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Synthetic anion transporters have potential as antimicrobialsceatts,
sensors, etc. Anionophores may also help us understand how naturaissyste
move ions across hydrophobic barriers. While bacterial siderophores and
synthetic analogues use catecholates fof* Rgptake, this work reports of
catechols facilitating biomembrane transport of anions. We deratnsthat
simple bis-catechol IIR5 is an anion transporter whose activity depends on
catechol’s substitution and amphiphilicity. We also describe liposassays and
devised quantitative descriptions that allow one to study faetit anion
transport. These assays indicate that selectivity dfSilellows the Hofmeister
bias: anions which are easier to dehydrate are made moregi@emnto the

membrane by this bis-catechol. We believe that our description ofothe



selectivity and mechanism for IB5 opens an outstanding opportunity for those
interested in determining the selectivity and mechanism for ayrhetic and

natural biomembrane ion transporters.

In the beginning of this project we investigated number of sirapieles
and phenols to evaluate their relative affinity and stoichiometrinteiraction
with CI" anion. ESI-MS andH NMR analysis showed that a dimer, categt@ll
was the major complex formed when TBA was mixed with excess catechol.
Based on this finding we attached two catechols to a TRENo&tafA
hydrophobic alkyl amide groups were linked to TREN's third position.
Surprisingly, this simple design led to the active analog23IF 111-26. A
medium-length, 11125, was the most active compound, indicating that ion

transport ability depends on the ability to partition into the biomembrane.

Finally, we noticed that the experimentally observed weak depeadd#n
the transport rates on the anion’s hydration energy, nakgly, decreasing in
the order CIQ >1 > NO; > Br > Cl, is also seen for some of Nature’s anion
transporters. Thus, anion permeation into the CFTR chloride channel shows
similar trend. We also observed a nonlinear dependenc&,®f on the
concentration of bis-catecholThese findings led us to believe that self-
association of II25 provides transient pores that allow permeation without
requiring complete dehydration of the inorganic anions. Futurertefwill
include incorporating selectivity filters into these bis-catesholhelp overcome

the Hofmeister bias.
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Chapter 1: lon Transport from Nature to Materialefice as

Viewed Through the Lens of an Organic Chemist.

1.1. Introduction.

lons are essential for life. Inorganic ions are the most simpld the most
abundant in the natural world. They are known to form crystalline aratpdous
solids and to exist as hydrated species in the aqueous solution, amctivas

intermediates in the atmosphere.

“It is generally thought that the first cellular organisms were fechiby the enclosure

of certain components of the “primeval soup” within a membrane that had to be
impervious to macromolecules such as proteins and nucleic acids. Sinamithe i
composition of these first cells was, by definition, similar to éhdhe surrounding
medium, the permeability of the membrane to ions was initiallytlef dlonsequence.

The adaptation of cells to survival in a variable environment with tkerapanying

need to regulate osmolarity meant that ionic concentration within the leadldo be
maintained independently of external conditions. This required a membrane that
formed a barrier to passive ion movement but contained specific mechdoisthe

uptake or extrusion of the particular ionic speciés.”



During the course of evolution Nature developed ion channel proteirfsiticibn in
biomembranes as regulated gates to allow selective passayes stich as NaK”,
Cc&”*, and Cl with the rates close to the diffusion limit. These ions eixisthe
agueous media in abundance in their “free” form. In contrast, otheropdgyisally
important ions such as Edorm a variety of minerals but are very rarely found in
solutions due to their strong tendency to undergo hydrolysis asawethe low
solubility of the salts and hydroxides. In the biologically relevamtironment they
are “never free” but always complexed. To initiate effechie& uptake, for instance,
bacteria cells devised siderophores, low molecular weight waligbie iron
chelators that efficiently compete with the chelators found inetheronment and
even remove iron from the minerdlsln both cases (Bé and K) selective
recognition and binding within the channel membrane protein or bylawe
molecular weight ionophore/chelator in the aqueous media is stesfep in the
membrane transport event.

