by a negative one, a positive voltage dependence may result. The
case b channel having the opposite dipole vector should then give a negative voltage
dependence. Since no asymmetry exists across the membrane and we are observing
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asingle molecule of ion channel formed in the membrane in each run, the formation
of case a and b channels must be of statistically equal probability and we observe
positive and negative voltage dependencies in an equal frequency. When the
assembly numbers in both layers happens to be identical (case c), no voltage
dependence should be observed. These were our exact observations in the above
experiment.

Although these explanations still await further experimental proof, it was clearly
demonstrated that the simple incorporation of charges induced a voltage control
which exactly mimicked the way of current control in the biological system. It may
be interesting to discuss the way of flux control in a more general viewpoint. Here
the flux control was accomplished by the variation of open—closed times, while
keeping the conductance constant. There may be allowed an alternative mechanism,
i.e., a variation of resistance or conductance, which seems simpler and is adopted
for electronic devices in our artificial world. In the chemical devices such as
employed in the biological system, however, modulation of conductance may need
structural variation of the ion channel, e.g. cross section, length, or nature of the
pore wall of ion channel, which may not be easily compared to the conformational
movement. The exact controlling factor of such movement could not be clearly
demonstrated at present, and further investigation will elucidate the molecular
mechanism. Voltage gating is also reported for helix bundle ion channels,*>**3* as
well as for modified gramicidin A’s.% Gating events in natural ion channels are
identified in molecular level and demonstrated visually in recent reports.'zo"z'

5.2. Photochemical Gate'??

In view of the easy handling and a high signal-to-noise ratio, light may be an
interesting energy source for controlling the ionic flux. Therefore, even apart from
mimicking biological systems, photosensitive gating may be an interesting target
for implanting in artificial channels. Based on the doubly amphiphilic lipid ion pairs
in Section 2.1, azo functionality as a photoresponsive unit to undergo structural
transformation on light irradiation was introduced into a hydrophobic ammonium
to cover the central pore of the supramolecular assembly of the oligoether unit.
Therefore, a hydrophobic ammonium cation containing azo functionality in one of
the two long alkyl chains was combined with glycolate ester of oligo(butylene
1,4-glycol) to afford the ion pair 21 (see Figure 26).

When trans-21 was incorporated into planar lipid bilayers, characteristic single
channel currents, i.€., a single stable current level with open—close transitions, were
observed. The histogram analysis clearly indicates the presence of only one current
level. Similar channel currents were obtained at several different membrane volt-
ages and their current—voltage plot gave an ohmic relationship to give one conduc-
tance. Several runs by using the same compound gave different conductances, as is
normal for any supramolecular ion channels. Histogram analysis of conductances
is shown in Figure 25. Several conductances ranging from 2 pS to 12 pS were
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Figure 25. Histogram analysis of conductances obtained for total 9095 s observations
by the combination of trans-azo-ammonium and oligoether carboxylate ion pair 21.

recorded. Among these several channels, 2.5 and 5 pS channels show a relatively
high frequency of total observations for 9000 s.

The permeability selectivity ratio for P-/Pg- ion was estimated to be 5 for the
channel of 5 pS. The selectivity again favors cation and the ratio resembles the value
obtained by supramolecular oligoether channels. Open and closed transitions were
relatively slow and the time distributions were 300 ms and 400 ms, respectively.
Therefore, the ion pair, trans-21, can be concluded to show typical characteristics
of the single-ion channel in all respects.

trans-21 was then irradiated by the light at 367 nm and the azo functionality was
confirmed to be isomerized to the cis. This ion pair was subjected to the single-
channel current measurements under dark with repeated incorporation into bilayer
lipid membranes. No stable channel currents were detected, although unstable drift
of the base line was frequently observed showing probable leaky currents across
the bilayer membrane. All of the measurements were performed within 2 hours in
order to avoid the cis- to -trans isomerization. When cis-21 was isomerized back
to the rrans by irradiating light at 450 nm or by standing a longer time, again
single-channel currents regenerated.
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These observations suggest that the trans-azo ammonium can stabilize the
supramolecular channel structure, which is formed by assembling relatively hydro-
philic oligoether units based on the molecular recognition in the membrane phase.
Compared to the extended molecular form of the trans-azo compound, which is
appropriate for covering the hydrophilic component from the outside, the cis
compound with a bulky structure cannot stabilize the structure and hence prohibits
the assembly formation because it requires a large void structure in the membrane.
Therefore, only leaky currents are observable (Figure 26).

The present observation shows a contrast to the previously known photochemical
control of currents or other physical constants by using membrane, where cis- and
trans-azo compounds have been claimed as a photo-switch.'?~'?7 In these experi-
ments, the incorporation ratio of the azo compound to lipid has been relatively high,
being, e.g., ranging from 10% to even 100%, i.e. pure azo membrane and cis-azo
compounds usually exhibited larger conductance or capacitance, suggesting that
the observation is based on leak currents or increased disorders in the membrane.
In the present case, however, we are observing single-channel currents, which
certainly exceed the leak current by one or two orders of magnitude (azo). Then the
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Figure 26. Scheme for the control of ionic fluxes by light irradiation. trans-Azo
ammonium, covering the hydrophilic oligoether parts from the outside, can stabilize
the supramolecular ion channel structure, while cis cannot because of its bent
structure. Therefore, trans-azo generates ion channel currents, while for cis only small
leak currents across the membrane.
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on-off signal ratio is expected to be superior than in the case of observing
disordered leak events.

6. TOWARDS NANO MATERIALS

One of the interesting fields of ion-channel studies may be an application for
molecular ionics devices that are small and fast, store information with high density,
and transfer informations through transporting ions with reliable switching between
on and off states. Nanometer-sized structures and molecular materials may be
formed by polymeric material, supramolecular self-organization, or Langmuir—
Blodgett (LB) muitilayers.

As an extension of Ghadiri’s study, a 12-residue cyclic peptide, cyclo[(Gln-D-
Ala-Glu-D-Ala),], afforded self-assembled nanotube materials having a uniform
13-A tailored pore diameter. Specifically sized tubular nanostructures with channel
structures can expect various applications.'2*1%°

Nolte prepared phthalocyanines (Pc) having benzo-18-crown-6 2
Bis(decyloxy)substituted phthalocyanine appears liquid crystalline in a meso-phase
transition at 148°C. The structure of the crystalline phase determined by small angle
X-ray scattering measurements is shown in Figure 27. The Pc cores are stacked
along c-axis in an eclipsed position with inter-Pc distance of 3.4 A, very close to
the van der Waals contact, with a tilt angle of 38°. Crown ether rings are superim-
posed along the c-axis with a separating distance of 4.3 A; in other words, in an ion
channel arrangement. Also in the meso phase, the ion channel structure with a longer
separation distance exists.

Another spectacular property of this compound is a strong tendency to produce
linear self-assembled aggregates of up to 10* molecules as a gel in chloroform
solution. The molecules are most likely stacked in an eclipsed conformation as in
the crystalline phase. Therefore the self-assembled molecules can be regarded as
molecular cables, containing a central electron wire and closely connected four ion
channels by phthalocyanine and crown ether parts, respectively, and a surrounding
insulating hydrocarbon mantle (c). The ion- as well as electron-conducting proper-
ties are interesting.

A cumulative success of artificial ion-channel functions by simple molecules may
disclose a wide gate for the design of ion channels and possible applications to
ionics devices. Incorporation of these channels into bilayer lipid membrane systems
may trigger the developments towards ionics devices. The conventional BLM
system, however, is not very stable, one major drawback for the practical applica-
tions, and some stabilization methods, such as impregnating the material in micro-
porous polycarbonate or polyester filters, are reequired.'27"32‘l37 On the other hand,
the conventional LB technique prohibits rapid photochemical reactions of incorpo-
rated chromophores and many efforts to overcome the problems have been
made, 138-141

2 130,131
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Figure 27. Tetrakis{4’,5'-bis(decoxy)benzo-18-crown-6]phthalocyanine 22131 pro-
posed structure of the crystalline phase {a) view along the normal on the Pc xy-plane
and (b) view along the molecular x-axis. (c) Multiwired molecular cable self-assem-
bled in chloroform solution.

7. ESTIMATION METHODS

Before concluding this review, it is appropriate to comment on estimation methods
of artificial ion channels. As described in each experimental method, both planar
and liposomal membranes could be used for detecting the ion transport via the
channel mechanism. For estimating the ion transport rate across the liposomal
membrane, a variety of methodologies have been employed. These may be sum-
marized as follows:

1. pH star. Driven by the influx of metal ions, protons are ejected to outside the
liposorne and the base is titrated to maintain the pH. The rate can be estimated
from the amount of the base added.

2. Chromophoric change. UV/vis- or fluorescent-active and water-soluble
chromophores such as pyranine and carboxyfluorescein are encapsulated in
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the liposome. Chromophoric changes on metal complexation can be em-
ployed for the rate analysis. Since alkali metals are generally inert to the
chromophoric change, proton countertransport is detected except in the case
that Ca®* is detected directly by specific chromophores such as Fura 2.
Otherwise, transition metals with strong chromophoric interaction are em-
ployed.

3. NMR techniqgue. NMR-active metal ions entrapped in the liposome can be
differentiated from those outside by the addition of shift reagents such as
Dy(HI) or Gd(III) to the external phase. Then metal concentrations inside
and outside the liposome can be determined directly. This is attractive for
’Li*, **Na*, and *K* ions because of high sensitivities and natural abun-
dances. The direct determination of the metal ion concentrations are attrac-
tive but limited only for slow kinetics. When the rate becomes faster, line
shape analysis or magnetization-inversion transfer techniques are employed.
The latter method has been successfully applied to gramicidin channels,'**~*
but not to artificial ion channels.

The rates obtained by these methods vary in a wide range. These values may
represent true transport rates independent of the evaluation methods. Different
experimental conditions sometimes hamper the strict comparisons of data. These
points must be overcome for further development of this field.

Discrimination of the channel mechanism from the carrier is very critical and a
variety of criteria are proposed from research groups. The following criteria have
been employed:

1. Comparison of rates in the gel and liquid state of the membrane. In the case
of channel mechanism, ions can pass through a structured pathway which is
more or less similar to the bulk aqueous phase, while carriers encapsulate
ions and transfer in the membrane. Therefore, the former is insensitive to
gel-liquid phase transition of the membrane, while the gel state inhibits the
carrier transport.

2. Satisfaction of kinetic order. Carriers follow Michaelis—Menten-type satu-
ration kinetics or first-order kinetics. lon channels follow the type of respec-
tive structure—unimolecular transmembrane channels and bimolecular
half-channels follow first- and second-order kinetics, respectively. The ki-
netic order of supramolecular channels depends on the assembly number.
However, this principle can be applied only when the association constants
are small. If the association becomes strong, the kinetic order decreases down
to zero. Then the validity becomes dubious in view of the absolute criterion
of the mechanism. Decreased activation energy compared to the carrier
transport mechanism and competitive inhibition by added other cations stand
as criteria.
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3. Observation of single-channel current. This may provide the most convinc-
ing evidence when full characterization of basic properties is provided.
Observation of unstable, leak currents must be eliminated. Blocking agents
provide a certain basis for assuming the presence of a channel pore in the
membrane. Although the only observation of single-channel currents is not
enough to prove the channel mechanism, it is indispensable for charac-
terizing basic features of ion channels. Liposomal measurements are impor-
tant for analyzing total efficiency of the ionic flow across the bilayer
membrane, but certainly lack in information on data accumulated for natural
and antibiotic ion channels as well as helical bundles through single-channel
measurements and better be combined with the this method.

8. CONCLUDING REMARKS

Extensive work on natural ion channels has been undertaken in order to elucidate
detailed mechanisms, and key amino acid sequences in core parts have been
identified in many cases now, especially through point mutation experiments.
However, itis still not known with certainty in most cases (1) what functional groups
serve as cation relays, (2) how large ionic fluxes with large discrimination factors
are possible, (3) what are molecular recognition sites comprised of, (4) what
conformational motions determine the time scale of on—off fluctuation, (5) what
molecular movements on receiving a gating signal open and close the gate, and (6)
how the transmembrane segments self-assemble or aggregate to form the ion-
transducing pathway. Artificial channel-forming systems, being of simple structure
and amenable to structural modification, are expected to shed light on these points
and also to afford applications of biomimetic materials.

Along these lines, supramolecular, bimolecular, as well as unimolecular ap-
proaches successfully mimicked the function of natural ion channels by using
completely artificial and very simple molecules. Ion fluxes satisfied several criteria
that these molecules form ion channels embedded in the bilayer lipid membrane.
Non-peptidic artificial ion channels as well as helical bundles are now in our hands
and it is likely that many more will soon emerge. The biological importance of these
molecules may attract interest from many diverse branches of science—neurobiol-
ogy, clinical medicine, biophysics, membrane technology, materials science, and
others.

The studies presented here along with helical bundle approaches provide a
vehicle for exploring in detail the structure—function relationships of ion channels
through the synthesis of artificial molecules with simple and controllable structural
features. The control of electric fields at the ion-selective filter may elucidate the
molecular mechanism of K*/Na* and Na*/Ca?* selectivities. Variation of the critical
pore size by synthetic elaboration may give direct clues on the magnitude of
conductance and discrimination of metal ions. Further studies on voltage depend-
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ence, rectification, specific channel blockers, and anion-selective channels coupled
with electron transport are considered to be immediate targets for research. A
fascinating challenge also includes the control of gating by sensory receptors
coupled to completely artificial channels. These possibilities are expected to expand
the interesting areas of bioorganic, bioinorganic, as well as supramolecular chem-
istries and lead to the development of an intelligent multisensing device of nanome-
ter scale as a possible application to real hardware in the future.
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1. INTRODUCTION: MOLECULAR RECOGNITION AT
MEMBRANE SURFACES

Molecular recognition based on the formation of host—guest complexes is a
fundamental chemical process controlling a number of significant biological reac-
tions. In many cases, 1:1 inclusion complexes are formed between macromolecular
hosts such as enzymes, antibodies, carriers, channels, or receptors and their specific
guests such as substrates, antigens, metal ions, drugs, hormones, or neurotransmit-
ters. The highly organized structures of these host—guest complexes lead to the high
efficiencies and selectivities of the biological reactions mediated by these hosts. '~
Host—guest complexation in biological systems occurs not only in homogeneous
solutions but also at membranes, leading to various supramolecular functions as
schematically depicted in Figure 1.

Efforts to mimic molecular recognition processes in biological systems by the
use of artificial organic hosts with much simpler structures have been extensively
studied in these several decades as “host—guest chemistry”.® This field, together
with some other related fields, has recently begun evolving into *“supramolecular
chemistry”,*"'% which involves every aspect of sophisticated functions based on
molecular assemblies. Its applications cover not only control of organic reactions
and development of new materials but also the analytical fields concerning separa-
tion and sensing of target chemical substances.

Of the biological functions depicted in Figure 1, transduction of electrochemical
signals as well as active transport of chemical substances across membranes is
interesting as a principle for chemical sensing. In this chapter, our recent efforts
toward the development of new types of sensing membranes based on the supra-
molecular functions of biomimetic and biological systems will be described. The
major chemical principles exploited for these sensing membranes are (1) guest-in-
duced changes in membrane potential, (2) guest-induced changes in membrane
permeability, and (3) active transport of guests. In addition to these principles,
guest-induced optical changes, i.e., changes in UV absorption, second harmonic
generation (SHG), and surface plasmon resonance (SPR) have also been examined.
The observation of optical SHG helps to understand the surface phenomena related
to guest-induced changes in membrane potential.
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Host-Guest Recognition in Homogeneous Solutions
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Host-Guest Recognition at Membrane Surfaces
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Figure 1. Schematic representations of significant biological functions displayed by
host—guest complexation in homogeneous solutions or at membrane surfaces. (a)
Separation (e.g., antibody-antigen complex formation). (b) Transformation (e.g., en-
zymatic reaction). (¢) Translocation (e.g., carrier- or channel-mediated transport). (d)
Transduction (e.g., receptor-mediated transmembrane signaling).

2. CHEMICAL SENSING BASED ON SUPRAMOLECULAR
FUNCTIONS OF BIOMIMETIC SYSTEMS

2.1, Chemical Sensing by Biomimetic Systems

Recent advances in the chemistry of molecular recognition to mimic bioreceptor
functions by synthetic host molecules have stimulated a number of research groups
to develop novel types of sensing membranes containing synthetic hosts as sensory
elements. Of the sensing principles described above, guest-induced potential
changes, and more recently optical changes, have been most widely exploited for
chemical sensing by biomimetic systems, as evidenced by extensive application of
ion-selective electrodes (ISEs)!'~' as well as optodes16 in clinical, process, or
environmental analyses. In particular, many successful applications of acyclic
ligands, crown ethers, and more recently calixarene derivatives for sensing of alkali
or alkaline earth metal cations have been made with liquid-membrane-type
ISEs.'2!31516 1 these types of systems, hydrophobic derivatives of appropriate host
molecules are dissolved in a liquid membrane supported by a polymer matrix
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Figure 2. Experimental system for the measurement of membrane potential by a PVC
matrix liquid-membrane-type electrode (reprinted with permission from Yakugaku
Zasshi 1995, 115, 432. Copyright 1995 The Pharmaceutical Society of Japan).

(solvent polymeric membrane) (Figure 2). The polymer most frequently used for
this purpose is polyvinyl chloride (PVC). A guest-induced, selective change in
membrane potential, i.e., a potentiometric response, occurs as a result of host-guest
complexation at the membrane surface, leading to an increase or decrease in the
extent of charge separation across the organic/aqueous interface in response to the
concentration of the guest (analyte) in the aqueous sample solution (Figure 3).17-20

In contrast to the potentiometric sensing of inorganic cations, there is still only
a limited number of selective membranes for inorganic anions or organic guests
because of the difficulties in developing hosts that are capable of discriminating the
structural differences of these guests in the membrane/aqueous phase boundary. To
establish the basic principles for potentiometric discrimination of these kinds of
guests, studies aiming at the recognition of both polar and nonpolar structures of
guests at membrane surfaces are necessary. From this viewpoint, we have developed
some new types of PVC matrix liquid membranes that are capable of potentiomet-
rically discriminating organic guests according to the differences in their polar or
nonpolar structures.'* Potentiometric discrimination of inorganic anions such as
chloride, sulfate, or anionic metal-cyano complexes was also examined. In these
membranes, the supramolecular functionalities of macrocyclic polyamines and
related compounds,?'~? nucleobase derivatives, and other hydrogen-bonding re-
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(b)

Figure 3. Schematic representations of models based on charge separation for
membrane potential changes induced by host-guest complexation at liquid mem-
brane surfaces. (a) Membrane potential change induced by a cationic guest. (b)
Membrane potential change induced by an anionic guest (reproduced with permission
of Elsevier Science Ltd. from Comprehensive Supramolecular Chemistry, 1996, Vol.
2,p.176).

ceptors,25‘29 as well as hosts with inclusion cavities (derivatives of calix[6]arene,
cyclodextrin, and cyclophane),***! were exploited to obtain guest-selective changes
in membrane potential.

In contrast to chemical sensing based on membrane potential changes, there are
still only a limited number of investigations on chemical sensing based on guest-
induced changes in membrane permeability, or based on active transport of target
guests. An increase or decrease in membrane permeability as a result of selective
host—guest complexation leads to rapid flux of a large amount of ions. Active
transport across a membrane can be used to concentrate target guests. Both of these
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modes provide a promising principle for chemical sensing with marked amplifica-
tion, as displayed by biological ion channel proteins and active transport systems.

Aiming at the development of a novel class of signal-amplifying sensors that may
be designated as “ion channel sensors”,*?>~3® guest-induced permeability control
was studied for oriented multi- or monolayers composed of natural or synthetic host
molecules (valinomycin,*** macrocyclic polyamine,** cyclodextrin,***
calixarene,*® nucleobase derivative’”). Host-guest complexation by these mole-
cules induced changes in the permeability through intermolecular voids between
the membrane components (Figure 4a) and in some cases through intramolecular
channels of the membrane hosts (Figure 4b). Membrane permeabilities were
evaluated by cyclic voltammetry using appropriate electroactive markers.

The following sections focus on our recent studies on chemical sensing based on
biomimetic supramolecular functions at membrane surfaces involving multiple
hydrogen bonding (Section 2.2) and cavity inclusion (Section 2.3). Mechanistic
studies on potentiometric responses of liquid membranes, employing surface
specific techniques, i.e., FTIR (attenuated total reflection mode) and optical second
harmonic generation (SHG),®* will also be described (Section 2.4). Direct
observation of charge separation across the interface of membrane and aqueous
solution was made by the SHG technique.

Electrode -

ywwww'

Electrode

rmy
LA

1 \VAN \VA N

Figure 4. Schematic representations of possible modes of controlling permeability
through an oriented membrane by host-guest complexation. (a) Control of permeabil-
ity through intermolecutar voids. (b) Control of permeability through intramolecular
channels (reprinted with permission from Anal. Chem. 1993, 65, 928. Copyright 1993
American Chemical Society).
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2.2. Chemical Sensing Based on Multiple Hydrogen Bonding
Sensing Based on Interactions with Polar Moieties of Guests

Host—guest complexation at membrane surfaces based on the recognition of polar
moieties of guests is an important principle for chemical sensing of inorganic and
organic guests. For organic guests, such a mode of potentiometric discrimination
has been first demonstrated by a series of studies on anion-selective electrodes using
long alkyl chain derivatives of macrocyclic polyamines as the sensory elements.?'~23%
The macrocyclic polyamines, in their multiply-protonated polycationic forms,
displayed potentiometric discrimination of adenine nucleotides®'** or dicarboxy-
late isomers**2* according to the amount or proximity of negative charges of these
guests. By the comparison of the potentiometric response behaviors of hosts 1-4,
the most important factor for effective potentiometric discrimination of multiply-
charged guests was found to be concentrated positive charges on the host due to
multiprotonation within a restricted cyclic system.* It was also possible to poten-
tiometrically discriminate with related hosts (5, 6) anionic metal-cyano complexes
with planar and octahedral structures.?*

Discrimination of multiply-charged organic guests such as adenine nucleotides
and dicarboxylate isomers was also achieved for guest-induced changes in the
permeability through intermolecular voids in Langmuir-Blodgett-type oriented
membranes, as evaluated by cyclic voltammetry using [Fe(CN)G]“' or other elec-
troactive markers.>** As the membrane components, long alkyl chain derivatives
of macrocyclic polyamines (1, 2) which can discriminate multiply-charged guests
by electrostatic interactions, were used.

Concerning the recognition of polar moieties of guests, multiple hydrogen
bonding such as complementary base pairing is another important and more
sophisticated principle because it involves directed, multipoint interactions. The
first potentiometric discrimination based on complementary hydrogen bonding has
been achieved by PVC matrix liquid membranes containing a host with ditopic
receptor function (7)%® or a mixture of hosts for electrostatic binding and comple-
mentary base pairing (2 or 6 + 8;>27 9 + 10a, 10b, 11a or 122%), which were shown
to be capable of potentiometrically discriminating nucleotides bearing guanine and

R R R R
X X X X
Ee e
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H N ~
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5: X=0 6: X=0
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adenine bases. More recently, complementary hydrogen bonding by bis-thiourea
derivatives®® was shown to be effective for potentiometric discrimination of sulfate
or chloride, as will be described in the next section.

Potentiometric Sensing of Inorganic Anions

Synthetic Anion Receptors. The development of synthetic hosts for anions
has been based mainly on charged or coordination systems such as protonated
polyamines and related hosts, transition metal complexes, or organometallic com-
pounds.*’ Following the first report in 1968 on cryptand-type diamines,* pro-
tonated polyamine-type hosts for inorganic and organic anions were extensively
studied as anion receptors by Lehn®*” and Kimura.*®*? Other types of cationic hosts
such as poly(quaternary ammonium) or polyguanidinium compounds and transi-
tion metal complexes were also reported. Some of these hosts were used for liquid
membrane electrodes, mainly as sensory elements for inorganic anions. Examples
include vitamin B, derivatives, metalloporphyrins, bis(quaternary ammonium) or
diphosphonium salts, and metallopolyamines.'**° With regard to organic anions,
macrocyclic polyamines are examples of sensory elements for ISEs that are capable
of discriminating structural differences of polyanionic organic guests.'*'> How-
ever, only very few examples of sensor applications of neutral hosts that bind anions
primarily by hydrogen bonding, which have recently drawn much attention in
host—guest chemistry,’' have so far been reported. The particular need for sensing
of inorganic phosphate has led us to search for such receptor molecules for
phosphate.
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Table 1. Association Constants (K;;, M™', in DMSO~d,) of Receptors 13-18 with

Various Anions?®%'-63

Anion* Host 13 Host 14 Host 15 Host 16 Host 17 Host 18
H,POj 110 820 4600 1000 55000 195000
CH,CO; 47 470 2300 350 38000

cr 4 9 10 5 840 1000
HSO, 1 2

NO3 <1 <1

C10; NCP Ncb

Notes: *Countercation: C,Hy),N*.
NC = negligible complexation.

Bis-urea and Bis-thiourea Derivatives as Neutral Receptors for Anions.
Recently, several neutral receptors based on a Lewis acid and/or hydrogen bond
donor groups that bind inorganic and organic phosphates have been developed.’*°
Particularly, the reports on receptors with two urea groups that bind dicarboxylates,
disulfonates, and diphosphonates,*** and on a receptor with two thiourea groups
that complexes a dicarboxylate,*® suggested the possibility of developing strong
receptors for phosphate by appropriate preorganization of more than one urea or
thiourea group.

On the basis of this concept, bis-urea (13) and bis-thioureas (14—18) were
synthesized and their binding with dihydrogenphosphate (H,PO}) and various other
anions in dimethyl sulfoxide (DMSO) was investigated by '"H NMR spectros-
copy.?®! Stability constants, K,,, for the 1:1 complexes are given in Table I,
together with those for the 1:1 complexes with N,N'-dimethylurea (19) and N,N'-
dimethylithiourea (20).296!-63

Receptors with two urea or thiourea groups clearly bind H,PO, more strongly
than receptors with one of those groups only, as can be seen from the increases in
the K, value from 19 (28 M~') to 13 (110 M) or from 20 (120 M) to 14 (820
M™). Considerable downfield shifts induced in the 'H NMR chemical shifts of the
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Figure 5. Suggested structure of 1:1 complex between dihydrogenphosphate
(H2PO3) and bis-urea (X = O) and bis-thiourea (X = S) receptors.

NH hydrogens of 13-20 upon H,PO, binding, as well as the extremely weak
binding of H,PO, by N,N- dlmethylurea and N,N.N'-trimethylthiourea (3 and 5 M-,
respecnvely) show that the NH hydrogens are involved in the H,PO, binding. The
structure of the H,PO, complexes of these bis-urea and bis-thiourea receptors is
suggested to involve four hydrogen bonds (Figure 5), and thus strongly resembles
that suggested for the complex of H,PO, and a bisguanidine.64

The considerable increases in binding strengths of the thiourea compounds
(14, 20) compared to the corresponding urea compounds (13 and 19, respectively)
can be explained by the pK, of the hydrogen bond donating groups, which is
roughly 6 units® larger for thioureas than for ureas (pK,[(H,N),CS] = 21.0;
pK,[(H,N),COJ = 26.9; in DMSO at 25 °C),64 making the former much stronger
hydrogen bond donors.*® Similarly, the replacement of butyl by phenyl substituents
leads to much stronger complex stabilities (K,,: 15 > 14; 18 > 17), the electron-
withdrawing effect of the phenyl groups further enhancing the acidity of the
hydrogen bond donor (pK,[(PhNH),CS] = 13.5). 65 Similar effects have also been
observed for complexes between aryl thioureas and a zwitterionic ammonioalkane-
sulfonate® and for complexes between calix[6]arene receptors and halide ions. 67
The naphthyl group is less beneficial for complexation (K ,: 16 < 15). CPK models
indicate that, due to steric hindrance, coplanarity of the naphthyl rings and the
thiourea groups in the H,PO; complex is not possible, decreasing the conjugation
between the thiourea groups and their aromatic substituents and reducing the
hydrogen bond strength.

A very large stabilizing effect is obtained by replacing the m-xylene by a xanthene
spacer (K, 17, 18 > 14, 15), which has previously been also used by Rebek and
co-workers for carboxylate receptors.*® While other explanations for the success of
this spacer for linking the two thiourea groups have been discussed,®! it seems that
the rigidity of this spacer is the primary reason for the high stabilities of the
H,PO; complexes of 17 and 18. The importance of formation of four hydrogen
bonds is however emphasized by the weakness of the H,PO, complex of bis-ure-
thane 21, where only two NH’s are available as hydrogen donors and in addition
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the two carbonyl groups of the receptor are not efficient hydrogen bond acceptors.
To the best of our knowledge, there are no published neutral receptors that form
H,PO} complexes stronger than those of bisthioureas 17 and 18.

Both bis-urea and bis-thiourea hosts bind H,PO, preferentially, CH,COj; being
the only other anion bound substantially (Table 1). The compiexation strength
seems to reflect not only the hydrogen-bonding complementarity of H,PO; and
each host but also the hydrogen bond acceptor strength of each anionic guest. The
latter is appropriately reflected by the free energies of hydration of X~ [AGY_, , for
the hydration equilibria X™-(H,0),_, + H,0 = X"{(H,0),] in the gas phase.®%’
Comparison of the free energies of hydration AGg‘, (in kcal/mol) in the gas phase
for CH,CO;3, CI", H,PO;, NO3, HSOj and CI0; (9.4, 8.2,7.6,7.1, 5.9, and 4.8,
respectivc:ly)7°'7l and K, (MY for the 1:1 complexation of host 14 with these
anions (470, 9, 820, <1, 2, and no binding observed) shows that the weak binding
of NOj, HSOj, and CIOj reflects their relatively low hydrogen bond acceptor
strength. The weak binding of Cl to the receptors 13 and 14, on the other hand,
may be explained by a solvation effect resulting from strong ion—dipole interactions
between CI~ and DMSO.”

lon-Selective Electrodes based on Bis-Thiourea Receptors. Bis-thiourea
derivatives 14, 15, and 17, which have a good membrane solubility, sufficient
lipophilicity to prevent leaching into the aqueous sample solution, and a low
tendency for self-aggregation in nonpolar solvents, were incorporated into PVC
matrix liquid membranes for ISEs.%263 While membrane electrodes based on the
dibutyl derivative 14 gave a phosphate response almost identical to that of a
conventional anion-exchanger electrode, a membrane electrode based on the
phenyl-substituted bis-thiourea 15 exhibited a slightly improved phosphate re-
sponse, which seems to be the result of improved complexation of phosphate in the
sensor membrane.

Figure 6a shows the measured potential (potentiometric response) as a function
of the guest concentration (logarithm) for various anions at pH 6.8 for the membrane
with receptor 15 [o-nitropheny] octyl ether (o-NPOE) as the membrane solvent].
Anion exchanger 9 was also added in the membrane to provide lipophilic cationic
sites, which are necessary for stable, countercation-independent responses of
neutral carrier-based anion selective electrodes.*>**** Figure 6b shows the response
of a reference membrane containing only 9. The potentiometric selectivity of the
former membrane was of the order NO3 > SOi‘ > CI” > H,PO; > CH,CO; (Figure
6a). This order differs significantly from that of the classical anion exchanger-based
membrane (Figure 6b), the selectivity of which is governed by the hydrophobicity
of the anion (Hofmeister series: CIO; > SCN™> I”> salicylate™> NO3 > Br™ > CI”
> HCO; > CH,CO; > SOi” > HPOZ). As compared to the Hofmeister-type
selectivity of Figure 6b, enhanced responses to SOﬁ‘, CI, and phosphate (H,PO;
or HPO?") are observed for the electrode based on 15.
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Figure 6. Potentiometric responses to anions by o-NPOE/PVC (2:1 wi/wt) membranes
containing (a) 1 wt% receptor 15 and 55 mol% of cationic site 9 (relative to the
receptor), and (b) 6 wt% of cationic site 9 (without receptor). Measured at pH 6.8 (0.1
M HEPES-NaOH buffer).
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The potentiometric response of receptor 15 for H,PO, is not sufficient for a
phosphate-selective electrode, but the strong response and high selectivity of this
electrode for the dianion SO} is striking.®? The response down to 107® M is a very
big improvement as compared to the response of the anion exchanger ISE, for which
the linear range of the SOﬁ‘ response extends only down to 107> M. The linear range
of response of the former ISE from 1.0 x 107 to 1.0 x 1072 M with a slope of ~28.1
+ 1.8 mV decade™" shows that the present electrode responds to SO2™ and not to
HSO;. The electrode based on 15 is the first neutral host-based electrode with an
appreciable selectivity for sulfate.

The need for chloride determination in clinical analysis and environmental
monitoring has inspired the development of a number of receptors for this ion. ISEs
based on organometallics (trialkyltin compounds,’ organomercury derivatives’)
as well as metal complexes [magnesium(III) and indium(III) porphynns-’5 76] have
so far been reported. Electrodes based on neutral receptor 17, which binds anions
only by formation of hydrogen bonds, have been found to give ISEs with a good
selectivity for CI".%% As can be seen from Figure 7, receptor 17 does not appreciably
increase the potentiometric response to H,POj but gives a large enhancement of
the CI” response. In contrast to electrodes based on receptor 18, Oi’ is fairly well
discriminated. Because of this good C1™ selectivity, an electrode based on 17 was
used to measure the chloride concentration in control serum samples obtained from
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Figure 7. Potentiometric responses to anions by an o-NPOE/PVC (2:1 wt/wt) mem-
brane containing 1 wt% receptor 17 and 50 mol% cationic site 9 (relative to the
receptor) Measured at pH 7.0 (0.1 M HEPES-NaOH buffer). Phosphate: H2PO3 or
HPO3™; sulfite: HSO3 or SO%" (reprinted with permission from Anal. Chem. 1997,
69, 1042. Copyright 1997 American Chemical Society).
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horse blood ([C17] = 102.3 mM]. The concentration of C1~ determined with the ISE
based on receptor 17 was 102.1 mM while use of a conventional anion exchanger
electrode gave a much too high chloride concentration (114.2 mM on average).
Reasons for the much better selectivity of 17 for C1™ vs SO:‘;" than in case of receptor
15 are probably related to how easily all the nitrogen-bound hydrogens of these
receptors can converge on the relatively small C1™ anion to form a 2:1 host-guest
complex bound by eight hydrogen bonds.

The above receptors are to the best of our knowledge the first examples for the
use of hydrogen bonds between an unambiguously neutral receptor and inorganic
anions for potentiometric sensing. However, with regard to complexation, hydrogen
bonds have been recently used for the design of several synthetic receptors for
anions. Formation of hydrogen bonds between amides and C1™ for example was
shown to significantly increase the stability of complexes in which CI” is electro-
statically bound to cobalticinium or ruthenium(I)bipyridyl moieties.”’ Reinhoudt
and co-workers have reported that neutral thiourea-derivatized p-tert-butyl-
calix[4]arenes’® and p—tert-butylcalix[6]arenes67 bind halide anions exclusively
through hydrogen bonding. It seems that hydrogen bond donor groups may become
just as commonly used in anion sensing as ether oxygen and amide functional
groups are presently used for cation sensing.

Potentiometric Sensing of Nucleotides

The biological significance of recognizing nucleobases in double-stranded DNA
and RNA by complementary base pairing has stimulated a number of research
groups to develop synthetic receptors capable of complementary hydrogen bond-
ing.’! The recognition of nucleobases by hydrogen bonding is characteristic in that
it requires a correct array of both hydrogen bond donors and acceptors, whereas
only hydrogen bond acceptor or donor sites have been used for the recognition of
inorganic guests as discussed above. So far, only very few synthetic receptors with
both hydrogen bond acceptor and donor sites have been used in potentiometry, even
though a large number of them have been described in supramolecular chemistry.

The earliest potentiometric sensors for nucleotides were the liquid membrane
ISEs based on macrocyclic polyamines (1, 2),2'>* which upon multiple protonation
displayed potentiometric responses to adenine nucleotides primarily due to elec-
trostatic interactions with the phosphate groups of these analytes. These ISEs are
capable of discriminating ATP*~, ADP*~, and AMP*" according to the amount of
negative charge, but discrimination of differences in the nucleobase unit was
achieved only recently by electrodes based on nucleobase derivatives. Electrodes
based either on the cytosine-pendant triamine 7°° or, in the presence of either
macrocyclic polyamine 2 or 6, the neutral cytidine derivative 825" were able to
discriminate potentiometrically among guanine and adenine nucleotides. To the
best of our knowledge, these electrodes were the first examples of ISEs capable of
discriminating differences in the base unit and of ISEs with sensory elements with
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hydrogen bond acceptor and donor sites that interact simultaneously with the
analyte ion.

Electrodes based on the cytosine-pendant triamine 7 responded to guanosine
5’-monophosphate (5'-GMP) and guanosine 5'-triphosphate (5'-GTP), while
adenosine 5’-monophosphate (5'-AMP) and adenosine 5'-triphosphate (5'-ATP)
did not yield any response.’® This good selectivity was explained by ditopic
recognition based on complementary base pairing and moderately strong electro-
static interactions between the guanine nucleotides and the protonated cytosine-
pendant triamine 7, in analogy with the interactions in the complex formed in
dimethyl sulfoxide.” However, the slopes of the EMF responses of this electrode
were smaller than expected from the charge of the guanine nucleotides, reducing
the sensor sensitivity. Also the response slope of electrodes containing the lipophilic
cytidine derivative 8 and either macrocyclic polyamine 2 or 6,>%7 the selectivity
of which was explained by ditopic recognition involving a ternary complex formed
by neutral host 8, analyte nucleotide, and one of the macrocyclic tetraamines, could
not be easily interpreted. In these systems, the potentiometric response mechanism
could be complicated by multiple protonation equilibria involving the polyamine
hosts.

In order to obtain a better understanding of the factors determining the poten-
tiometric selectivities, simpler systems of PVC matrix liquid membranes containing
either only sterically crowded, cationic site (9) and/or neutral nucleobase deriva-
tives (10a, 11a, 12) were investigated.28 5'-Monophosphates of guanosine and
adenosine, which are both expected to form Watson-Crick analogous base pairs
with 10a and 11a, respectively, were used as analyte ions. ISE membranes contain-
ing only the neutral cytosine derivatives (8, 10b) and no added cationic site give no
appreciable potentiometric response to nucleotides®>?® because ionic sites that are
confined to the membrane phase and have a charge sign opposite to that of the
analyte ions are necessary for obtaining stable, counterion-independent responses
with ISEs based on neutral receptors.*>*?

Electrodes based on 9 but no nucleobase derivative [3.0 wt% 9; bis(2-ethylhexyl)
phthalate (“dioctyl phthalate”, DOP) as the membrane solvent] showed similar
potentiometric responses to 5'-GMP and 5’-AMP (Figure 8a), which is not surpris-
ing because cation 9 cannot interact specifically with the base pairing site of
nucleotides. The EMF slope (-29 mV decade™'; 0.1 M HEPES-NaOH buffer
solution, pH 6.8) was much greater than in case of the electrode based on the
macrocyclic pentaamine 1 (=15 mV decade™")*'"? and corresponds to the slope as
expected for a dianion according to the Nernstian equation. Extraction experiments
confirmed that at this pH it is indeed the dianion that enters the organic phase.

Electrodes based on neutral cytosine derivative 10a (1.3 wt%) and 9 (150 mol%
relative to 10a) gave EMF slopes of —29 mV decade™' for both 5'-GMP and 5'-AMP
(Figure 8b), suggesting that these electrodes respond in a Nemnstian manner to
nucleotides in their divalent form, just as in the case of the anion exchanger
electrode. The potentiometric response was selective for 5'-GMP over 5'-AMP with
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Figure 8. Potentiometric responses to 5'-GMP (0) and 5'-AMP (@) by PVC matrix
liquid membranes (DOP/PVC = 2:1 wt/wt) containing (a) lipophilic cation 9 (3.1 wt%)
and (b) lipophilic cation 9 (3.1 wt%) plus neutral cytosine derivative 10a (1.3 wt%)
(150 mol% 9 relative to 10a). Measured at pH 6.8 (0.1 M HEPES-NaOH buffer)
(adapted with permission from Anal. Chim. Acta 1997, 341, 134. Copyright 1997
Elsevier Science Ltd.).

the potentiometric selectivity coefficient (K‘S"?_‘GW_ s_amp) Of 0.42, which corre-
sponds to an EMF difference of 12 mV and hence to a free energy difference,
AG®, of 2.0 kJ mol™! (as obtained from AG® = zFA®; z being the charge of the
analytes and A® the difference in the EMF). Considering the formation of three
hydrogen bonds with the guest 5'-GMP but only two hydrogen bonds with 5'-AMP,
respectively, the AG® of 2.0 kJ mol ™' is much smaller than the value of ca. 5.0+ 1.0
kJ mol™! as expected for a typical free energy of hydrogen bond formation in
CDCl,.>' 308! This suggests that the experimentally observed potentiometric selec-
tivity is not determined by the stabilities of the 1:1 complexes alone, but that other
factors diminish that selectivity (vide infra). On the other hand, electrode with
receptor 11a, which can form only two hydrogen bonds to the guest, showed no
significant discrimination between 5'-GMP and 5'-AMP.

For the alkoxy receptor 12, which can also form 1:1 complexes with guanine
nucleotides, the influence of the cationic site/receptor ratio on the EMF selectivity
was determined (Table 2). Electrodes based on 12 and 210 mol% 9 gave similar,
Nermnstian responses to both 5'-GMP and 5'-AMP, as expected for an excess of
cationic sites.’® Due to the high concentration of cation 9, the concentration of
uncomplexed nucleotides in these membrane is high and a selectivity typical for a
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Table 2. Response Slope and Selectivities of ISEs Based on Receptor 12 and
Cationic Site 9%

Slope (mV/decade)?