Being charged species, ions, by definition, strongly interadt ®aich other.
These interactions, however, are physical in nature and analaations
adequately describing the interactions between, for instaricand Cl ions in the
aqueous media, as well as in the solid state, can be found. In cosgtastive ion
recognition and binding by the natural or synthetic receptor/ionoph@eanplex
phenomenon. For instance, natural antibiotic valinomycin bind®i thousand(s)
fold more strongly than Naions “simply because the oxygen cage is perfectly
positioned for octahedral coordination of ¥on (r = 1.33 A) but cannot collapse a

little further to pack against a N#on (r = 0.95 A)” due to a variety of electrical and



sterical constraints within the macrocy&feTherefore, such a rather “little task” as
recognition of size and shape appears as a complex problem, whichallsek of a
simple analytical solution is described/understood using an empajmaloach,
inductive reasoning, analogy €tdn contrast to alkali and alkaline earth cations,
biologically relevant inorganic anions such assN@I, I, HCG;, HSGQ,, NO;,
HPO”, and etc. are far more diversified, coming in a variety of shapel
expressing different affinities towards protons/electrons and
nucleophiles/electrophiles. Similar to anions®Fand cations of other transition
metals are not just charged “featureless spheres” but have a wstrigcteirre of the
valent electronic shell to be recognized by the selective iogpter or membrane
transporter. Again, the ion recognition is only the very fitsp deading to the even
more complex event of selective transmembrane transport.

The goal of the first chapter is to introduce the selectedckagepts of ion
recognition and biomembrane transport, emphasizing the complexity wbipkea.
It also includes a discussion of recent advances in the fieldagftige ion transport
by the synthetic biomembrane active compounds. In the last part hydrophobi
catechols are described as potentidla@lon transporter. The chapter does not aim to
provide a comprehensive review of the subject matter, but rather $oongbe facts,
concepts, and experiments that are most pertinent to this thbsisvi@dws herein

reflect only the opinions of the author.



1.2. lon Transport across Phospholipid Bilayer: eS&ld General

Considerations and Quantitative Descriptions.

1.2.1. lon passage across the bilayer membraneRegardless of the
mechanism, the basic relation for uncharged solute permeation atiszholipid
bilayer is the followin§

J=P* C (1.1)
whereJ, mol*cm®*s™ — transmembrane flux?, cm*s' — permeability coefficient,
C, mol*cnmi®* — concentration gradient across the membrane,
or in alternative form
dc/dt=k* C (1.2)
=1/ (1.3)
wheredc/dt, M*s* — rate, k, s* —rate constant andC, M — concentration gradient

across the membrane s —time constant.

In addition to the rate constakt,s, and permeability coefficienB, cm*s', one
can also define a turnover number,s*, as number of particles translocated across
the bilayer per second.

In the case of the charged species, the rate and direction aintf®ows
depends not only on the difference in solute concentration on both sidée of t
membrane but also on the charge difference across the membhandriving force
for the diffusion of ions consists of two terms: chemical andretattransmembrane

potentials:



chemical electrical
G= RTIN([Gn)/[C oud) + ZF 4
where G — electrochemical potentjaCi, andC,,; — concentrations of the ion on two
sides of the bilayerz — ionic charge] — temperatureR — gas constang — Faraday

constant, —electricalmembrane potential.

It is straightforward that an externally imposed electaldfwould change the
position of the equilibrium. The fact that this electric field shalkb influence the
kinetics (apparent rate constant) may not be as obvious.

Therefore, if the electrical component in the equation (1.4) is keretics
can be simply described by the equation (1Hlectrically-silent experiments,
conducted in the absence of chemical gradients, can be designeglbyiegaNMR
shift reagents or radioactive isotopes. In turn, preestablished &arimane electrical
potential ( ) might either speed up ionic fluxes or slow them down depending on the
charge of permeating species and direction of the ion fl&ar instance, the
“concentrative uptake assay”, discussed below, offers an exapbnsport driven
by the electrical potentidl This technique was developed to investigate activity of
ion channels found in Nature.