Site/Receptor Selectivity?
Ratio (mol %) 5'-GMP 5-AMP K& Gmp. 5-AmP
50 -31.7 -29.5 0.83
80 -31.0 -29.2 0.71
150 -30.8 -28.7 045
210 -30.9 -29.6 0.71

Notes: For linear regression between 10™* and 10-2? M of 5'-GMP or 5'-AMP.

®Calculated according to the separate solution method, using AEMF values obtained at 10-22 M of 5'-GMP
or 5'-AMP.

classical anion exchanger results. Electrodes based on ionophore 12 and 150 mol%
9 show a selective response for 5'-GMP over 5'-AMP, the selectivity being the same
as that of electrodes based on ionophore 10a and the same amount of 9, confirming
selective binding of receptor and nucleotides. However, a decrease in the amount
of 9 to 80 and 50 mol% decreases the selectivity. The maximum in potentiometric
selectivity in the presence of 150 mol% 9 would not be expected if 5'-GMP and
5'-AMP would both form only 1:1 complexes with the receptor. Formation of 1:1
and 1:2 host—guest complexes for 5'-GMP and 5'-AMP, respectively, in analogy to
similar complexes as observed in chloroform and dimethyl sulfoxide, is one
example of stoichiometries that might explain the observed selectivities but higher
stoichiometries cannot be excluded.

Possible measures that are expected to improve the potentiometric selectivity are
(1) use of hosts that form stronger complexes, (2) modification of the host to avoid
ionophore self-association, and (3) an improved choice of the membrane solvent to
avoid strong solvation of the hosts in the membrane. Evidence for the importance
of (2) and (3) has been obtained from BCNMR spectra of 12.28 While the properties
of 1:1 host—guest complexes are very often of primary interest in supramolecular
chemistry, the above results show that use of receptors for sensing purposes must
be based on a receptor design that goes beyond this viewpoint.

Optical Sensing of Nucleotides

To increase the selectivity of the above guanine nucleotide receptors 10a and 12,
two receptors 22 and 23 that can form five instead of three hydrogen bonds to
guanosine derivatives (Figure 9) were synthesized.’” The UV-vis spectra of 22 and
23 in a mixture of CHCl, and DMSO (4:1, v/v) did not change significantly upon
complexation with the lipophilic deoxyguanosine derivative 24, but the fluores-
cence emission of both receptors is quenched by this guest.*> The lipophilic
deoxyadenosine derivative 25, on the other hand, did not influence the fluorescence
spectrum. The stability constant (K,) of the 1:1 complex of receptor 22 and guest
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Figure 9. Possible structure of the 1:1 complexes of receptor 22 (X = O) or 23 (X =
S) and 5'-GMP.

24 was 1.7 x 10> M™!, as determined by fluorescence spectroscopy and 'H NMR
spectroscopy. A similar effect was also observed for receptor 23, but this receptor

was unfortunately found to decompose under irradiation.
The fluorescence response of an optical sensor based on a PVC matrix liquid

membrane containing receptor 22 and ionic sites [bis(2-ethylhexyl) sebacate
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(“dioctyl sebacate”, DOS) as the membrane solvent] was examined by using
5'-triphosphates of guanosine and adenosine (5'-GTP and 5'-ATP, respectively) as
analytes. The response mechanism of this optode is based on ion exchange:
nucleotides enter the membrane where they form complexes with the receptor
while, in exchange, chioride ions leave the membrane, thus maintaining electroneu-
trality in the bulk phases. Whereas the selectivity of this sensor is smaller than that
observed for the fluorescence quenching in homogeneous solution, this optode still
has a high selectivity for 5'-GTP over 5'-ATP (Figure 10).

An optical transduction has also been found for a receptor derived from 2-amino-
4(3H)pyrimidone that forms three hydrogen bonds to creatinine (Figure 1 1).8841p
this case, the changes in the UV spectrum of the receptor are based on a shift in the
tautomerization equilibrium of the receptor due to stabilization of one of its
tautomers in the creatinine complex. Using this receptor, extraction of creatinine
from aqueous solutions into an organic solvent could be significantly enhanced and
directly observed spectroscopically.® Recently, a similar approach based on a more
highly preorganized receptor forming four hydrogen bonds has allowed to decrease
the detectable concentration of creatinine.8>%
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Figure 10. Fluorescence responses of a PVC-matrix liquid membrane based on
receptor 22 as a function of concentration of 5'-GTP (0) and 5-ATP (4) in a buffer
sofution (10 mM Tris/HCI, pH 7.4). Membrane composition: DOS/PVC = 2:1 wi/wt,
3.3 wt% 22 + 9 (400 mol% relative to 22). Excitation at 375 nm, detection at 470 nm.
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Figure 11. (a) Stabilization of one tautomer of the receptor by complexation with
creatinine. (b) Increase of the UV absorption of a creatinine receptor upon extraction
of creatinine from an aqueous solution into a 1 mM CH2Cl; solution of the receptor
(reprinted from Tetrahedron 1993, 49, 596. Copyright 1993, with permission from
Elsevier Science Ltd.).

Channel Mimetic Sensing Membranes for Guanosine 5'-Monophosphate

Kunitake and co-workers®’ have reported that monolayers of amphiphiles with
diaminotriazine and orotate head groups, formed at the air/water interface, effec-
tively bind thymidine and adenine, respectively. This study suggested that multiple
hydrogen-bonding interactions by oriented monolayers containing receptors such
as 10b, 11b, or 22 couid be used for nucleotide recognition based on guest-induced
changes in the permeability through intermolecular voids in such monolayers.37
The guest-induced permeability changes can be evaluated on the basis of the ease
of access of electroactive markers to the electrode surface, which can be measured
by cyclic voltammetry, as reported previously by Umezawa and co-workers.*273
For the monoalkylated receptors 10b and 11b, mixed membranes with 1-octadecanol
were prepared because the membrane stabilities increased by addition of the latter,
as indicated by the increased collapse pressures in surface pressure—molecular area
(n—A) isotherms. The permeabilities were evaluated with the membranes trans-
ferred onto glassy carbon electrodes by the Langmuir-Blodgett method. On the
other hand, since mixing with 1-octadecanol did not improve the membrane
stability in the case of the dialkylated receptor 22, the membrane permeability in
that case was evaluated in situ by horizontal touch cyclic voltammetry.

Figure 12 shows the voltammetric responses toward 5'-GMP and 5'-AMP for the
oriented membranes with receptors 10b, 11b, or 22. The membrane based on
receptor 10b with complementarity for the guanine base was selective for 5'-GMP
(Figure 12a). The factor expressing the selectivity for 5'-GMP over 5'-AMP,
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Ks.Gmp.s—amp» @ defined by the ratio of the response factor (Ryampie s€€ Figure 12
caption) for 1.00-mM solutions of each analyte, was determined to be 2.38. The
voltammetric selectivity for 5'-AMP for the membrane based on receptor 11b,
which can form only two hydrogen bonds to the adenine base (Figure 12b), was
smaller (K opps.gmp = 1.89), as expected. The best voltammetric discrimination
of nucleotides was however attained with the membrane based on receptor 22
(Kks.Gmp3.amp = 3-85; Figure 12c), which may form a total of five hydrogen bonds
to 5'-GMP (see Figure 9). Although the extent of discrimination is not sufficiently
high at present for analytical use, these are the first examples of channel mimetic
sensing membranes based on recognition of guests with hydrogen bonding.
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Figure 12. Concentration dependence of the responses to 5'-GMP and 5’-AMP of the
oriented membranes based on (a) cytosine derivative 10b, (b) thymine derivative 11b,
and (c) cytosine derivative 22. The response factor, R(sample), is expressed by the
decrease in the oxidation peak current (/g) upon analyte addition [R(sample) =
[Ipblank) - Ip(sample)l/ip(blank)]. Measured at 20 °C with a 0.1 M phosphate buffer
solution (pH 6.0, 20 °C) containing 1.00 mM [Fe(CNel*".
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2.3. Chemical Sensing Based on Cavity Inclusion
Sensing Based on Interactions with Nonpolar Moieties of Guests

Considering the ubiquitous existence of nonpolar moieties in the structures of
organic guests, discrimination according to differences in nonpolar structures will
be equally important as discrimination according to differences in polar structures.
In homogeneous solutions, the former mode of discrimination can be achieved by
inclusion into well-defined hydrophobic cavities of hosts such as cyclodextrins and
cyclophanes, particularly in aqueous systems. However, in organic membrane
systems there exists a difficulty in achieving inclusion-based discrimination of
nonpolar structures because of competitive inclusion of guests and membrane
components. Due to such an intrinsic difficulty, discrimination involving nonpolar
moieties of organic guests in membrane systems has so far been achieved mainly
on the basis of simple hydrophobicity or chirality of guests.'z'”"(’ Recently,
discrimination according to differences in steric structures of nonpolar moieties,
based on guest-induced changes in membrane potential or permeability, have been
achieved by hosts with inclusion cavities capable of facing an aqueous solution.

Calix[6]arene Derivatives

Guest-Induced Changes in Membrane Potential. Calixarenes have attracted
increasing attention as a class of versatile hosts with well-defined cavities.®*** In
chemical sensing of alkali metal ions, the calixarene structure contributes as a rigid
support for the ester or ether substituents, which afford convergent binding sites for
metal ions. A number of investigations on potentiometric discrimination of alkali
metal ions have been carried out, particularly with calix[4]arene tetraesters (e.g.,
26, 27) and calix[6]arene hexaesters (e.g., 28, 29), which have been shown to
display selectivities for sodium and cesium ions, respectively. 9497 More recently,
much improved Na*/K* selectivity was achieved for calix[4]arene derivatives by
optimization of the alkyl groups on the upper rim (30)*® as well as proper choice
of the liquid membrane solvent.” Furthermore, most sophisticated molecular

R
OCH,COOR! OCH,COOR' 31: R=-C(CHs),
CH2 CH: x’-OCHzCHJ
. R
6 ) . O Q S
P
26: R'=-CH,CH, 28: R'=-CH,CH,4
R?=-H or -C(CH3); R%=-H or -C(CHy);
27: R'=~(CH,)4CH; 29: R'=-(CH;)}CH; R
R2=-C(CH,); - H

30: R'=-CH,CH,
R%=-C(CH;),CH,C(CH,),
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design based on crowned calix[4]arene (31) has led to a Na"/K" selectivity
(>10%),'% which is by far greater than that of any of the previously reported ones.

For complexation and discrimination of organic amine guests, calix{6]arene
hexaesters, such as 28 and 29, are a suitable type of hosts, first because the
calix[6]arene cavity is sufficiently large to accommodate organic guests and second
because their hexagonally arranged ester carbonyl groups afford excellent binding
sites for protonated primary amines, as in the case of 18-crown-6 derivatives (e.g.,
host 32). Potentiometric discrimination of protonated primary amines according to
the steric structures of their nonpolar moieties can be expected when the host—guest
complexation occurs with a geometry involving inclusion into the calix[6]arene
cavity (Figure 13a, geometry A).

The potentiometric response behavior of lipophilic calix[6]arene hexaester 29
was investigated with a PVC matrix liquid membrane system, using DOS as
membrane solvent.*® Responses and selectivities of host 29 for protonated amine
guests were compared with those of dibenzo-18-crown-6 (32) at pH 7.0. Figure 14a
and Figure 14b show potentiometric responses obtained by hosts 29 and 32,
respectively, for simple primary amines having different nonpolar moieties (33—
37). As shown in Figure 14b, the 18-crown-6 derivative 32 showed a selectivity
according to the lipophilicity of each guest (magnitude of response: 33 > > 36 > 34
>35> > 37). In contrast, the calix[6]arene hexaester 29 displayed quite a different
selectivity, the magnitude of response being in the order 33 > 34 > >35> > 36 >
37 (Figure 14a). Potentiometric responses for catecholamines (38—40), which are
an important group of neurotransmitters as well as adrenal medulla hormones, were
also examined. Of these guests, by far the strongest response was observed for
dopamine (38), particularly by calix[6)arene hexaester 29. Potentiometric selectiv-
ity coefficients (K f’;" %% which indicate relative magnitudes of potentiometric
responses, are listed in Table 3 for simple amines and catecholamines.

Potentiometric responses to cationic guests by neutral hosts can be interpreted
on the basis of charge separation across the membrane interface with cationic
host—guest complexes at the membrane side and hydrophilic counteranions at the
aqueous side (Figure 3a).'’~2° The amount of the cationic complexes at the mem-
brane side of the interface is determined by the lipophilicity of the guest, the stability
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Figure 13. Schematic representations of the geometries of host-guest complexes. (a)
Two possible geometries of the host-guest complex between calix[6]arene hexaester
(29) and a protonated primary amine guest. (b) Plausible geometry of the host-guest
complex between dibenzo-18-crown-6 (32) and a protonated primary amine guest
(reprinted with permission from Anal. Chem. 1993, 65, 1077. Copyright 1993
American Chemical Society).
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Figure 14. Potentiometric responses to simple amine guests (33-37) by PVC matrix
liquid membranes. (a) Membrane based on calix[6]arene hexaester (29 (R2 =
H)/DOS/PVC = 5:68:27 wt%). (b) Membrane based on dibenzo-18-crown-6
(32/DOS/PVC = 2:66:32 wt%). Measured in 0.1 M Tris-HCI buffer (pH 7.0) at room
temperature (ca. 20 °C) (reproduced with permission of American Chemical Society
from Anal. Chem. 1993, 65, 1079).
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Table 3. Potentiometric Selectivity Coefficients for PVC Matrix Liquid Membranes
Based on Calix]6larene Hexaester or Dibenzo-18-crown-6°

Cio-Call6]*  C\y-Call6]*  CyCall6]>  CyCal[6F DBISC6

Guest (pH 7.0 (pH 5.0) (pH 5.0)f (pH 5.0 (pH 7.08
33 2.60 22.9 223 20.0
34 1 1 1 1 1

35 0.29 0.14 0.13 0.20 477
36 <0.01 0.034 0.031 <0.01 20.0
37 <0.01 <0.01 <0.01 <0.01 0.35
38 1 1 1 1 1

39 0.20 0.1t 0.088 0.12 0.94
40 0.27 0.08 0.092 0.10 0.88
K* 459 6.09 7.02

Na* 0.025 0.034 0.063

Notes:  *Host 29 (R? = HY/DOS/PVC = 5:68:27 wt%. ¥
®Host 28 (R? = HYDOS/PVC = 4:66:30 wi%.'"
“Host 28 (R? = HYDOS/PVC/HFPB = 4:65:30:0.5 wt%. The molar ratio of host 28 and HFPB was | 10 0.1.'"
HFPB: sodium tetrakis{3,5-bis(1,1,1,3.3,3-hexafluoro-2-methoxy-2-propyl)phenyl]borate.
“Host 32/DOS/PVC = 2:66:32 wi%. ¥
“Measured in 0.1 M Tris-HCI buffer.
"Measured in 0.1 M CH,CO,Li~CH;COOH buffer.

of the complex, and the concentration of host and ionic sites in the membrane. In
the case of dibenzo-[8-crown-6 (32), strong tripodal hydrogen bonds as depicted
in Figure 13b are available for all of protonated primary amine guests because the
formation of host—guest complexes occurs only through the NH; group without
any interaction with the nonpolar moiety of the guest. Then, the differences in the
lipophilicity of each guest, leading to the differences in the organic/aqueous
partition of the guest and hence the extent of complexation at the membrane side
of the interface, reflects to the potentiometric selectivities. In the case of
calix[6]arene hexaester 29, however, if the host—guest complex formed is of the
inclusion type (geometry A in Figure 13a), the extent of complexation at the
membrane side of the interface will be determined by steric fit between the nonpolar
moiety of the guest and the inclusion cavity of the host; the difference in the steric
structure of the nonpolar moiety of the guest leads to a considerable difference in
the stability of the complex, depending on the availability of tripodal hydrogen
bonds (Figure 13a, geometry A).

This view is consistent with the fact that host 29 displays potentiometric selec-
tivities for guests 33, 34, and 38. For these guests, the formation of strong tripodal
hydrogen bonds will not be interfered because there is no substituent around the
NH; group. Complexation with geometry A is supported by the 'H NMR results,
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which indicate the formation of inclusion complexes between calix[6]arene 29 and
the guests that induced the strongest potentiometric responses (33, 34). The guests
with a tertiary alkyl structure at the a-position (36, 37), as well as with a phenyl
group attached directly to the a-carbon (35), are sterically hindered from forming
tripodal hydrogen bonds and hence will be unfavorable for complexation with
geometry A.

Thus, the characteristic potentiometric selectivity of calix[6]arene hexaester 29
for primary amine guests can be reasonably interpreted on the basis of the structural
factors relevant to the nonpolar moieties of guests. Such a mode of discrimination
can also be achieved by a calix[6]arene hexaester with short alkyl chains [28 (R*=
H)]. In addition, the selectivity was found to be essentially the same in the presence
or absence of lipophilic anionic site HFPB added in the membrane (Table 3).102
Potentiometric discrimination of protonated amines'® by host 28 (R?=H, Bu) as
well as of aldehydes (as the protonated hydrazones generated in situ) by hosts 26
(R*=Bu')and 28 (R? = H)'*1% was also reported. Recently, quantitative estimation
of “optical selectivities” for alkali metal ions or protonated amines were made with
liquid membranes containing chromogenic derivatives of calixarenes. %1%

Guest-Induced Changes in Membrane Permeability. Calixarene deriva-
tives are also used for sensing systems other than ISEs or optodes. Recently, a
systematic investigation on the control of membrane permeability by use of
oriented monolayers composed of calixarene esters was carried out.*® The hosts
used were short alkyl chain esters of calix{6]arene [28 (R?=Bu')] and calix[4]arene
[26 (R?=Bu"), 30; both cone conformers]. The permeabilities through the intermo-
lecular voids of these monolayers were evaluated by cyclic voltammetry, as
described earlier for oriented membranes of nucleobase derivatives. Cationic,
anionic, and neutral electroactive compounds were used as the permeability mark-
ers. The voltammetric measurements were carried out either for a monolayer

[Co(phe);]2* 1,4-benzoquinone
methylviologen2+

Figure 15. Possible mechanism of guest-induced permeability changes for electroac-
tive markers by oriented membranes of the calix(6]arene hexaester 28 (R? = Bul) in
the cases that (a) anionic, (b) cationic, and (c) neutral markers are used.3®
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formed at the air/water interface under an applied surface pressure, or for a
monolayer transferred on an electrode by the Langmuir-Blodgett method. Alkali
metal cations induced an increase in the permeability for an anionic marker ion
such as [Fe(CN)6]4‘ and a decrease in the permeability for cationic marker ions such
as [Co(phen),}** (phen = 1,10-phenanthroline) and methylviologen®* [(1,1'-di-
methyl-4,4'-bipyridinium)®*]. These permeability changes can be ascribed to an
attractive or repulsive electrostatic interaction between the marker ions and the
calixarene hosts in the membrane bearing positive charges by complexation with
alkali metal ions Figure 15a,b). A cationic guest-induced increase in the membrane
permeability was also observed in the case of using a neutral marker (1,4-benzo-
quinone), possibly because of an increase in the intermolecular voids (or micro-
scopic defects) due to conformational contraction upon host—guest complexation
(Figure 15c). A selectivity was observed for the calix[6]arene monolayer with the
magnitude of response Cs* > Rb” > K* > Na*, Li* (Table 4), which is consistent
with the selectivities in solvent extraction or transport''®!'!! and in poten-
tiometry.289%112.113

Table 4. Selectivities of Guest-Induced Permeability Change for Oriented
Monolayer of Calix[6]arene Hexaester 28 (R? = Bu’)*®?

Relative Area of Cvclic Voltammogram ( %)b

Guest [Co(phen);/*¢  [Fe(CN)/*" My p-Quinone®
none 86.7+0.5 84.712.0 97.3+£0.9 85.1£0.6
Li* 81.5+0.2 86.2+ 1.8 97.3+0.6 85.1¢ 1.1
(~5.2) (+1.5) (0) (0)
Na* 81.5+0.2 86.7¢ 1.5 97.210.5 85.6+0.9
(-5.2) (+2.0) (-0.1) (+0.5)
K* 75.5+0.3 875+ 18 95.3+0.8 87.2+0.6
(-11.2) (+2.8) (-2.0) +2.1)
Rb* 73.210.1 87.8+ 1.0 91.9+0.7 89.6+0.9
(-13.5) (+3.1) (-5.4) (+4.5)
Cs* 69.7+0.2 89.1+1.5 86.4+0.7 91.8+09
(~17.0) (+4.4) (-10.9) (+6.7)

Notes: *Guest-induced permeability changes at 20 °C and pH 6.0 (0.1 M Tris-HCI buffer) were estimated on the
basis of cyclic voltammogram area.
SCalculated as the percentage of the voltammogram peak area relative to that measured in the absence of the
calix[6]arene monolayer. Guest-induced increase (+) or decrease (-) are shown in the parentheses.
“Measured by horizontal touch cyclic voltammetry with an HOPG electrode at an applied surface pressure
of 10 mN m~'. The marker was added as [Co(1,10-phenanthroline);)(ClO,), (1.00 x 107*M).
9Measured by conventional cyclic voltammetry. A monolayer of 28 (R? = Bu'), prepared on water and
compressed at 25 mN m™', was transferred on a glassy carbon electrode by the Langmuir-Blodgett method.
The markers were added as Na,[Fe(CN),). methylviologen dichloride, or p-quinone (1,4-benzoquinone)
(1.00 x 10~¥ M concentration in all cases).
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Cyclodextrin Derivatives

Guest-induced Changes in Membrane Potential.  Cyclodextrins,"'*''® which
have even more rigid cavities than ordinary calix[n]arenes (n 2 6) or macrocyclo-
phanes, comprise another class of suitable hosts for discrimination of nonpolar
moieties of organic guests at membrane surfaces. The use of natural and modified
cyclodextrins for analytical purposes has focused increasing attention.''*'2! With
regard to host—guest recognition at membrane surfaces, the following major types
of hydrophobic derivatives of cyclodextrins have been reported so far:'?!

1. Derivatives alkylated at the primary face (C-6 side).
2. Derivatives alkylated at the secondary face (C-2 and C-3 side).
3. Derivatives alkylated at both primary and secondary faces.

Potentiometric sensing based on type 3 derivatives of a-, B-, and y-cyclodextrins
has been reported.'?>"'*> We have been interested in the type 1 cyclodextrin
derivatives developed by Tagaki,'? e.g., host 41. This type of cyclodextrin deriva-
tive is characteristic in that the primary hydroxyl groups at the C-6 positions are
exhaustively substituted with long alkyl chains. At the surface of an organic
membrane, this structural feature aliows the secondary hydroxyl side (wider open
end of the cavity) to face the aqueous solution to accommodate a guest molecule.
The interfacial receptor functions of these cyclodextrin hosts have been confirmed
mainly by n-A isotherm studies.'?”1%

Potentiometric response behaviors of host 41 toward primary amine guests
(34-36, 38, 42-51) were investigated with a PVC matrix liquid membrane sys-
tem.>! Of various liquid membrane solvents examined, by far the best potentiomet-
ric responses were obtained with FNDPE (52). Figure 16a and Figure 16b show
potential vs. concentration curves for amine guests (34-36, 38, 42) by the mem-
brane without a host and the membrane containing host 41, respectively. The
membrane containing host 41 displayed much stronger responses and, in addition,
a different selectivity (magnitude of response: 34 > 36 > 35 > 42 > 38; Figure 16b)
as compared to the membrane without a host (magnitude of response: 36 > 34,35
> 42 > 38; Figure 16a). The magnitudes of the responses to methoxybenzylamines
43-51 were also increased by host 41. Particularly for dimethoxybenzylamines, the
FNDPE membrane containing host 41 displayed, again, a selectivity (47 > 49 > 46
> 48), which was quite different from that of the membrane without a host 46 >
47 > 48 > 49). These results seem to indicate the effect of inclusion of guests in the
cyclodextrin cavity at the surface of the liquid membrane.

Guest-induced Changes in Membrane Permeability. As mentioned earlier,
guest-induced changes in membrane permeability may be effected by oriented
membranes through the intermolecular voids between or the intramolecular chan-
nels within the membrane molecules (see Figure 4a and Figure 4b, respectively).
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Figure 16. Potentiometric responses to amine guests (34-36, 38, 42) by PVC matrix
liquid membranes. (a) Membrane containing no particular sensory element
(FNDPE/PVC = 81:19 wt%). (b) Membrane containing B-cyclodextrin derivative
(41/FNDPE/PVC = 2:80:18 wt%). Measured in 0.01 M AcONa-AcOH buffer (pH 5.0)
at room temperature (ca. 20 °C) (reproduced by permission of Springer-Verlag from
Mikrochim. Acta 1994, 113, 228).
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Table 5. Selectivities of Guest-induced Permeability Changes for Oriented

Multilayers Containing Polyamine Hosts**?®?

Guest Anion Membrane 1 Membrane 2 Membrane 53
5'-ATP* 1.00 (1.00° 1.00 1.00 (1.00)°
5-ADP3- 0.78 0.87 0.44
5'-AMP3- 0.19 0.38 0.15
54 (cis) 1.00 (0.69)° 1.00 1.00 (0.31)°
55 (trans) 0.03 0.06 0.41
56 (ortho) 1.00 (0.44)° 1.00 0.55 (0.77)°
57 (meta) 0.37 0.89 1.00
58 (para) 0.02 0.10 0.83

Notes:

“Selectivity factors for guest-induced permeability changes at ca. 20 °C and pH 6.0 (0.0) M CH,CO,Na-

CH;COOH buffer containing 0.05 M K,SO,) were estimated on the basis of cyclic voltammogram area,
using 1.5 x 107*' M [Fe(CN)6]4‘ as the electroactive marker. The oriented membranes (46 layers) were
prepared on glassy carbon electrodes by the Langmuir-Blodgett method (horizontal lifting method).

"The values in the parentheses are the cross selectivity factors for the primary guests of each group.
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Both of these modes have been achieved by oriented membranes of long alkyl chain
derivatives of cyclodextrin.**3

Control of Permeability through Intermolecular Voids. Guest-induced changes
in membrane permeability were examined for an oriented multilayer composed of
polyamino-B-cyclodextrin 53 and, for comparison, of macrocyclic polyamines (1,
2).% The membranes were deposited directly onto glassy carbon electrodes by the
horizontal lifting Langmuir-Blodgett method. The polyamine host 53, as well as
the neutral host 41, are two of the type 1 derivatives of cyclodextrin developed by
Tagaki.'?® However, host 53 contrasts 41 in that the former acquires polycationic
property by multiple protonation, which is a prerequisite not only for complexation
with anionic guests but also for control of permeability for marker ions, as in the
case of the macrocyclic polyamine hosts 1 and 2 (Section 2.2). Guest-inducea
permeability changes were evaluated by cyclic voltammetry using [Fe(CN)6]4‘ as
the permeability marker. Complexation of the multiprotonated, polycationic hosts
in the membrane with anionic guests decreases the membrane positive charge,
leading to a decrease in the permeability for the anionic marker ions through the
intermolecular voids between the cyclodextrin molecules (see Figure 4a). This leads
to a decrease in the access of these markers to the electrode surface and hence to a
decrease in the voltammogram area. The selectivity factors for guest-induced
decrease in permeability were determined at pH 6.0 (Table 5), at which the
polyamine hosts are sufficiently protonated while the guests occur sufficiently in
their anionic forms.

For the adenine nucleotides (ATP*", ADP*~, AMP?") and the cis/trans isomers
of dicarboxylates (54, 55), membrane 53 containing polyamino-f-cyclodextrin 53
showed selectivities similar to those of membranes 1 and 2 containing macrocyclic
polyamines 1 and 2, respectively. For the adenine nucleotides, both types of
membranes showed a greater response to the guests with a greater negative charge
(selectivity factor: ATP* > ADP*~ > AMP?"). On the other hand, for the dicarboxy-
late isomers, a greater response was observed for the guests having a shorter
distance between the two anionic groups [selectivity factor: 54 (cis) > 55 (trans)).
The selectivities displayed for these guests seem to be controlled by electrostatic
interactions between the protonated polyamine hosts and the anionic guests.

However, for the positional isomers of phthalate (56—58), the response selectivity
was different for the two types of membranes. Whereas membranes 1and 2 showed
responses in the order of 56 (ortho) > 57 (meta) > 58 (para), membrane 53
interestingly showed a different response order, i.e., 57 (meta) > 58 (para) > 56
(ortho), a selectivity which is quite different from that expected on the basis of
simple electrostatic effects. Such a difference in the selectivity is possibly due to
host—guest complexation involving not only electrostatic interactions but also
inclusion into the B-cyclodextrin cavity, which is capable of recognizing differences
in the steric structures of the guests.
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Guest-induced changes in permeability through intermolecular voids between
membrane molecules has also been applied by other groups for chemical sensing
of various analytes. Sensing of Ca®** '° or urea'*® by electrodes coated with
polypeptides, sensing of quinacrine'*' or Mg?* "2 by electrodes coated with DNA,
and sensing of H* by electrodes coated with organized alkanethiol monolayer'**
have been reported.

Control of Permeability through Intramolecular Channels.  Control of mem-
brane permeability is effected in a most sophisticated and efficient manner in
ligand-gated ion channels having discrete molecular entities with well-defined
channel structures.’**~'% Cyclodextrin derivatives of type 41 and 53 are interesting
because their basic structure should allow them to function not only as receptor
sites but also as intramolecular channels. If intramolecular channel function is
effected by this type of cyclodextrin derivatives, a more sophisticated control of
membrane permeability will be possible by blocking the cyclodextrin cavity
(channel entrance) with a guest molecule (see Figure 4b). Experimental evidence
supporting such a mode of permeability control was obtained by horizontal-touch
cyclic voltammetry for a condensed monolayer of host 41 formed at the air/water
interface.’> Horizontal-touch cyclic voltammetry'*’~'** applied for a condensed
monolayer with no intermolecular voids (in a statistical sense) allows evaluation of
intramolecular channel function when an appropriately sized marker that can pass

m —= Potentiostat

w |RIA ™ Surface pressure meter

SURFACE
PRESSURE —&

Subphase

W: working electrode [P— %TﬂT@‘&

pressure e%e %, %
Permeability through
intermolecular voids

R: reference electrode

A: auxiliary electrode /

!I ! EI E
- Electrode
e
High surface
pressure
HOPG: highly oriented pyrolytic graphite Permeability through

(afom-f-caﬁy smooth planes) intramolecular channels

Figure 17. Experimental system for the measurement of surface pressure-molecular
area (n—A) isotherms and the horizontal touch cyclic voltammetry,®> and schematic
representations for the control of permeabilities through oriented monolayers formed
at low and high applied surface pressures.
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the channel entrance is used (Figure 17). This aspect contrasts that of the membrane
composed of host 53 described above; in the latter membrane, the electroactive
marker ion used ([Fe(CN)G]“‘) cannot pass through the B-cyclodextrin cavity due
to steric reasons.

A controlled surface pressure of 50 mN m™' was applied for the formation of a
condensed monolayer of 41, in which the molecular area is limited to ca. 210 A?
molecule™" if complete integrity of the monolayer is assumed. Since this molecular
area corresponds to the basal area of B-cyclodextrin, the area of intermolecular voids
that could cause membrane leakage are expected to be minimized. The permeability
of this condensed membrane both in the presence and absence of a guest in the
subphase solution was measured with the electroactive markers that may pass
{1,4-benzoquinone (p-quinone)] or cannot pass [[Co(phen)3]2*, [Mo(CN)s]“’]
through the B-cyclodextrin cavity. Highly oriented pyrolytic graphite (HOPG) was
used as a working electrode because the surface of freshly cleaved HOPG contains
a fair extent of atomically smooth planes.'*® As guests to block the channel and
control the membrane permeability, uncharged organic molecules (e.g., §9) have
been chosen to avoid complications by electrostatic effects on the guest-induced
permeability change, as described above for the membrane composed of
polyamino-B-cyclodextrin §3.

Figure 18 shows the cyclic voltammograms obtained with 1,4-benzoquinone as
permeability marker. The presence of the cyclodextrin monolayer caused some
decrease in the area of the reduction peak (upper half of curve A vs. B; ca. 31%
decrease). In addition, the reduction peak remained within the investigated potential
window though the peak shifted to a more negative potential. This contrasts with a
much more pronounced decrease with almost complete suppression of voltammo-
gram peak when [Co(phen)3]2“ or [Mo(CN)S]“‘ was used as a marker (ca. 85 and
70% decrease, respectively; figure not shown). These results clearly indicate much
easier access of 1,4-benzoquinone to the electrode surface, which can be interpreted
by the permeability of 1,4-benzoquinone (ca. 6.3 A shorter width) through the
intramolecular channel of the B-cyclodextrin derivative 41 (ca. 7.5 A diameter).
The bulkier markers [Co(phen),}** and [Mo(CN),]*" (ca. 13 and 9 A minimum
diameters, respectively) cannot pass through the B-cyclodextrin cavity due to steric
reason.

Addition of guest 59 to the subphase solution caused a further decrease in the
voltammogram area (curve B vs. C in Figure 18). Furthermore, the extent of
decrease became greater by increasing the concentration of 59 in the subphase
(curve C —» D — E). These observations can be most reasonably explained by a
channel-blocking effect of the guest, leading to inhibition of the permeation of
1,4-benzoquinone through the B-cyclodextrin cavity (Figure 19a). In the case of
using [Co(phen);]** or [Mo(CN),]*~ as a marker, the addition of guest 59 did not
further decrease the voltammogram area, indicating that channel blocking does not
affect the permeability for the bulkier markers (Figure 19b). The effect of the surface
pressure on the cyclic voltammogram area was consistent with the capability of
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Figure 18. Cyclic voltammograms of 1,4-benzoquinone (p-quinone) as permeability
marker. Curve A: in the absence of a cyclodextrin monolayer on a buffer solution
containing no guest (p.1 M CH3CO2Na—-CH3COOH, pH 6.0). Curve B: in the presence
of the condensed monolayer of B-cyclodextrin derivative 41 on a buffer solution
containing no guest. Curve C-E: in the presence of the condensed monolayer of 41
on a buffer solution containing guest 59 at concentrations of 5.0 x 107,1.0x 107,
and 2.0 x 1072 M, respectively (reprinted with permission from Anal. Chem. 1993,
65, 930. Copyright 1993 American Chemical Society).

1,4-benzoquinone and incapability of the other two bulky markers to sterically pass
through the B-cyclodextrin cavity.

The selectivity of voltammetric responses were examined for several uncharged
guests (59-61, adenosine, cytidine) using 1,4-benzoquinone as a permeability
marker. The magnitudes of decrease in the voltammogram area for each guest are
shown in Table 6. The magnitude of voltammetric response can be considered as
60 >> 59 > adenosine > cytidine 61. This can be regarded as a channel mimetic
selectivity, which is based on the differences in the ability of these guests to decrease
the membrane permeability by blocking the intramolecular channel of the cy-
clodextrin molecule. To the best of our knowledge, this is the first example of
controlling permeability through intramolecular channels by host—guest complexa-
tion with organic guests. A similar mode of permeability control is found in the
efficient action mechanisms of neurotoxins such as tetrodotoxin and saxitoxin in
the inhibition of biological ion channels.
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Figure 19. Schematic representations of the permeation behaviors of electroactive
markers through the condensed monolayer of B-cyclodextrin derivative 41 in the
pres}’%nce and absence of the guest. (a) Permeable markers. (b) Nonpermeable mark-
ers.

Table 6. Selectivity of Guest-Induced Permeability Decrease for a Channel
Mimetic Sensing Membrane Composed of a Condensed Monolayer of
B-Cyclodextrin Derivative (41)**2

Guest Concentration of Guest Relative Area of Cyclic Guest-Induced
(M) Voltammogram (% Vid Decrease (%)
without guest — 69.2 —
59 1.0x 1072 M 625+ 1.5 6.7
adenosine 1.0x 1072 M 63.7+1.2 5.5
cytidine 1.0x 102 M 64.6+0.3 4.6
61 1.0x 102M 65.3+0.7 39
60 30x104M 64.5+1.3 4.7

Notes: *Measured at 17 °C by horizontal touch cyclic voltammetry with an HOPG electrode at an applied surface
pressure of 50 mN m. 1,4-Benzoquinone (p-quinone, 1.00 x 1073 M) was used as electroactive marker.
Solution pH = 6.0 (0.1 M CH,CO,Na-CH;COOH).
bCalculated as a percentage of the vol »gram peak area relative to that measured in the absence of the
cyclodextrin monolayer (bare electrode).

“Guest-induced decrease in the relative area of cyclic voltammogram was negligible at 3.0 x 10 M
concentration of guest §9.
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The design and synthesis of artificial channel mimics have been a subject of
increasing interest.'*'~'** In addition to peptidal and nonpeptidal multicomponent
aggregates, a number of approaches to unimolecular channels based on macrocy-
cles with pendant channel units have been reported. With regard to the latter
approach, observation of single-channel currents has been achieved by transmem-
brane channels with suitable channel units appended on cyclic peptide, 43148
porphyrin, ' or crown ether,'>® and also by a half-channel with long alkyl chains
appended on calix{4]resorcarene.'>' A sophisticated strategy for properly connect-
ing two gramicidin A units (half-channel) to construct a transmembrane hybrid
channel molecule has also been reported.'>2!%* Control of membrane permeability
by host-guest complexation with organic guests will be an important target for
chemical sensing and further for control of biomembrane functions.

Cyclophanes

Cyclophanes consist of a class of artificial hosts featured with well-defined
hydrophobic cavities constructed by aromatic rings incorporated in their macrocy-
clic structures, and also with high design versatility because they are totally
synthetic.'>**'%8 The first direct evidence of the formation of an inclusion complex
with an organic guest was obtained for tetraazacyclophane 62, the cavity of which
is constructed with diphenylmethane units bridged by tetramethylene chains.'>*!60
This type of cyclophanes (e.g., 62—65) were shown to be able to discriminate
organic guests in aqueous solutions by recognition of both steric structure and
charge. 4161162

Recently, efforts have been made for application of this type of cyclophane cavity
for recognition and discrimination of nonpolar structures of organic guests at
membrane surfaces.'®3 Various types of long alkyl chain derivatives (66, 68, 70, 72)
were synthesized, and their abilities for guest-induced changes in membrane
potential were compared with those of acyclic reference compounds (67, 69, 71,
73). However, the results were disappointing in that the guest-induced changes
displayed by these cyclophanes were very small or, even if moderate, similar to or
smaller than those induced by acyclic reference compounds. Since these results
implied the importance of distinct hydrophilic groups located in close proximity of
the inclusion cavity, cyclophane 74 was designed and synthesized. This cyclophane
is featured by distinct hydrophilic groups (-NH3) attached to one side and hydro-
phobic groups (long alkyl chains) attached to the other side of the benzene rings.
Potentiometric behaviors of 74 were compared with those of reference compounds
75-77 by PVC._matrix liquid membrane electrodes using DOS as a membrane
solvent. Aromatic anion 78 was used as a guest.

The stepwise protonation property of the tetraaminocyclophane 74 leads to a
pH-dependent amount of positive charge which affects the membrane potential.
Figure 20a shows potential vs. pH curves in the presence and absence of anionic
guest 78. In the absence of the guest, the membrane potential increased with
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decreasing pH. Upon addition of the guest, the potential-pH curve deviated to the
negative direction from that in the absence of the guest below ca. pH 8.5, a similar
pH profile for anionic guests as with the membranes containing macrocyclic
polyamines.?!2* Although such anionic potentiometric responses were observed
for all compounds capable of bearing positive charges by multiple protonation
(74-76), the magnitude was greatest for cyclophane 74. Figure 20b shows potential
vs concentration curves at pH 5.0 for anionic guest 78. Here again, concentration-
dependent decreases in membrane potential (anionic potentiometric responses)
were observed for the positively charged compounds 74-76, the magnitude of
response being greatest for cyclophane 74. These results clearly indicate that the
fundamental structural requirements for guest-induced membrane potential
changes with this type of host are (1) a cyclophane ring capable of inclusion of
guest (74 vs. 75), (2) distinct hydrophilic group(s) located in close proximity to the
inclusion cavity (74 vs. 77), and (3) long alkyl chains (74 vs. 76).

Because of totally synthetic nature, cyclophanes are one of the most important
class of hosts which will contribute to understanding of the detailed aspects of
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Figure 20. Potentiometric responses to anionic guest 78 by PVC matrix liquid
membranes containing cyclophanes (74, 76, 77) or acyclic reference compound (75).
(a) Membrane potential as a function of pH in the presence (@) or absence (0) of 1.00
x 1072 M guest. (b) Membrane potential as a function of guest concentration at pH 5.0
{0.01 M AcONa-AcOH buffer) and room temperature (ca. 20 °C). Membrane compo-
sition: DOS (95 mg) and PVC (44 mg) containing 6.2 x 1072 mmol host.

molecular recognition concerning organic guests not only in aqueous solutions but
also at membrane surfaces.

2.4. Molecular Mechanism of Potentiometric Sensing at the
Surface of lon-Selective Liquid Membranes

The potential across the liquid membrane of ion-selective electrodes (ISEs) can
be described as the sum of the diffusion potential across the membrane bulk and of
the boundary potentials at the interfaces of the membrane to the inner filling and to
the sample solutions.>*!** Because changes of the diffusion potential in the mem-
brane bulk take place only very slowly, the quick response of ISEs is due mainly
to changes in the boundary potential at the sample solution interface. 165-167 1t would
thus be interesting to observe the processes occurring at the surface of ISEs at the
molecular level. For this purpose we have used surface specific techniques, i.e.,
attenuated total reflection infrared spectrometry (ATR-IR) and optical second
harmonic generation (SHG), and photoswitchable molecular probes, i.e., azo-
bis(crown ether)s capable of effecting photoinduced changes in EMF (electromo-
tive force).
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Attenuated Total Reflection Infrared Spectrometry
Pungor and co-workers'®>%” were the first to observe the processes occurring
at the surface of ISE liquid membranes by using ATR-IR. Upon contact of mem-
branes containing crown ether ionophore 79 with aqueous KCl, the formation of
K* complexes on the membrane side of the phase boundary was observed. The
complexes were easily removed by rinsing with water. In contrast, when K*SCN~
(lipophilic counteranion) was used in place of K*Cl~, a large number of complexes
were observed deep in the membranes and were no longer easily removable by
rinsing. Because the transport of complexes into the membranes was much slower
than the EMF response, it was concluded that the EMF was determined essentially
at the membrane surface rather than in the membrane bulk.

Recently, an ATR-IR study was carried out with ISE membranes containing
ionophores 80-83 with the aim to quantitatively assess permselectivity by deter-
mining the stoichiometric ratio of primary cation (M*) and counteranion (X~) on
the membrane side of the phase boundary.?® Cation permselectivity was shown not
to be violated as long as the counteranions were sufficiently hydrophilic (X =
SOi', NO3). In these cases, only IR bands of M* complexes but no signal for X~
could be observed. The concentration of the complex cations in membranes
decreased substantially within fractions of micrometers from the interface.. When
either lipophilic anionic site 84 [potassium tetrakis(p-chlorophenyl)borate,
KTpCIPB] was added or carboxylated PVC was used as membrane matrix, the
concentration of complexes deeper in the membranes increased, showing that a
greater amount of M* ions enter the membranes due to exchange with the initial
countercations of the tetraphenylborate or the carboxylate groups.

However, when the membranes were exposed to aqueous solutions of an inter-
mediate to high concentration of primary cation thiocyanate (M*SCN7), IR bands
of the M* complex as well as the X~ could be observed. At very high analyte
concentrations, no preferential permeation for either M* or SCN™ occurred and the
slope of the electrode response was considerably decreased as compared to a
Nernstian response. Cation permselectivity for M*SCN~ was observed only for the
84-incorporated membranes at low analyte concentrations.

All spectroscopic evidence on the composition of a relatively thin layer at the
membrane surface was thus found to be in agreement with the interpretation of
permselectivity as being due to the exclusion of counteranions from the membrane
phase. However, the depth accessible to ATR-IR is of the order of 0.1~1.0 pm and
is thus too large for the observation of phenomena in the region in closest proximity
to the membrane/aqueous interface in which charge separation is assumed to take
place. Optical second harmonic generation (SHG), which has an even more pro-
nounced surface sensitivity than ATR-IR, was recently shown to be very suitable

for the investigation of the interface between ISE membranes and sample solu-
tions, 041,168
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Optical Second Harmonic Generation

Optical second harmonic generation (SHG), which stems from the conversion of
two photons of frequency o to a single photon of frequency 2w, is an inherently
surface-sensitive technique.'®” Whereas no optical second harmonic wave is gen-
erated in the centrosymmetric bulk of a liquid, molecules participating in the
asymmetry of the interface between two liquids (noncentrosymmetric environ-
ment) contribute to SHG. Since the square root of SHG signal intensity, \](_2(; , 18
proportional to the number N (per unit area), the molecular orientation (7) and the
second order nonlinear polarizability o'? of the SHG active species at the interface
of the two liquids, the SHG technique provides a valuable tool to investigate the
surface of liquid membrane ISEs.

SHG Induced by lonophore-Metal lon Complexation at the Membrane Surface.
The dependence of \/@)— on the concentration of primary cation chlorides (M"CI")
in aqueous sample solutions, obtained for PVC matrix liquid membranes based on
crown ether ionophores 80, 83, 85, and 86 (membranes 80, 83, 85, and 86,
respectively), is shown in Figure 21a-d. The SHG intensity for membrane 83
increased steeply at low Li* ion concentrations but leveled off at higher concentra-
tions (Figure 21a). Because the SHG signal was negligible both in the absence of
Li" ions in the aqueous solution and of ionophore 83 in the membrane (figure not
shown), the generation of the SHG signals can be ascribed to the formation of
oriented Li* complexes of ionophore 83 at the membrane surface, facing across the
interface the hydrophilic counteranions, CI7, in the adjacent aqueous phase. Assum-
ing negligible changes in the molecular orientation, the saturation of the SHG signal

H3C_ (CH;),CH;

OYO OYO

6] O
>‘(CH2)5“<

Ozj)g_j}NH HNC}NOZ Q-o Ob
YGRS S T G
\,o\) \/o\) K/o\) N

79 80

81 (valinomycin)



Biomimetic and Biological Systems 251
QO 1
PP
[0}
O O
6}
K(o [0 o]
@,N\@ K) KB Cl
4
82

83 84 (KTpCIPB)
(o™ (¢ o™
C[O OD C[O OD
] &) O [
o/ o P

at high Li* ion concentrations indicates that the number of SHG active species
located at the membrane interface becomes constant beyond a certain Li* ion
concentration. Similar SHG responses were observed for membranes 80, 85, and
86.

Treatment of the above SHG curves for membranes 80, 83, 85, and 86 by a
Langmuir—isotherm type analysis indicates Langmuir-type “‘saturation” occurring
at the membrane surface at high cation concentrations, which may be interpreted
in terms of a tightly packed monolayer of the SHG active cation complexes at the
membrane surface. However, the SHG active layer may actually have a thickness
of several monolayers if the electrical field aligns the complexes with respect to the
interface.

Correlation between the SHG and EMF Responses. As shown in Figure
22a, the SHG response of membrane 80 to aqueous KSCN was found to be
substantially different from that to KCI. Upon increasing the KSCN concentration,
the SHG signal initially increased but reached a maximum at 0.2 M and then
decreased. An effect of the counteranion was also observed for the EMF response
of the same membrane (Figure 22b), the decrease in the potentiometric response
starting approximately at the same KSCN concentration as that for the SHG
response. These results demonstrate that the anionic effect, caused by coextraction
of K* and SCN™ ions into the membrane bulk, is accompanied by a decrease in the
number of oriented K* complexes at the interface.

To prevent such anionic effects, so-called anionic sites are conventionally used
as additives for ISE membranes. In fact, upon addition of 84, the SHG response of
membrane 80 to KSCN was improved (data not shown). This result suggests that
the lipophilic anion assists the surface orientation of the 80-K* complexes by
inhibiting the uptake of SCN™ from the adjacent aqueous solution.
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Figure 21. Dependence of the square root of the SHG intensity (\fl(z—m)) on primary
jon concentrations for (a) membrane 83 (Li* ion), (b) membrane 80 (K* ion), (c)
membrane 85 (K* ion), and (d) membrane 86 (Na* ion). The corresponding observed
membrane potentials are also shown (inset). (continued)
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(continued) Membrane compositions: 83/DOS/PVC = 0.2:64.2:35.6;

80/DOS/PVC = 1.4:63.4:35.2; 85/DOS/PVC = 0.6:63.9:35.5; 86/DOS/PVC =
0.9:63.7:35.4. The ionophore concentration in the membrane was 1.0 x 102 Min all
cases (reprinted with permission from Anal. Chem. 1995, 67, 575. Copyright 1995
American Chemical Society).
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Figure 22. (a) Square root of the SHG intensity (V2)) and (b) observed membrane
potential as a function of the concentration of K* ion in the adjacent agueous solution
containing KCI (0) and KSCN (@), respectively. The composition of the PVC matrix
liquid membrane containing ionophore 80 is the same as in Figure 21b (reprinted with
permission from Anal. Chem. 1995, 67, 574. Copyright 1995 American Chemical
Society).

Similar but even more pronounced anionic effects were observed with liquid
membranes based on ionophore 80 and exhaustively purified organic solvents
(nitrobenzene or 1,2-dichloroethane) but no polymer matrix.'%® The use of such
membranes allows to minimize the concentration of ionic impurities that could take
the role of anionic sites. For a membrane with ionophore 80, the SHG response
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toward K* ion (KCI) was found to be negligibly small and no lasting EMF response
could be observed. On the other hand, when the lipophilic anion 84 was added to
the membrane, EMF and SHG responses to KCl were regained, showing the
necessity of such ionic sites for ISEs based on neutral carriers.

The paraltel changes in membrane potentials and SHG signals indicate that the
observed membrane potential changes are primarily governed by the SHG active
oriented species at the membrane surface. However, another important property of
the SHG response of membranes 80, 83, 85, and 86 is that saturation occurs at very
high primary cation concentrations (0.5-1.0 M), where Nernstian potentiometric
responses are still observed (Figure 21a—d). Although such high concentrations are
of little significance for practical ISE measurements, the above observation shows
an interesting aspect on the mechanism of potentiometric response; the generation
of the membrane potential at such very high primary cation concentrations is
governed not only by the SHG active cation complexes at the membrane surface
but also by complexes located behind the SHG active layer, which are SHG inactive
due to a lack of molecular orientation.

It is at present still difficult to correlate the absolute intensity of the SHG with
the number of cationic complexes at the membrane surface. Therefore, a quantita-
tive discussion, showing how the permselective uptake of primary cations forming
SHG active complexes into the membrane side of the phase boundary corresponds
to the increase in the membrane potential, is not possible yet. Lipophilic derivatives
of photoswitchable azobis(benzo-15-crown-5) were recently shown as a molecular
probe to determine photoinduced changes in the amount of the primary cation
uptake into the membrane phase boundary in relation to the photoinduced EMF
changes under otherwise identical conditions.

Studies by Photoswitchable Azobis(benzo-15-crown-5) Derivatives as a
Molecular Probe

Design of Lipophilic Azobis(15-crown-5) Derivatives. When the PVC ma-
trix liquid membrane containing an azobenzene-bearing crown ether (e.g., 87) in
contact with the primary cation solution (KCl) is exposed to UV or visible light,
photoinduced changes in membrane potential (EMF) are observed.!”*'7? These
changes are based on the difference in complexation ability between the cis and
trans isomers of the azobenzene ionophore, which can be interconverted photo-
chemically. If the photoequilibrium concentrations of the cis and trans forms of the
photoswitchable ionophores and the stability constants for their complexes with
primary ions can be estimated, the photoinduced changes in EMF can be correlated
quantitatively to the amount of primary ion uptake or release into or out of the
membrane phase boundary. Photoswitchable ionophores may thus serve as a
molecular probe to quantitatively determine the change in the concentration of
complex cations at the membrane surface, which corresponds to the membrane
potential changes.
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For this purpose, the photoswitchable bis(crown ether)s 88 and 89 as well as the
reference compound 90 have been synthesized.'”> Compounds 88 and 89 are highly
lipophilic derivatives of azobis(benzo-15-crown-5). The parent azobis crown ether
was originally developed by Shinkai'”~!7® and its photoresponsive changes in
complexation, extraction, and transport properties thoroughly examined. Com-
pared to 87, more distinct structural difference between the cis and trans isomers
can be expected for 88 and 89 because in the latter compounds the 15-crown-5 rings
are directly attached to the azobenzene group. The photoequilibrium concentrations
of the cis and trans forms and the photoinduced changes in the complexation
constants for alkali metal ions are summarized in Table 7.

Photoinduced Changes in Phase Boundary Potentials. The photoinduced
membrane potentials were measured by using PVC matrix liquid membranes in
contact with a polypyrrole-coated Pt electrode [dibutyl phthalate (DBP) as the
membrane solvent]. The polypyrrole layer allows to obtain a stable and sample-in-
dependent potential drop between Pt and the PVC membrane. The phase boundary
potential at the interface of a membrane containing ionophore and an aqueous RbCl
or KClI solution could be reversibly altered by UV and visible light irradiation, as
shown for ionophore 89 in Figure 23a,b. The values of the photoinduced potential
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Table 7. Photostationary cis/trans Percentages and Extractabilities of Alkali Metal
Picrates with lonophores 88, 89, and 90 under Visible and UV Light Irradiation'”?

Extracted Picrate / %°

Ionophore Irradiation  Percentage® Na* K* Rb* Cs*
88 visible 0:100 218 322 242 18.4
uv 42: 58 194 28.6 336 22.3
89 visible 0:100 344 36.7 12.3 13.1
uv 39: 61 33.1 29.2 220 21.5
%0 visible 0:100 375 423 312 14.2
uv 50: 50 354 313 25.0 8.2

Notes: *Measured in PVC matrix liquid membranes (dibutyl phthalate/PVC = 2:1; [ionophore] = | mM; membrane
thickness 50 um).

®Measured in two-phase systems. Organic phase (dibutyl phthalate): [ionophore] = 1.00 x 10> M: aqueous
phase: [picric acid] = 5.00 x [0~ M, [metal hydroxide] = 1.00 x 10~ M, [metal chioride] = 5.00 x 107! M.

changes, i.e., AE = E;,, — Ey;, for membranes based on ionophores 88-90 are
summarized in Table 8. Importantly, the direction of the photoinduced potential
changes depend on the photoinduced changes in the corresponding cation extrac-
tability (see Table 7). This result indicates that the photoinduced changes in the
phase boundary potential arise from changes in the amount of cations that enter or
leave the membrane phase at the interface between the membrane and aqueous
sample solution.

To quantitatively correlate the photoinduced changes in the phase boundary
potential to the number of complexed cations entered in a permselective manner
into the membrane surface, the photoinduced potential changes were analyzed on
the basis of a space-charge model proposed by Buck.'®'”” Theoretical treatment of
this model including the complexation equilibrium at the membrane and aqueous
sides of the interface was made'’> as an extension of the theory proposed by
others,' 818! assuming Gouy-Chapman-type double-diffuse layers as a space-
charge region that enables charge separation across the membrane/aqueous solution
interface. Based on this model, the phase boundary potential between the membrane
and aqueous bulk can be approximately expressed as a function of the surface-
charge density, which in turn can be expressed as a function of the surface
concentrations of the complex cations, defined as the concentrations at the outer
Helmholtz plane at the membrane side of the interface. The total surface concen-
trations, corresponding to the sum of those of the complexes of the cis and trans
isomers, can be estimated from the photoequilibrium cis/trans ratio and complexa-
tion stability constants for each isomer described in Table 7.

For the membrane containing 1 mM of ionophore, the UV-induced increase in
the phase boundary potential thus calculated (+8.2 mV) is close to that of the
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Figure 23. Photoresponse of the EMF induced by UV and visible light irradiation for
membrane 89 in contact with (a) 0.1 M aqueous RbCl and (b) 0.1 M aqueous KCl.
Membrane composition: DBP/PVC = 2:1 wt/wt containing 1 mM of 89.

observed value (+7.5 mV). The comparison of the observed and calculated potential
changes is shown in Table 8. It can be seen that the calculated potential changes of
membranes with | mM of ionophores 88-90 in contact with 0.1 and 0.01 M aqueous
KCl or RbCl were in good agreement with the corresponding observed values. This
quantitative agreement indicates that the phase boundary potential is determined
by the amount of the primary cations permeated across the membrane interface.
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Table 8. Photoinduced Potential Changes, AE (mV), for Membranes Based on

lonophores 88-90 1732
RbCI KCl
lonophore 0.IM 0.0IM Calc® 0.1M 0.0IM Calc®
88 -17.1 -17.2 ~20.0 +1.5 472 +8.5
89 -12.6 -12.5 ~12.4 +11.0 +10.8 +11.2
90 -19 -8.2 -17 -74 -6.5 ~5.7

Notes: *AE = Eyyy, - Ey,. Membrane composition: DBP/PVC = 2:1 wvwt with 1.0 mM ionophore.
®The potential changes were calculated by treatment based on a space charge mode.

Photoinduced Changes in the EMF Response Slope. In the case that the
EMF response slope is smaller than the theoretical value according to the Nernst
equation (sub-Nernstian slope), UV irradiation induced changes in not only phase
boundary potentials but also EMF response slopes (Figure 24). When a membrane
containing 1 mM of ionophore 89 was exposed to visible light, a linear response to
Rb* ion with a nearly Nemnstian slope was observed. Upon UV light irradiation, a
parallel shift in the linear response was observed with an increase in the EMF
(Figure 24a). However, reduction of ionophore 89 to 0.1 or 0.01 mM concentration
resulted in sub-Nernstian slopes under both UV and visible light irradiation. In these
cases, the EMF slope under visible light was smaller than that under UV light
(Figure 24b,c), reflecting the smaller uptake of Rb* ions into the membrane side of
the interface with the trans isomer, which has a weaker binding affinity for Rb* ion
than the cis isomer.

For the membrane containing 0.1 mM of ionophore, the quantitative relationship
between the EMF response slope and the amount of primary cation uptake into the
membrane side of the interface was confirmed by comparing the observed photoin-
duced changes in the EMF slope and the calculated values based on the surface-
charge density as described above. In this case, the slope of the EMF response to
Rb* ion under visible light irradiation was sub-Nernstian (38.5 mV decade™'). On
the other hand, the corresponding surface-charge density is estimated to be 2.5 x
1078 C cm™. Upon UV light irradiation, 24.6% augmentation in the surface-charge
density was estimated by the increase in the concentration of the cis isomer. The
resulting calculated slope increases to 43.2 mV decade™ which is close to the
observed slope upon UV light irradiation (44.1 mV decade™). The improvement
of the EMF response slope by adding anionic site 84 to the membrane could also
be quantitatively explained by the same theoretical treatment based on a surface-
charge model.

The agreement between the calculated and observed response slopes indicates
that the primary factor determining the EMF slope is the surface-charge density
which is governed by the ionophore concentration in the membrane. As a result,
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Figure 24. Potentiometric responses toward RbC! of membrane 89 with various
concentrations of ionophore 89 under UV and visible light irradiation. Membrane
composition: DBP/PVC = 2:1 wt/wt containing (a) 1 mM, (b) 0.1 mM, and (c) 0.01
mM of 89, respectively.
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sufficient primary cation uptake due to sufficient concentration of ionophore (1 mM
in the present case) leads to Nernstian responses, whereas insufficient primary
cation uptake due to low ionophore concentrations leads to sub-Nemstian re-
sponses.

3. CHEMICAL SENSING BASED ON THE
SUPRAMOLECULAR FUNCTIONS OF BIOLOGICAL
SYSTEMS

3.1. Chemical Sensing Based on Glutamate Receptor (GluR) lon
Channels

Glutamate receptor (GluR) ion channels are known to play a key role in trans-
membrane signaling at postsynaptic membranes in mammalian brain.'%!% The
specific binding of the principal neurotransmitter L-glutamate (L-Glu) to these
receptor ion channels triggers the opening of the channels through which a large
number of jons are allowed to permeate following their electrochemical gradients.
Such transmembrane signaling displayed by GluRs provides an important principle
for designing highly sensitive and selective sensing membranes.'® Also, evaluation
of chemical selectivity of GluRs towards different excitatory amino acids is
important for studies of the mechanisms underlying the biological signal transduc-
tion process,'®> design and synthesis of excitatory amino acids'®® and structure—
function relationships. ‘%

An ion channel sensor for L-Glu has been fabricated by incorporating GluR ion
channel proteins, isolated from the synaptic membrane of rat brain, into reconsti-
tuted planar bilayer lipid membranes.'®’-'#° A purified preparation of the receptor
ion channel proteins was incorporated into planar bilayer lipid membranes (BLMs)
formed by two different methods, i.e., the monolayer folding method (Takagi—
Montal Method)'® and the tip—dip method,'®” and the channel currents triggered
by L-Glu were measured. The experimental setup for the former method is shown
in Figure 25. In this system, the concentration of L-Glu can be determined on the
basis of the integrated transmembrane cation current, which corresponds to the total
number of ions passed through the open channel during the period of L-Glu binding.
Hence, this integrated current is an amplified “physiologically relevant” measure,
including both agonist concentration and agonist potency to activate the GluR ion
channels. Two types of ion channel sensors, i.e., multichannel and single-channel
sensors, have been fabricated in which the number of GluRs incorporated into the
BLMs is purposely different.

The relationship between the concentration of L-Glu and the response as an
integrated channel current for the multichannel-type sensor (most likely containing
210 GluR ion channel proteins) is shown in Figure 26a. A sharp concentration
dependence was observed up to ca. 1.5 x 107’ M of L-Glu. The detection limit of
this sensing system is lower than the lowest concentration tested, i.e., 3.0 x 1078 M.
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Figure 25. Experimental setup for the formation of bilayer lipid membranes and
current measurements.

A high sensitivity to L-Glu with a detection limit lower than 3.0 x 10~” M was also
observed for the single-channel-type sensors containing only one and two active
GIuR ion channel proteins (Figure 26b). Recently, the detection limit was success-
fully lowered down to 1.0 x 107!® M with a multichannel sensor containing ~37
GluRs.'*® The high sensitivity of the present sensing systems is evidently based on
the intense signal amplification function of the GluRs; the amplification factor was
estimated to be ca. 2.1 x 10° jons/channel on the basis of the average number of
ions which pass through the channel during a single open channel period (average
7.6 ms).'¥

The GluR ion channels are grouped into three subtypes, i.e., N-methyl-D-aspartic
acid (NMDA) receptors, a-amino-3-hydroxy-5-methylisoxazole-propionic acid
(AMPA) receptors, and kainic acid receptors.'®'~'** The potency of agonists and
antagonists to induce or block the channel activity of GluRs has been described in
terms of the binding affinity obtained by radioligand techniques'®® and by the
dose—response curve technique with voltage-clamped whole cells.'**~'% Besides
the binding assay approach, the kinetic parameters of GluR channels, such as the
decay time of the agonist-induced currents and the life time of the agonist-gated
current obtained by single-channel patch-clamp techniques, have been reported;
more potent agonists exhibited longer decay time of multichannel currents'®’ and
longer open time of single-channel currents.'*®

A new approach for evaluating chemical selectivity of GluRs, in which the
integrated channel currents, corresponding to the total amount of ions passed
through the multiple open channels, are used as an amplified “physiologically
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Figure 26. Relationship between the concentration of (-Glu and the integrated
channel current. (@) Multichannel BLM. (b) Single-channe! BLMs constructed with
different preparations of BLMs, which most likely contain one (0) and two (@) GluR
ion channel protein(s) (reproduced by permission of American Chemical Society from
Anal. Chem. 1991, 63, 2792, 2793).

relevant” measure of agonist potency to activate each of the GluR subtypes.
Chemical selectivity for activating each of the GluR subtypes was evaluated by
utilizing integrated channel currents.'* For fabricating a multichannel sensor, GluR
ion channels from rat synaptic plasma membranes were incorporated into planar
BLMs formed by the folding method. The experimental setup is the same as shown
in Figure 25. Using three typical agonists, NMDA, L-Glu, and the 25,3R,4S isomer
of 2-(carboxycyclopropyl)glycine (L-CCG-IV, 91),'° the chemical selectivity of
these three agonists toward the NMDA receptor subtype was evaluated on the basis
of integrated channel currents of a multichannel type sensor.

One of the unavoidable factors encountered in evaluating the potency of different
agonists to activate GluRs was that the magnitude of the integrated channel currents
arising from different BLMs cannot meaningfully be compared to one another due
to the difference in the number of incorporated proteins and their subtypes. As
exemplified in Figure 27, the multichannel responses obtained with two BLMs
(BLMs (a) and (b)) gave rise to markedly different magnitudes of integrated
currents in response to an identical concentration of L-Glu. Considering the mui-
tichannel currents to be comprised of the sum of the single-channel currents
generated by several GluR channels, the larger response obtained with BLM (b)
shows that the BLM contained a larger number of GluRs (~37) than the BLM (a)
(~4 GluRs). Furthermore, as shown in Figure 28, the kind (or ratio) of receptor
subtypes incorporated into BLMs was found to be different for each membrane
preparation, as indicated by the identification of the GluRs in the BLMs by using
the antagonists 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX) and (+)-5-
methyl-10,11-dihydro-5H-dibenzo[a.d]cyclohepten-5,10-imine maleate (MK-



264 KAZUNORI ODASHIMA ET AL.

(a) (b)

60 60
g g L-Glu
e e 7 0.10nM
I » 5
X 401 X ot
3 3
£ £
S s
s 20} s 20f
.§ & without ./
E £ L-Glu
3 without L-Glu 3
z LG 0.10 M =

] - 0

— time — time

Figure 27. Comparison of the L-Glu-induced integrated channel currents between
two different preparations of GluR-incorporated BLMs upon injecting the identical
concentration of L-Glu (0.10 nM). Applied potential: +50 mV. Conditions: 9.8 mM
HEPES-NaOH (pH 7.6) containing 0.52 M NaCl, 0.19 mM CaCl;, 4.8 mM glycine,
24 pg mL™" of concanavalin A, 8.1 mM sucrose and 0.40 M formamide in both cis
and trans side solutions. Proteoliposomes were injected only to the cis side and agonist
solution was added to the trans side. Applied potential: +50 mV. The t-Glu solution
was injected to the trans side.'

801), which are specific for non-NMDA and NMDA subtypes, respectively. Con-
sequently, the multichannel responses induced by agonists can only be compared
within single BLM preparation, in which the number of receptors can be regarded
as constant and the kind of GluR species does not vary.

Taking the above facts into consideration, BLMs designed to contain exclusively
NMDA subtype of GluRs were used to evaluate the chemical selectivity of NMDA
subtype receptor for NMDA, L-Glu, and L-91. This was achieved by measuring
channel currents through NMDA subtype receptor channels in the presence of
DNQX, which is a specific antagonist of non-NMDA subtype receptors. While
DNQX blocks the channel activity of non-NMDA subtype channels in the BLM,
only NMDA subtype receptors remain unblocked, which can then be selectively
activated by agonists of interest. The relative potency of two agonists, (1) NMDA
and L-Glu and (2) L-Glu and L-91, toward NMDA subtype receptors was deter-
mined, as shown in Figure 29a and Figure 29b, respectively by using identical
concentrations of two agonists in series. From the relative magnitude of the
integrated channel currents for the two agonists, the relative potency toward NMDA
subtype receptors was determined as being (1) L-Glu > NMDA and (2) L-91 >
L-Glu. Based on these results, the order of selectivity of the three agonists for the
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Figure 28. Changes in the integrated channel currents for multichannel BLM upon

addition of L-Glu, MK-801, and DNQX in series. Solution condition: (a) the same as

in Figure 27, (b) 20 mM citric acid, 42 mM Tris, 0.15 M NaCl, 5.0 mM glycine, 0.20

mM CaCl3, and 25 mg mL™" of concanavalin A, pH 7.6, and (c) the same as in Figure

27. Applied potential: (@) +30 mV, (b) =30 mV, and (c¢) +30 mV. The L-Glu solution
o . . L 190

was injected to the trans side. The antagonist was injected to both sides.

NMDA receptor subtype is found to be L-91 > L-Glu > NMDA. This selectivity is
consistent with that of the binding affinity of these agonists to NMDA subtype
receptors.'® However, the selectivity based on the integrated channel current
covered a much narrower range than that based on the binding affinity; while the
relative binding affinity of the three agonists was NMDA:L-Glu:L-91 =
0.022:1.0:17,'" the selectivity based on the integrated current was found to be
NMDA:L-Glu:L-91=0.47:1.0:2.9. This suggests that the present selectivity, reflect-
ing not only the binding ability of each agonist to the NMDA subtype receptor but
also the signal transduction efficiency, provides a measure of agonist potency that
is physiologically more relevant than the binding affinity.

The present approach can be applied not only to AMPA and kainate subtype
receptors of GluRs but also to other receptor ion channels.
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Figure 29. Typical examples of changes in the integrated channel currents upon
successive addition of (@) NMDA, L-Glu, and MK-801, and (b) L-Glu, L.-CCG-IV (L-91),
and MK-801. Applied potential: (a) +50 mV and (b) +30 mV. Solution condition was
the same as in Figure 26 (multichannel BLM), except for the presence of 0.50 uM
DNQX in both cis and trans sides. The agonist was injected to the trans side. The
antagonist was injected to both sides.'®
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3.2. Chemical Sensing Based on Active Transport of Target Compounds

The active transport of target compounds is interesting as a new mode of mass
transfer for designing separation and sensing systems with signal amplifica-
tion.2%0-292 Since the first uphill (active) transport membrane sensor was proposed
in 1986,%% this method has already been demonstrated for several liquid membrane
systems>%4-2% by exploiting synthetic molecules, such as methyltrioctylammonium
chloride (92; Cd**),%*?% dicyclohexyl-18-crown-6 (93; K*), and dibenzoyl-
methane (94; Cu®*),2% and biomolecules such as Na*/D-glucose cotransporter®’
and Na*K*-ATPase.”®

Na*/D-Glucose Cotransporter-Based Sensing Membrane

The Na*/D-glucose cotransporter protein is known to display active transport of
D-glucose across cell membranes by using an electrochemical Na* gradient as the
driving force. The energy conversion proceeds in a coupled transport (symport)
with a coupling stoichiometry of Na*:D-glucose = 1:1 or 2:1.! Considering the
efficiency and specificity of glucose transport displayed by the Na'/D-glucose
cotransporter, a purified preparation of the cotransporter from the small intestine
of guinea pigs was embedded into a planar BLM for constructing a highly sensitive
BLM sensing system for D-glucose.%” The principle of the D-glucose sensor based

coy ) coy H
;COZ H/;é-,,H 0N NIO COOH
H,"'N"Coy . . O O [
Hy'N"~Cco, 2 Hy"'N™ ~CO, O,N N0
3 2 HC H COOH
L-Glu NMDA L-CCG-IV (L-91) DNQX MK-801
[0)
(CH2)1CH, o(\ /\o 0 9 (CH)/CH;
H{C=N'"—(CH} CHy - CT @ :® N-(CH)CH,
(6] O
CH,);CH (CH);CH
(CH,);CH; K/O \) 217CH;3
92 93 94 95
COOH = ) oH R}
HO - ~ AN 4 H
T K RD/k/N\ 1
AL IR
HO R
lasalocid A R' R? rR* R*
dopamine (38) H H H OH
(R)-noradrenaline [(R)-39] H H OH OH
(R)-phenylephrine [(R)-96] CH; H OH H
(R)-adrenaline {(R)-40] CH; H OH OH
L-DOPA (L-97) H CO,H H OH



268 KAZUNORI ODASHIMA ET AL.

on a Na*/D-glucose cotransporter is shown in Figure 30. The driving force for
D-glucose to be pumped is provided as an electrochemical Na* gradient created by
applying a potential across the BLM facing to the solutions containing Na* ions at
a given concentration. The electrochemical Na* gradient in the present system is
maintained by the applied potential, while in biological membranes the Na*
gradient is infinitely maintained by Na*,K*-ATPase, which pumps Na* out of the
cell. The Na*/D-glucose cotransporter in the BLM is specifically activated by Na*
ions, and the energy conversion proceeds in a coupled transport. The Na* ions
cotransported across the BLM are measured as a Na* current, which is a measure
of the concentration of D-glucose in the sample solution.

The incorporation of purified Na*/D-glucose cotransporter into the BLM formed
by the monolayer folding method was achieved either by fusion of its proteo-
liposomes or by folding the lipid layer containing the proteoliposomes. The
experimental setup for measuring the currents is the same as in Figure 25. The
concentration dependence of the observed currents is shown in Figure 31. A Na*

O D-Glucose
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Figure 30. Principle of the D-glucose sensor based on the Na*/D-glucose cotrans-
porter-embedded BLLM (reprinted with permission from Anal. Chem. 1993, 65, 364.
Copyright 1993 American Chemical Society).
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Figure 31. A plot of the observed current against the concentration of D-glucose for
the Na*/D-glucose cotransporter-based BLM sensor. The static potential of =50 mV
was applied to the system in the presence of 10 mM Na* in the sample solution
(reprinted with permission from Anal. Chem. 1993, 65, 366. Copyright 1993 American
Chemical Society).

current coupled with the D-glucose transport was observed even at 10° M of
D-glucose, followed by a steep rise in the response up to 5 x 107® M. At higher
concentrations of D-glucose, the current increased more gradually and virtually
leveled off above 107 M. Compared to the conventional glucose sensors based on
glucose oxidase, which typically show a detection limit of [ uM to several hundred
uM, the detection limit of 10~ M attained by the present sensing system should be
regarded as extremely low. Among several related monosaccharides tested, i.e.,
L-glucose, D-fructose, D-mannose, and D-galactose, only D-galactose (1078 M),
which is known to competitively bind to the Na*/D-glucose cotransporter protein,
induced a response. The observed amperometric selectivity is consistent with the
binding and transport selectivities displayed by this transporter protein in biomem-
branes. 2210

The approach described here can be applied to other cotransporters and an-
tiporters for the development of highly sensitive and selective sensing membranes
for substrates (analytes) such as sugars other than D-glucose and amino acids.

Na*,K*-ATPase-Based Sensing Membrane

The Na* ,K*-ATPase is known to actively pump Na* out and K* into a cell against
their concentration gradients. The active transport of these ions is tightly coupled
to hydrolysis of adenosine 5'-triphosphate (5'-ATP). For every molecule of 5'-ATP
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hydrolyzed, three Na* ions are pumped out and two K* ions are pumped in, so that
one net positive charge (Na*) is translocated.

A sensor for 5'-ATP was fabricated with a purified preparation of Na*,K*-ATPase
embedded into a BLM.?% The experimental setup used for these experiments is the
same as that shown in Figure 25, except that a vibration-reed electrometer (input
impedance >10'° Q) was used for measuring membrane potentials. The typical time
course of generation of membrane potential responding to 5’-ATP is shown in
Figure 32. Upon adding 5'-ATP, the membrane potential shifted toward a negative
value and reached a steady potential. The 5'-ATP-induced membrane potential
almost completely disappeared when the specific inhibitor ouabain was injected.
This confirms that the observed membrane potential originated from the pumping
action of Na*,K*-ATPase in the BLM. This potentiometric sensor enabled us to
detect 5'-ATP over a range from 1.0 x 107 to 1.0 x 107> M with a detection limit
(S/N > 3) of 6.3 x 107 M. The selectivity against several nucleotides as well as
acetyl phosphate was found to be in the order of 5'-ATP > 5'-UTP, 5'-GTP > acetyl
phosphate, 5'-CTP >> 5'-ADP, which is parallel to that for the rate of hydrolysis
by ATPase in biomembranes.?''2!?

To date, there are only a few reports that describe the use of BLMs in obtaining
membrane potentials as analytical signals. To the best of our knowledge, the first
potentiometric BLM sensor was developed by our group?!? by exploiting the natural
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Figure 32. Time course of generation of 5'-ATP-induced membrane potential and
disappearance of the membrane potential by adding a specific inhibitor ouabain for
a single preparation of Na*,K*-ATPase-based BLM. 5’-ATP was injected into the cis
side solution (final concentration: 10 mM) and ouabain (DMSO solution) into the trans
side solution (final concentration: 1 mM) {reprinted with permission from Anal. Chim.
Acta 1993, 281, 583. Copyright 1993 Elsevier Science Ltd.).
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ionophore valinomycin incorporated into BLMs obtained with the folding method.
This shows the potentiality of bioreceptors for designing potentiometric BLM
Sensors.

Lasalocid-A-Based Uphill Transport Membrane

Lasalocid A is one of the naturally occurring ionophoric antibiotics capable of
transporting metal cations,?'*2'S metal complexes,?'*'® and organic cations such
as (protonated) biogenic amines®'’~?*! across bilayer and liquid membranes. The
crystal structure of the 1:1 complex of dissociated lasalocid and protonated amine
shows that the lasalocid anion binds the ammonium cation via three N-H----O
hydrogen bonds.??* An uphill transport liquid membrane for the neurotransmitter
dopamine (38) using lasalocid A was designed and fabricated; complete transfer
(100%) of dopamine from the feed to receiving solution was achieved by this
membrane.

An uphill transport membrane system for dopamine in which lasalocid (pK, =
3.7) was dissolved in o-dichlorobenzene is shown in Figure 33. The driving force
for transporting dopamine against its concentration gradient is provided by a
concentration gradient of H* in a counter transport mode. At the feed solution
interface, an electroneutral complex between protonated dopamine cation and
dissociated lasalocid anion is formed and diffuses to the receiving solution inter-
face, where the protonated dopamine is released into the acidic receiving solution.
The protonated lasalocid diffuses back to the feed solution interface. Thus, energy
conversion proceeds in a 1:1 counter transport.

An important feature of the present system is concentration of dopamine based
on the feed/receiving volume effect. According to a theoretical model,?® enhance-
ment of the concentrations of analytes can be achieved most efficiently by a

Feed solution Liquid membrane Receiving solution

dop* HL dop*
Tris/HC! buffer HCI
(pH 7.4)
1 mM ascorbate (PHO.5)
H* dopL. H*
dop: dopamine | L:lasalocid
o-dichlorobenzene

Figure 33. Principle of proton-driven uphill transport for dopamine under a counter-
transport mode. The concentration of the carrier lasalocid A in o-dichlorobenzene
was 0.1 M. The feed phase (100 mL) was 10 mM Tris-HCl buffer solution (pH 7.4)
containing 1 mM ascorbic acid. The receiving phase (0.5-2.0 mL) was a hydrochloric
acid solution (pH 0.5-3.0). The initial dopamine concentration in the feed solution
was in the range from 1.00 x 107 to 1.00 x 1073 M (reprinted with permission from
Anal. 5ci. 1996, 12, 333. Copyright 1996 The Japan Society for Analytical Chemistry).
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countertransport mode as used in the present system. The uphill transport of
dopamine was carried out with two kinds of transport cells, i.e., a thin layer cell
and a nylon capsule system (Figure 34). The former utilizes a small inner space
between two liquid membranes as a receiving compartment and the latter a small
inner space of a nylon capsule prepared by interfacial polymerization. Concentra-
tions of dopamine transported into the receiving solution were determined in the
receiving compartment by cyclic voltammetry or HPLC after sampling a small
volume of the receiving solution.

Table 9 gives the concentrating factors for dopamine as a function of the volume
of the receiving solutions. It can be seen that the smaller the volume of the receiving
solution, the larger the concentrating factor for dopamine. The concentrating factor
obtained with the thin-layer-type cell was nearly equal to the ratio of the volumes
for the feed to receiving solutions, in accordance with theoretical expectation.m(’
Although no complete transfer of dopamine was attained even after transport for
16 h with the nylon-capsule-type cell, concentrating factors up to 2.8 x 10? were
obtained with a nylon capsule having a 20-uL-volume receiving solution. The
transport selectivity for the five amines tested was found to be: dopamine (38) >>
(R)-(-)-noradrenaline [(R)-(—)-39] > (R)-(-)-phenylephrine [(R)-(-)-96] (RS)-ad-

Electrodes Feed
a) compartment

Receiving l

compartment
Tl
ol
q
Carrier-impregnated Stirring bar
PTFE type membrane
Pore size : 0.5 um
Diameter : 47 mm
b) Carrier-impregnated ___ .
nylon film membrane Receiving
solution
Feed solution

Figure 34. Structures for (a) thin-layer-type and (b) nylon capsule-type transport cells
(reprinted with permission from Anal. Sci. 1996, 12, 332. Copyright 1996 The Japan
Society for Analytical Chemistry).
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Table 9. Concentrating Factors for Dopamine (38) with the Uphill Transport

System??

Concentration of 38
Volume of Feed Volume of Receiving in Receiving Solutions
Solutions™® ( 'mlL) Solutions® (uL) (M) Concentrating Factor®
1.00 x 102 200 x 103¢ 4.90 x 1074f 490 x 10
1.00 x 107 1.00 x 10%¢ 9.60x 10741 9.60 x 10
1.00 x 107 5.00 x 1029 1.96 x 1073 1.96 x 102
1.0x 10 20x10¢ 28x 10738 2.8 x 10

Notes:  *10 mM Tris-HCI buffer solution (pH 7.4) containing | mM ascorbate.
PThe initial concentration of 38 prior to starting transport was 1.00 x 10 M.
“pH 0.5 with hydrochloric acid.
Transport with a thin layer cell.
“Transport with a nylon capsule.
"The equilibrium concentration was determined by HPLC.
¢Determined by HPLC after transport time of 16 h.

"Defined as the equilibrium concentration of 38 in the receiving solution relative to the initial concentration
in the feed solution prior to starting transport.

renaline [(RS)-40] > L-DOPA (L-97). The selectivity obtained here is in accordance
with the results of Kinsel et al.*'7?'® who observed that the rate of lasalocid
A-mediated facilitated transport across a bilayer membrane decreases in the order
of 38 > (R)-(-)-96 > (RS)-40. No increase in the L-97 concentration by the present
uphill transport system was observed, probably because L-97 existed mainly in the
zwitterionic form at the experimental pH*** and was not capable of forming an
electroneutral complex with lasalocid A.

Double-Carrier Membrane

The inherent function of Na*,K*-ATPase in biological membranes is the genera-
tion of a Na* gradient across the cell membrane and its maintenance using the
energy of the hydrolysis of 5'-ATP, providing a constant driving force for Na*-
driven active transport systems. The energy conversion proceeds by countertrans-
port or symport (secondary active transport). Accumulation of the cotransported
Na* ions, which leads to a drop of the concentration gradient of Na* ions, is restored
by Na*,K*-ATPase that pumps Na* out again. This function of Na*,K*-ATPase
maintains high efficiency of secondary active transport.

A double-carrier membrane system that mimics, in principle, the function of
Na*,K*-ATPase in biological membranes was developed, although chemical com-
pounds involved are completely different (Figure 35).2%° The double-carrier system
utilizes dicylohexyl-18-crown-6 (93) and trioctylamine (95) for enhanced transport
of K* ions from the feed to the receiving solution using picrate ion (pic”) as the
pumping ion. The carrier 93 is for uphill transport of K* using a concentration
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Figure 35. A double carrier membrane system for enhanced uphill transport of K*
ions.

gradient of pic” ions. The other carrier 95 is used to pump the cotransported pic™
from the receiving solution back to the feed solution using H* as the pumping ion.
The time course of uphill transport of K* ions with the double-carrier system is
shown in Figure 36. For comparison, uphill transport of K* by a conventional
symport system is also shown. The concentration of K* ions in the receiving
solution after transport of 23 h in the double-carrier system is 9 times larger than

[k*], 107 ™

] ] 10 1'3 20 28
Time, h

Figure 36. Uphill transport of K* ions as a function of time with (1) double carrier
membrane system and (2) a symport system (reprinted with permission from Anal.
Chem. 1988, 60, 2302. Copyright 1993 American Chemical Society).
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that in the simple symport system. This demonstrates that the double-carrier
approach is useful for enhancing the efficiency of uphill transport. The double-car-
rier approach is totally different from the enzymatic process of Na*,K*-ATPase in
biological membranes; the present system utilizes only gradient pumping, while
Na*,K*-ATPase is a reaction pumping system. However, the role of the second
carrier 95 is, in principle, the same as that of the ATPase in the sense that the
concentration gradient of pumping ions is restored by action of the second carrier.

3.3. Chemical Sensing Based on Calmodulin/Peptide Interaction

Calmodulin (CaM; 148 amino acid residues, 16.7 kDa) is the ubiquitous Ca**
binding protein which serves as a multifunctional Ca®* sensor in a variety of cellular
processes.! CaM has four Ca?* binding sites within two helix-loop-helix (EF-hand)
motifs, organized in two structurally similar globular domains.??® One of the
EF-hands has high-affinity sites with binding constants for Ca>* of 10’M™" and the
other has low-affinity sites with binding constants of 10°M~"'2?’ After the selective
recognition of Ca** by CaM, in many cases, they interact with target enzymes and
proteins, while the Ca**-free forms do not bind the targets. Conformational transi-
tions of CaM induced by Ca’* enable binding with the target proteins and lead to
their activation and regulation. Mimicking the molecular mechanisms of such a fine
tuning of protein conformation is important not only for understanding the cellular
processes of Ca®*-mediated signal transmission but also for the development of
ion-selective sensors that enable evaluation of chemical selectivity of the Ca®*-de-
pendent on/off switch for cellular processes.

A sensing system for Ca?* was developed by using CaM as primary receptor and
a synthetic peptide M13 as target protein.’?® The peptide M13 consists of 26
residues of amino acids comprising a CaM binding domain of myosin light-chain
kinase (MLCK). In Figure 37 is shown the principle of the present sensing system.
The target peptide M 13 is immobilized in the dextran matrix attached to the surface
of a gold film. The immobilization of M13 is achieved by coupling the activated
carboxylic groups of the dextran matrix with primary amines of the target peptide.
Sample solutions containing CaM and Ca’* are allowed to flow over the surface of
the target protein (M 13)-immobilized dextran matrix. The CaM-Ca®*-target protein
interaction and resulting formation of a ternary complex Ca®*-CaM-target protein
on/in dextran matrix is detected by means of surface plasmon resonance (SPR). By
doing so, a Ca?*ion sensing system that matches a physiological signal transduction
is designed.

The Ca®*-induced change in SPR signals was defined as a difference of the two
SPR signals; one is measured after injection of Ca?* ions and the other is succes-
sively measured after injection of a running buffer containing EGTA. The depend-
ence of the SPR signals on the concentration of free Ca®* is shown in Figure 38.
The SPR signal was found to increase with the concentration of Ca?*, due to the
formation of the Ca?*-CaM-M13 ternary complex on/in the dextran matrix. Ca**-
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Figure 37. Principle of an optical Ca®* ion sensor based on a calmodulin (CaM)-me-
diated Ca** signaling pathway and surface plasmon resonance.?%8

dependent SPR signals were obtained in the concentration range of Ca®* from 3.2
x 1078 10 1.1 x 1073 M, which matches the concentration of Ca** under physiologi-
cal conditions. The detection limit for free Ca®* of the present sensing system is 1.6
x 1078 M (S/N = 3). On the other hand, no changes in the SPR signal were induced
by Mg?*, K*, and Li* at concentrations as high as 1.0 x 107" M. The CaM is known
to bind not only Ca** but also Mg?* ions, the essential difference being that Mg**
is incapable of inducing a conformational change of CaM that is required for the
successive activation of the target molecules. Thus, the present sensing system
shows “all or none” type discrimination of Ca®* from Mg?* based on a fine tuning
of CaM conformation. Among the alkaline earth metal ions examined, only St at
5.1 x 10~ M gave a response that indicates formation of a Sr**-CaM-M 13 ternary
complex, showing the potency of Sr** ions to switch on the CaM-mediated
biological processes.

The present sensing system utilized a Ca** signaling pathway by CaM and its
target peptide M 13 for detecting Ca®*. The unique feature of this approach is the
use of a target protein to which a Ca?*-CaM complex is bound reversibly. The
ternary complex thus formed has a mass much larger than the immobilized M13 or
Ca?* jons in solution, enabling sensitive detection of small ions or molecules like
Ca®* by the SPR method. This approach can be applied to other receptor signaling
pathways, such as hormonal activation of enzymes for evaluating the chemical
selectivity of the biological process based on a physiologically matched measure
rather than the so-called binding assay. The development of highly sensitive and
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Figure 38. The SPR signal intensities as a function of concentration of free Ca?* ions
in 150 mM NaCl containing 0.5 mM EGTA and 10 mM HEPES buffer (pH 7.5).228

selective sensing systems that will enable detecting bioactive small molecules by
the SPR method is thus promising.

4. CONCLUDING REMARKS

The advance of host—guest chemistry and its recent evolution to supramolecular
chemistry has made significant contributions to the development of new analytical
reagents and systems. In fact, it was only several years after the first report of crown
ethers by Pedersen??*2* that analytical use of these compounds began in areas such
as solvent extraction, chromatography, and potentiometric sensing with liquid-
membrane-type ISEs.?'>* In this chapter, our recent efforts in the development of
new types of sensing membranes that are based on supramolecular functions of
biomimetic and biological receptors at membranes have been described.

With regard to biomimetic approaches, this chapter has focused on multiple
hydrogen bonding and cavity inclusion for discrimination of polar or nonpolar
moieties of guests. For analysis and separation involving homogeneous solutions
or bulk-to-bulk extraction, these modes of discrimination have been extensively
utilized. However, their use for chemical sensing involving molecular recognition
at membrane surfaces has been quite limited. Detailed studies of biomimetic
systems, including the specific observation of the membrane boundary region, have
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shown that the three chemical principles described in this chapter, i.e. (1) guest-
induced changes in membrane potential, (2) guest-induced changes in membrane
permeability, and (3) active transport of guests, can be major principles of chemical
sensing at membrane surfaces.

With regard to biological approaches, the development of analytical systems
based on biological functions is now fairly established by utilizing enzymes,
antibodies, receptors, organs, or whole cells in such bioanalytical methods as
affinity chromatography, bioassays, and biosensors. Compared to these general
approaches, those described in this chapter are featured by the use of recognition
modes other than simple binding functions of biomolecules; more sophisticated
functions such as transmembrane signaling, coupled active transport, and ternary
complex formation have been exploited for sensing of target substances in an
amplified or magnified manner.

High versatility of biomimetic systems and sophisticated functions of biological
systems should be regarded as complementary for sensing of target chemical
substances, and various new sensing systems are expected to be developed by taking
advantage of either of these systems. Furthermore, development of hybrid systems
by combination of biomimetic and biological systems would also be an interesting
future prospect.
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1. INTRODUCTION

From the onset of this jurisdiction known as Supramolecular Chemistry, parallels
have been drawn between the molecular recognition events of supramolecular
chemical systems and the those found in nature.' So often is this the case that the
mimicry of Nature’s chemical tasks may now in fact be considered a dominant
theme of the field.

It is apparent that in the chemistry of natural processes anion recognition plays
a central role. This is evidenced by the fact that the substrates of a large majority
of characterized enzymes are anionic in nature.” Several X-ray crystal structure
determinations®~’ have demonstrated that biochemical anion discrimination is
typically aresult of complex arrays of hydrogen-bonding interactions, together with
a fit process based upon anion size. For example, the 2.5 A resolution structure of
Yersina protein tyrosine phosphatase binding tungstate® shows the anion embedded
within a network of 12 hydrogen bonds ranging in length from 2.7t0 3.4 A.Notably,
four of these hydrogen bonds originate from guanidinium moieties of the arginine
residues within the enzyme, highlighting the importance of this functionality in
anion recognition. Appropriately, the guanidinium moiety has been the center of
focus for the development of a number of supramolecular anion receptors (vide
infra).

The structures of the sulfate-binding protein (SBP) of Salmonella typhimurium,
and the related phosphate-binding protein (PBP) have also been determined.*” In
the SBP the anion is deeply sequestered, away from solvent, counterions, and salt
bridges and is stabilized solely by seven hydrogen bonds between 2.67 and 2.84 A
in length. Similarly, the HPO%‘ guest within the PBP is bound some 8 A below the
protein surface and is held in place by a total of 12 hydrogen bonds, between 2.63
and 2.92 A. The crucial difference between the two proteins that accounts for the
high selectivity of the PBP for H,PO, and HPO, over SOﬁ’ is the presence of a
carboxylate side chain in the PBP, capable of acting as a hydrogen bond acceptor.
Hence, substrate recognition depends primarily on the state of protonation of the
guest anion.®” A Cambridge Crystallographic Database study has highlighted the
subtle structural differences associated with the biological recognition of phosphate
vs. sulfate.®

Despite the prominence of anion recognition chemistry in biological systems, the
design of supramolecular anion receptors was slow to develop with respect to the
analogous chemistry of cations,” and this discrepancy may readily be traced to a
number of inherent difficulties in anion binding:'%'2
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1. First, anions are somewhat large and therefore generally require receptors of
considerably greater size than cations. For example, one of the smallest
anions, F~, is comparable in ionic radius to K* (1.36 A vs. 1.33 A).10

2. Even the most common anions occur in a diverse range of shapes, charges,
and sizes, making it often necessary to incorporate a third dimension into the
recognition design, e.g. spherical (halides), tetrahedral (POi‘, SO?{), planar
(NOy), linear (SCN™, N3), as well as more complicated examples as in the
case of biologically important oligophosphate anions.'!

3. In comparison to cations of similar size, anions have high free energies of
solvation and hence anion hosts are required to compete more effectively
with the surrounding medium (e.g. AGg- 434.3 kJ mol™', AG- 337.2 kKJ
mol™H.13

4. The pH dependence of many anions may cause problems in designing an
appropriate host. For example, a receptor based upon polyammonium moie-
ties may not be sufficiently protonated in the pH region where the anion is
present in the desired form (vide infra).

These problems have been addressed in a wide variety of imaginative and novel
ways and progress in anion complexation has been rapid in recent years'o"z"“"7
to the extent that it has now been described by Lehn as a “full member of the field
of supramolecular chemistry.”'® It is important to note that the search for anion-
selective receptors has not been limited to the mimicry of Mother Nature’s ap-
proach. Indeed, a great number of the hosts developed are far from being
biocompatible as the tools of the chemist are not limited to the building blocks of
natural systems. This aspect of anion recognition chemistry lies at the heart of
supramolecular chemistry, the interface between chemistry and biology.'

Nonnatural anion receptor systems are nonetheless of great interest because of
numerous potential abiotic applications such as anion sensing, anion transport,
environmental cleanup, and supramolecular catalysis. In this chapter we highlight
the development of this aspect of supramolecular chemistry, describing the different
approaches to the problems of anion binding and emphasizing those hosts exhibit-
ing a high degree of anion affinity or selectivity. In particular the results of X-ray
crystallographic studies will be examined as well as aspects of solution binding
related to discrimination between anionic guests based upon structure and shape,
as distinct from charge density considerations.

2. PROTONATED POLYAMINE-BASED HOSTS
2.1. Acyclic and Monocyclic Hosts

By far the most common type of anion-binding host is based upon numerous
substituted forms of the ammonium ion. Protonated alkyl ammonium receptors
have the advantages of positive charge (for anion binding via electrostatic attrac-
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tion), polar N-H bonds (capable of forming hydrogen-bonding interactions and an
extensive degree of synthetic versatility (enabling them to be incorporated into a
wide range of muitidentate host frameworks of the desired solubility and geometry).
Furthermore, polyammonium-based anion hosts are derived, conceptually at least,
from analogous cation-binding polyamine ligands and hence a change in pH is often
sufficient to form an anion-binding host from a known amine ligand. To take a very
simple example, ethylenediamine (en) forms numerous Lewis acid-base com-
plexes with a variety of metal ions.'® Similarly, the ethylenediammonium cation
(en-2H") forms simple salts with anions such as citrate. 1% In contrast to the
stabilization of metal complexes by the chelating en ligand, however, the interaction
of en-2H* with anions is not chelating in nature in as much as the central C—C bond
adopts a trans configuration with the two -NHJ moieties binding to different anions.
This bridging mode of interaction is attributed to the need for the two positively
charged centers to move as far away from one another as possible, thus minimizing
unfavorable cation—cation interactions.

A similar situation is found in the structure of putrescine diphosphatem (a model
system for amine—nucleic acid interactions) which divides into layers of H,PO;
anions bridged by protonated putrescine (1,4-diamino-n-butane) cations. In a real
biological system (yeast phenylalanine transfer RNA) phosphate residues are found
to be enveloped by the polyamine spermine [NH,(CH,),NH(CH,),NH(CH,);NH,]
which again adopts a linear, nonchelating conformation.”'

This evidence points towards a markedly decreased tendency of acyclic polyam-
monium hosts to form chelate complexes with anions as a consequence of the need
to separate the cationic nitrogen centers. This tendency is also important in the case
of cyclic structures in which the cationic nitrogen centers cannot move as far away
from one another. For example, potentiometric titration results demonstrate that
hexaprotonated hexacyclen (1, the nitrogen analogue of 18-crown-6) is a strong
diprotic acid, existing predominantly as the tetraprotonated form (1-4H") in aque-
ous solution, suggesting that the enforced proximity of six cationic centers is highly
energetically unfavorable. Solution complexation experiments indicate that while
1-4H" exhibits a greater affinity for NO3 over CI7, Br™, I, and CIOj, it paradoxically
forms stronger hydrogen bonds to Cl~. The X-ray crystal structure of [1-
4H*][NO,],C1,-2H,0 demonsirates the binding of chloride ions above and below
the host ring plane, N(H)---Cl~ = 3.07-3.28 A, while nitrate ions are indirectly

[NH HNj
()

1
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bound via enclathrated water molecules.?? In spite of the high acidity of the
hexaprotonated form (1-6H"), crystallization of the hydrochloride salt of hexacy-
clen from concentrated nitric acid yields (1-6H*] [NO,],Cl,. In this case the nitrate
ions are directly hydrogen bonded to the hexacyclen ring in a unidentate fashion,
N(H)--ONO; = 2.77-2.88 A2 In contrast, molecular mechanics calculations
(MM2) suggest a bidentate mode of coordination for the binding of carbonate by
1-3H*,* indicating that the nature of protonated hexacyclen—anion interactions is
both complex and highly variable. In no case is anion inclusion within the macro-
cycle observed, consistent with the relatively large size of the anions studied, and
as a result little size selectivity is observed, with complex enthalpic and solvent
effects dominating complexation behavior. Related work on 1 and similar pentacy-
cloamine macrocycles shows that these materials also act as efficient, selective
binding agents for syn-type polycarboxylate anions such as those found in the
tricarboxylate cycle. This selectivity is attributed to geometrical factors enabling a
macrocyclic/chelating effect to enhance binding.*> An analogous material contain-
ing amide functionalities has been shown to bind azide in the solid state with the
guest anion bridging unsymmetrically across pairs of host cations in the crystal
structure, N---N = 2.76-3.07 A. '"H NMR measurements of this complex indicate
that only weak binding is observed in solution, consistent with the nonincluded
position of the guest anion.?

In contrast, Lehn and co-workers have synthesized a variety of larger polyam-
monium-based macrocycles incorporating greater separations between the nitrogen
centers (2—4). These species were all found to exhibit pK, values around or above
7 and, as a consequence, displayed strong anion-binding behavior at neutral pH.
While no X-ray crystallographic results are available, solution studies indicate a
numbser of structural preferences, interpreted in terms of inclusion of anionic guests
within the macrocyclic ring. For example, larger anions such as squarate and
fumarate form stronger complexes (log K, = 2.9-3.6) with the larger macrocycle
3-8H* than with 2-6H*. Similarly very high stability constants (log K = 6.0 and
8.9) are observed for Co(CN);~ and Fe(CN)‘g‘ with the fourfold symmetric macro-
cycle 3-8H*. It should be noted, however, that electrostatic effects also play a major

0 0
a2 SRS ”ﬂﬁ“"ﬁ
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role in both the strength and selectivity of anion binding, consistent with the fact
that there is always more than one anion associated with the macrocyclic host.”’

Protonated forms of the large-ring macrocycle [24]N,O, (5) and related com-
pounds have been shown to be active as synthetic phosphorylation catalysts in ATP
synthesis.? It is likely that in this case the substrate enters the macrocyclic cavity
to some extent, or is enveloped by it. Evidence for this possibility comes from the
crystal structure of the chloride salt of 5-6H* (Figure 1) in which a chloride ion is
enveloped within a cleft formed by the boat-shaped conformation of the macrocy-
cle.?®® The crystal structure of the nitrate salt of 5-4H* has also recently been
determined and the host again adopts a boat-like conformation as it interacts with
the anion.**® The hydrochloride salt of the smaller [22]N, binds two chloride anions
above and below the host plane in a similar way to 1. Molecular dynamics
simulations indicate that the pocket-like conformation for 5-6H* is maintained in
solution, although **CI NMR experiments demonstrate that halide ions are in rapid
exchange between the complexed and solvated state.?

The versatility of host 5 and related forms has recently been highlighted by
Martell et al. who have shown 5-4H* to effectively complex malonate in aqueous
solution® and have shown that a similar benzo-substituted derivative (6) displays
remarkable affinity for oligophosphates.’' Furthermore, 5-4H* and its protonated
[36]aneN;O, relative have recently been shown to efficiently catalyze a-proton
exchange in malonate ions (rate enhancements of 1.4 x 10° and 1.8 x 10°,
respectively) at neutral pH.*?

Consistent with the theme of increasing macrocycle size in order to induce strong
complexation by inclusion of anionic guests within the macrocyclic ring, Bianchi
et al. have carried out a great deal of work with protonated {3-k]aneN, (7, k =7-12)
type hosts. These materials, related to hexacyclen 1, consist of macrocyclic rings
of up to 36 atoms.3~% As with 1, measurements of acidity constants indicate that,
starting from the fully protonated macrocycles, the first three protons are readily
lost (e.g. for k=12, log K, = 1.0, 2.3, and 2.65 for the first three protons), again as
a consequence of the accumulation of positive charge density on sites in close
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{

Figure 1. Two views of the 5-6H* macrocycle showing only the centrally located CI”
anion (sphere of arbitrary radius).?’

proximity to one another. In spite of this, the partially protonated forms of these
hosts form a number of interesting “supercomplexes™ with coordination complex
anions such as [Co(CN)6]3_, [Fe(CN)(,]“", and [PIC]4]2“. X-ray crystallographic
studies demonstrate that in the majority of cases the anions bridge between the
macrocycles and little anion selectivity is observed, indicating that binding occurs
primarily by coulombic attraction.* However, in the case of the [PdC 14]2’ complex
of the fully protonated H,,[30JaneN|3* host, [(PdC1,)(H,,[30]aneN,,)][PdCl,],Cl,
8, one of the [PACl,)*" anions is included within the macrocyclic cavity. The
macrocyclic receptor adopts an “S” shaped conformation in order to wrap around
the guest anion and maximize N--H---Cl hydrogen bonding interactions (Figure 2).
Solution measurements indicate that [PdCl‘,]Z‘ is bound by macrocycles with k=9
and greater, with [30]aneN,, exhibiting a cavity size most complementary to the
dimensions of the complex anion. The included anion is found to exchange only
slowly with other compiex anions in solution and the binding is exothermic with
AH° = ~16.3(4) kJ mol™' per [PdCl,]?~ unit.** Binding of [PtCl¢]*~ has also been

Figure 2. Spacefilling and stick representation of the [(PACls)(H10[30)aneN1oNn®*

cation in 8.3
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reported for hosts based upon crystalline thiamine in which the metal complex
anions are sandwiched between hydrogen-bonded pairs of host molecules.”’

Recently, Czarnik et al. have reported the use of the acyclic protonated amine
host 9 as a chemosensor of pyrophosphate. Typical fluorescence sensing methods
rely on the ability of acomplexed anion to quench the fluorophore. The fluorescence
intensity of host 9, however, is actually increased upon complexation of anions and
its 2200-fold selectivity of pyrophosphate over phosphate allows for real-time assay
of pyrophosphate hydrolysis by inorganic pyrophosphatase.38

More complex, polyamine-based macrocycles capable of complexation of anions
within the macrocyclic ring have been recently synthesized. Work by Sessler et al.
upon the “expanded porphyrin™ sapphyrin 10a has shown that this molecule, in its
diprotonated form, is capable of complexation of fluoride. The X-ray crystal
structure of the mixed fluoride—-PF salt of 10a-2H* (Figure 3) demonstrates the
inclusion of the fluoride ion within a regular array of five N-H---F hydrogen bonds
with N(H)--F distances in the range 2.70-2.79 A. The deviation of the fluorine
atom from the plane defined by the five nitrogen atoms is only 0.03 A, indicating
a high degree of size complementarity between the sapphyrin ring and the small
fluoride anion.**® In contrast, the analogous dichloride salt exhibits binding of
chloride ions above and below the plane of the macrocycle™®® with relatively long
N(H)---CI” contacts in the range 3.12-3.41 A, confirming the fact that the chloride
is too large to fit snugly within the macrocyclic ring. Consistent with the structural
results, the stability constant K, of the F~ < 10a-2H* complex is of the order of 108
M™!, with a selectivity factor over Cl~ and Br™ in excess of 1000. The same group
has very recently exploited the anion binding propensity of these sapphyrins for the
design of self-assembling dimers. The carboxylate-derivatized sapphyrins 10b,c

*NH H3N"*
NHy 7 HN
4
NH .

H H HN

N N

R? 3R
9

a:R'=R?*=R%*=CH,
b: R = CH;; R? = H; R® = CH,CO,H
¢:R' = CH,CO.H; R? = R = CH,

10
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I R
R= (CH2)3C°2H

1

and calix[4]pyrole 11 are preprogramed to complex one another and assemble as
homo- and heterodimers in the gas phase, in solution, and in the solid state.*” For
a more detailed discussion of anion binding by expanded porphyrins the interested
reader is referred to the excellent chapter by Sessler in this volume.

Finally, another series of novel monocyclic polyamine derivatives, 4-n-pyrimid-
inium crown-n cations (n = 4, 12a; n = 6 12b) has been reported in connection with
the complexation of anions such as CI™ and NO3, as well as [Hgl 4]2‘. In the case of
both the chloride and nitrate salts of 12a the macrocycle adopts a pincher-like
conformation, with the anion held between two opposing pyridinium rings (Figure
4). Interestingly, the guest anions do not hydrogen bond to the N~H protons, but
are in close contact with the protons of the pyridinium ring. The C(H)---C!™ distances
range from 3.70-3.79 A, while in the analogous nitrate salt the C(H)-~ONO;
contacts are ca. 3.2-3.3 A 4!

Y,

Figure 3. Two views of the molecular structure of the sapphyrin dication 10a-2H"
complex with F~.3%2
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Figure 4. Side and top views of the [16-pyridinium crown-4]** cation showing the
C-H--CI” interactions with two guest chloride anions.*

2.2. Polycyclic Hosts

The first report of designed anion hosts, the bicyclic katapinands (13a-d), was
published as early as 1968,* nearly in parallel with the discovery of crown ethers.
The original solution "H NMR work of Simmons and Park suggested that the in,in-
forms of 13c¢ and 13d complex halide ions within the macrocyclic cavity. This was
confirmed in 1975* by the X-ray crystal structure determination of the chloride
salt of the diprotonated nonacosane in,in-13¢. The structure reveals that one
chloride ion is centrally located within the macrocyclic cavity with N(H)--Cl~
hydrogen-bonded distances of 3.10(1) A, suggesting a reasonable degree of size
complementarily between chloride and host. The concept of size-based selectivity
in these systems is bourn out by solution work upon similar katapinands. In the case
of the smaller macrocycles in,in-13a and in,in-13b (estimated distance between the
faces of NH protons: 1.6 and 2.8 A, respectively) no solution binding of CI7, Br~,
orI”is noted. The larger in,in-13d (diameter 4.5 A, cf. 3.6 A for in,in-13c), however,
exhibits a strong affinity for all three anions and little selectivity is observed.*?
Extension of these katapinand complexes by addition of rigid aromatic spacer

/‘ (CH,),

N \ 0—(CHz)s—0

NH HN' <©/ \©>
: N™-H H-N

2\©\0-—(CH2)6—0 ]
O~(CHyle —O §

13a-d 14
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groups gives 14 which, in its diprotonated form, can include one or even two
bromide or iodide ions within its large, macrocyclic cavity.**

The macrotricyclic cryptand 15, in its tetraprotonated form, has also been shown
to be an excellent host for spherical anions such as halides. Also, unlike many of
the smaller polyammonium type hosts there is no problem associated with complete
protonation of all of the nitrogen atoms since all four are widely separated. Stability
constant measurements demonstrate that 15-4H? is strongly selective for Cl~ with
log K > 4 in aqueous solution, as opposed to the bromide complex with log K| <
1 (1.75 in methanol/water mixture).45 It is notable that this value for chloride
complexation is more than 3 orders of magnitude greater than that for the chloride
selective katapinand 13c. It is suggested that this selectivity arises from the presence
of a closed and rigid cavity, preorganized*® for anion binding. The chloride cryptate
CI” < 15-4H" has been characterized by X-ray crystallography"7 (Figure 5). All
four nitrogen atoms adopt the in conformation with N(H)---C1™ hydrogen bonding
distances of 3.09(2) A (av), similar to those observed for the chloride katapinand
complex. This compares with average O---Cl™ separations of 3.25(3) A while in the
analogous ammonium cation complex of the unprotonated macrotricycle the aver-
age NH,--N and NH,---O distances are almost identical, 3. 13(1) and 3.11(2) A%

In almost all of the examples mentioned so far, hydrogen bonding has played a
central role in stabilizing the host—guest interaction. Work by Schmidtchen, how-
ever, has demonstrated the inclusion of iodide by the macrotricyclic receptor 16
solely by a combination of electrostatic and space-filling type interactions (Figure
6). The absence of N-H---I" bonds is exemplified by the long N---I" contacts of
4.54(2) A (av).®® It is noteworthy that the host provides a nearly ideal tetrahedral
coordination environment about the iodide anion, and the aqueous solution binding
constants are still relatively high, although generally less than those obtained for
complexes of 12-4H". Interestingly, association constants for halide ion complexes
of 13 are significantly increased in methanol solution, presumably as a consequence
of diminished anion—solvent interactions.*’
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Figure 5. X-ray crystal structure of the macrotricyclic cryptate [CI” < 15-4H71.Y

In the previous section it was noted that hexacyclen 1 does not possess a
macrocyclic cavity of sufficient size to encapsulate anionic guests such as CI™ and
NO;. In contrast, the octaaza macrobicyclic analogue of hexacyclen (17) forms the
fluoride cryptate [F~ < 17-6H*] (Figure 7).°° Consistent with the observed high

Figure 6. X-ray crystal structure of the iodide cryptate of the macrotricyclic quater-
nary ammonium receptor 16.4
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acidity of the hexacyclen hexacation, the cryptand 17 carries only six of a possible
eight protons, with N(H)---F~ hydrogen-bonded distances between 2.76 and 2.86
A. This contrasts to the 3.3 A N--F~ distances to the nonprotonated, bridgehead
nitrogen atoms, although the macrocycle does retain the characteristic in,in- con-
formation. While the fluoride anion is situated within the center of the macrocycle
in a quasi trigonal prismatic coordination environment, the mode of interaction is
not dissimilar to that observed for the chloride complex of hexacyclen,?? with the
fluoride anion situated above the plane of each of the 18-membered rings.

Recently, in an elegant study by Smith and coworkers, the magnitude of fluoride
binding by 17-6H* (107"1%) and its other protonated forms has been determined by
potentiometry.*® This host, in particular, exhibits an astounding 10 fluoride/chlo-
ride selectivity. These results are in excellent agreement with a similar study by
Lehn and coworkers who compare the fluoride/chloride selectivity of protonated
17 with that of the less discriminating 18.5%

A majority of the host systems mentioned so far have been shown to encapsulate
halide guests as a consequence of the symmetrical nature of their binding pockets,
which readily adapt to the spherical symmetry of the halide ion. A study of the
bis-tren macrobicyclic ligand 19-6H*, however, has revealed that, in addition to
accommodating halide anions, it is also able to encapsulate azide, N3, within its
cylindrical cavity.' Solution stability constant measurements indicate that the host

. gope
;U
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19 20
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Figure 7. X-ray crystal structure of the fluoride cryptate [F~ < 17-6H*].

is indeed somewhat selective for the azide anion with log K, = 4.30. Interestingly,
the fluoride cryptate is also stable (log K, = 4.10) in comparison to the chloride,
bromide, and iodide complexes (log K = 3.0, 2.6, and 2.15, respectivr:ly).5 1b Large
stability constants (log K up to 10.30 in the case of P,03") are also observed for a
number of polyanions, especially the polyphosphates including ATP, ADP, etc.>'®
These results are rationalized in terms of a large electrostatic component to the
binding, thus the host is selective for anions of high charge density such as F~ and
multiply charged ions. The high preference for N binding in comparison to halides
other than F~ and other monovalent anions such as nitrate (factor of ca. 100) must
however, represent evidence for the operation of some structural selectivity.

The X-ray crystal structures of the F-, CI7, and Br™ cryptates of 19-6H" demon-
strate the inclusion of one of the halide anions in an unsymmetrical fashion.>'® In
the case of the small fluoride ion complex a tetrahedral coordination environment
is observed for the guest anion with a mean N(H)-- F~ hydrogen-bonding distance
of 2.72(8) A.The Cl and Br~ cryptates exhibit octahedrally coordinated halide ions
situated more centrally within the host framework with N(H)---X~ distances in the
ranges 3.19-3.39 A (X = CI") and 3.33-3.47 A (X = Br"). It is noteworthy that the
hydrogen-bonded distances for the anion within the cryptand host are longer by up
toca 0.15 A than those for the other anions in the lattice, suggesting a particularly
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Figure 8. Azide inclusion within the cylindrical bis-tren macrobicycle 19-6H*.%!

poor size match with the host cavity. This contrasts with the symmetrical inclusion
of azide (Figure 8) with N(H)---N; contacts that fall in the range of 2.91-3.02 A.

The binding of larger, linear anions by bis-tren type macrocycles has been
extended by cyclophane receptors like 20-6H". Solution measurements at pH 5.5
indicate that this host exhibits an impressive degree of structural selectivity within
a series of linear o,m-dicarboxylate anions O,C(CH,),CO3, with adipate (n = 4)
being bound much more strongly than either shorter or longer homologues. Also
notable is the extremely strong binding of the terphthalate dianion (p-
“0,CC¢H,CO3, tph) arising from both electrostatic and hydrophobic interactions,
as well as a high degree of structural complimentarity. The X-ray crystal structure
of {tph < 15-6H"] (Figure 9) demonstrates the inclusion of one of the three tph
jl{li(z)ns within the macrocyclic cavity, with N(H)--O contacts in the range 2.77-2.96

s

As with the related inclusion compounds of protonated 19 there is also a
significant structural change in the macrocycle itself upon complexation in com-
parison to the structure of the nonprotonated host. The distance between the two

Figure 9. X-ray crystal structure of the terphthalate dianion cryptate [tphc 20-6H%1.32
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bridgehead nitrogen atoms is decreased by ca. 1.8 A in order to maximize interac-
tions with the guest anion. The hydrogen-bonding coordination sphere of both host
and guest is completed by a number of water molecules and it is noteworthy that
one of the nonincluded tph anions interacts with the host only via one of these water
molecules.>?

Recently, two related bis-tren type macrocycles, 21 and 22 have been shown to
complex ClO, and SlF6 anions in the solid state, hlghllghtmg the potential of these
types of hosts for inorganic anion complexation.>?

3. THE GUANIDINIUM MOIETY

The guanidinium ion [C(NH,),]* and its many derivatives have been widely studied
in the context of anion binding. In particular, guanidinium moieties are ubiquitous
in biochemical systems since the arginine residues of enzymes play a major role in
the binding of anionic substrates and in maintaining protein tertiary structure (vide
supra). Most importantly, the guanidinium moiety exhibits a particularly high pK,
(13.5 for the parent ion); thus it remains protonated over a wide pH range and retains
its positive charge and hydrogen bond donor properties. '

The X-ray crystal structure determination of a number of simple guanidinium
salts** (e.g., methylguanidinium dihydrogenphosphate)> clearly demonstrates the
existence of bidentate ionic hydrogen bonds as shown in Figure 10, with N(H)---O
contacts in the region of 2.9 A5

Early work upon the guanidinium group by Lehn and coworkers resulted in the
synthesis of a number of guamdmlum-containing macrocycles with two or three of
these separated by various spacer groups ¢ No crystallographic results were
reported for these compounds and pH-metric titration results with PO3' demon-
strated only weak binding in aqueous solution (log K 1.7-2.4) with httle macro-
cyclic effect being observed. The weakness of the anion binding was ascribed to
the delocalized nature of the positive charge on the guanidinium fragment, resulting
in fewer regions of high positive charge density in comparison with ammonium-
containing macrocycles.'? In general, observed anion selectivities are attributable
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Figure 10. Bidentate hydrogen bonding between multidentate anions and the
guanidinium moiety.

simply to electrostatic interactions, although selectivity between monovalent ani-
ons reveals that those such as the carboxylates which are capable of engaging in
bidentate hydrogen-bonding interactions are bound more strongly than hatides.>®

In spite of these relatively unencouraging results, the biological role of the
guanidinium group has prompted a significant amount of work in the design and
synthesis of hosts capable of catalyzing biological reactions or transporting phos-
phate and polyphosphate anions.’ In particular, an elegant study of the bis(acyl-
guanidinium) host 23 in relatively noncompetitive solvent media has shown it to
accelerate the rate of phosphodiester cieavage by factors of up to 700,°™ with a
bis(bidentate) binding resulting in association constants in the region of 5 x 10*
M1 57ab

In an attempt to achieve anion binding in a protic medium Schmidtchen et al.
have developed a number of acyclic, bifunctional hosts such as 24. Molecular
modeling studies suggest that 24a adopts an extended conformation and shows no
significant affinity for monoanions such as iodide or acetate. 'H NMR titration
results in deuteriated methanol solution with a wide variety of dicarboxylate anions,
however, indicate that this host possesses a significant affinity and selectivity for
malonate (K, = 16,500 M~ 'Y over both longer and shorter chain analogues, suggest-
ing a significant degree of size compatibility with that substrate. Binding is not
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dominated by simple geometrical considerations however. A similarly large asso-
ciation constant (14,500 M™") is found for nitro-isophthalate. This is compared to
the unnitrated analogue which exhibits a much smaller association constant (6060
M-"), suggesting an influence of effects such as n-stacking and charge transfer.’®
The same host also displays a marked affinity for phosphates in methanol with an
association constant of 38,000 with 5'-AMP?~. For solvent comparison, host 24b
also complexes 5'-AMP?" in methanol (K, =9330), but the association is consid-
erably weaker in aqueous solution (K, = 204).5¢ Related work with
bis(guanidinium)-, bis(urea)-, and bis(thiourea)-based hosts incorporating the p-
xylyl spacer units has demonstrated binding constants of up to 50,000 M~ in the
relatively competitive solvent DMSO, although addition of water results in a
dramatic decrease in association.>

Unfortunately, given the complexity of host-guest systems involving 24, no
crystallographic results are available. The simpler hosts, 25, have been structurally
characterized, however, as their acetate and nitrate salts, respectively.”’¢ In the case
of 25a the results of the X-ray structure determination clearly indicate bidentate
hydrogen bonding of the guanidinium NH functionalities to the acetate anion
[N(H)--O 2.850(5) A]. Additional stabilization comes from interactions with the
pendant hydroxyl functionalities with hydrogen-bonded O(H)--O contacts of
2.733(5) A4 Complex 25b contains two chiral centers and, in optically resolved
form, is capable of enantiodifferentiation of racemic mixtures of chiral carboxylic
acids such as N-acetyl-D,L-alanine as determined by 'H NMR in acetonitrile
solution. The X-ray crystal structure of the nitrate salt of 25b demonstrates the chiral
nature of the molecular cleft’’® with the nitrate ion fitting only poorly within the
large cavity. Similar chiral recognition has also been reported in related species by
Lehn et al.®

Finally, bidentate bis(guanidinium) hosts like 26 reported by Anslyn et al. have
recently been shown to bind phenyl phosphate anions in a bis(bidentate) fashion.
Hydrogen-bonding N(H)---O distances are in the range 2.658(7)-2.868(6) A, while
solution studies in 15% H,0/DMSO give binding constants of ca. 500 M~ with
dibenzyl phosphate.®'
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4. NEUTRAL ANION HOSTS

In the case of cationic host molecules, the binding of a target anion usually must
occur in the presence of other counterions and hence association constants often
represent more a measure of the effectiveness with which the target anion is bound
relative to the others in the system. Neutral receptor molecules do not suffer from
this drawback and also have the potential for greater anion selectivity since they do
not rely upon nondirectional electrostatic forces to achieve anion coordination. 12

4.1. Organic Hosts

A very simple modification of the parent amine of the macrotricyclic cation 16
by formation of its borane adduct is sufficient to produce the neutral zwitterionic
host 27.%2 Complex 27 has been characterized by X-ray crystallography (in the
absence of guest anion) and adopts a related conformation to that observed for the
iodide complex of 16, although the cavity is significantly distorted from tetrahedral
symmetry and hence is markedly smaller (N---N distances for 16 7.10-7.52 A, cf.
27 6.92-8.10 A)."B Molecular modeling calculations indicate that 27 is capable of
forming 1:1 inclusion complexes with small anions such as Br-and CN™ (calculated
AH, = -16 and -26 kcal mol~!, respectively) although 'H NMR titrations indicate
weak binding of Br~ with a dissociation constant of K, = 80 x 107° M.

In addition to the possibility of such ion—dipole type interactions found for 27,
it is possible to design neutral receptors with either hydrogen bond donor/acceptor
and/or Lewis acid character. Work by Reinhoudt et al. have shown that extremely
simple hosts such as 28% containing both hydrogen-bond donor and acceptor
functionalities may act as remarkably effective anion hosts, mimicking the exten-
sive array of hydrogen-bonding interactions found in natural anion-binding pro-
teins.

Ligand 28 and a number of related compounds were all found to be selective for
H,PO; over HSO] and C1” with binding constants up to 14,200 M™! (R = naphthyl).
This affinity is attributed to the high electrophilicity of the sulfonamide NH group

BH,
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and preorganization of the binding sites by n-stacking interactions involving the
naphthyl groups.63 Extension of this work to a range of calix[4]arenesulfonamides
29 resulted in binding constants of up to 103,400 M and significant selectivity
for HSO; over chloride and nitrate %

From a topological standpoint, the urea functionality is closely related to the
guanidinium moiety in that it is similarly predisposed to form bidentate hydrogen
bonds to an appropriately functionalized substrate. Appropriately, there has been a
recent surge in the design of neutral urea- and thiourea-based supramolecular anion
receptors.>*%-% The increased acidity of the NH protons of thiourea with respect
to urea (pK, = 21.0 and 26.9, respectively) suggests that utilization of the former
should always lead to stronger binding. This is typically the case, as seen for
thioureas 30 and 31 which each show an ~10-fold increase in binding of acetate
relative to their urea analogues.”>®® The urea/thiourea-derivatized calixarenes 32,
however, do not follow this trend and 32a binds chloride and bromide more
effectively. In this instance the increased hydrogen-donating ability of the thiourea
functionality may be inhibiting anion complexation by increasing the competing
intra- or intermolecular associations among host molecules.%” Exchange of urea for
thiourea may also, in some cases. alter the anion selectivity of a particular host.”

Recently, Kelly and Kim have compared the relative binding affinities of urea
and bisurea 33 and 34 with carboxylate and its isosteres.®® They find that both hosts
preferentially associate with functionalities according to the following ranking:
ArOPOY > ArPO?" > ArCOj; = ArP(OH)O; 2 ArOP(OH)O; > ArSO; > ArSO;
d-lactone > ArNO,.

Other neutral hosts have also been prepared based upon the hydrogen-bond
donating ability of appropriately arranged amide groups,”‘74 highly fluorinated
macrocycles,” or even 8+§=0%" and ¥*P=0% dipoles.76

R' = CH,CH,OCH3
R? = CHaCH,NHC(O)CH3

29
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4.2. Inorganic Hosts

Macrocycles such as the calixarenes have become increasingly topical in recent
years as a basic framework for the design of various biomimetic host systems.”’78
In addition to compounds such as 29, a number of inorganic calixarene-based
systems have also been reported in which a Lewis acid metal center is coupled with
the hydrophobic nature of the calixarene cavity. The uranyl calixarene complex 35
has been found to be selective for H,POj, although binding constants are only in
the region of 400 M~".° It is suggested that anion binding occurs via coordination
of the phosphate anion to the oxophilic uranium center and is stabilized by
additional hydrogen-bonding interactions to the amide functionalities. In such a
case the anion is likely to be significantly removed from the calixarene cavity.
Indeed a similar host strategy involving uranyl! salene complexes containing pen-
dant benzo-15-crown-5 moieties results in the simultaneous complexation of K*
and H,PO; with association constants in the region of 1000 M~".*° Further studies
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involving X-ray crystallography, multinuclear NMR, cyclic voltammetry, and
conductometry upon a wide range of similar hosts such as 36 indicate that the
anionic guests do indeed coordinate to the uranium center with H,PO,--U distances
in the region of 2.28(2) A, while additional stabilization is gained by amide---phos-
phate and phosphate---acetoxy hydrogen-bonding interactions [N(H)---O and
O(H)---O distances of 2.79(2) and 2.84(2) A, respectively; Figure 11]. In addition,
in the case of 36, a se