It is useful to describe the kinetics of transport using an phkato illustrate
the relation between different parameters and meaning of thedinsant (, 5. For
instance, let us consider permeation of an uncharged solute A intallaspherical
container cell size (or smaller) (Figure 1., cm*s® — is the membrane

permeability of the solute A across the membrane. Initiallyseth® no A in the



container. In turn, concentration of A outside is a constant. Due taghdiffusion
rates and rather slow permeation of A, the solution inside of thainentcan be
considered an ideal mixture at any given time. The dependence iotrdngesicular

concentration, [A}, on time t, can be obtained as follows:

[A] oyt = constant
S aF Pa* ([Alout— [Alin)
e Pa = ka*Volume/ Surface Area
[Alf/dt =ka* ([Alou—[Alin)
dlAln 7 ([Alout — [Alin) = ka™ dt

Figure 1.1.Schematic representation of the flux of solute A into the liposome.

Integrating the left side of the equation from A 0to [A]n = [A]; and the right

side fromt = 0to t =t, the following expression fd(t) is obtained:

[Af=1(t) = [A]ow™ (exp (ka * 1) -1) / exp ka* 1)

The time constant, sfor this process is defined as following: =t=1/kn

[Alt =1() = [Alou™ (exp ka * 1/ ka) -1) / exp ka* 1/ ka) = [Alou (e -1)/e = [Abu

(2.72-1)/2.72 = 0.63 * [Afu



Therefore, whem= concentration of A inside of the container is 63% of the outside

concentration.

1.2.2.“Unassisted” permeation of ions across phospholipid bilayerThe
present section is a short summary of the discussion on this spbished in the
“Phospholipids handbook” edited by G. Cévc.

At a glance, to get through the bilayer, ions must partition ftoenagueous
solution Os = 78) into the unpolam)s = 2) hydrocarbon core. By so doing, ions give
up at least some of their waters of hydration. The high cad¢lofdration is thought
to be a primary determinant of the low permeability of ionsthedon selectivity of
phospholipid bilayer. The experimental relative permeability of alkali cations

follows the expected trend Cs Rb" > K' > Na' (Table 1.1).

Table 1.1.Permeabilities of inorganic ions across fluid PC bilayers.

Catior H Na* K* RE* TI* Cd**
P*10°,cm ' 0.005- 3 [0.001  [0.00¢ 0.003: 0.00< 0.00¢
Anion CI Br I SCN NOs
P*10°,cms* 0.007  0.01¢ .07 0.010 0.050
“Silent” H.O HY/OH HCI TICI CdCl, HgCl,
P*10°, cm s’ 13 0.01¢ 8

4*10°  [10°- 10 708 11C A 10’

$Two values differing by several orders of magnitude, for m=taH/OH’, indicate
that the experimentally observed permeability process is biph@bki.table is

reproduced with slight changes from reference 1.



One could expect this trend to continue: Alkali Métst C&£* > Mg™* >> AP,
However, this is not the case. Measured permeability coefficientdivalent and
trivalent ions are remarkably high and do not follow the trend than aght m
anticipate from the dependence on ion charge and size. For instarftds @d
permeable as K(Table 1.1).

The following events dramatically influence the ion permeadslitobserved
experimentally. First, the cations associate with negatively edargospholipid head
groups and this “lipid-ion complexation” follows an opposite selegtisgquence
(multiply charged ions interact and bind stronger than singly chargkde “lipid-
ion aggregates” increase the relative permeability of the dyildgward multiply
charged cations. Second, multiply charged cations can cross the bil#yerform of
electroneutral molecular complexes (or only singly charged ggtg®) due to
hydrolysis and increased affinity toward ions of opposite chHafyee might consider

the following equilibria as an illustration of the above-mentioned points:

Cdf'aq+ HO Cd(OH)aq+ H"
Cdf'ag+ Claq CdCl 4q
NH," oq+ HO NH,OH + H'
PCPO;+H"  PCPOH
PC'PO; +Cf*  PCPQy, Cd*

PC(CH3)3N+ + I PC(CH3)3N+, I

where PCPQO, and PQICHs)sN™ are two different schematic representations

of phospholipid phosphatidylcholine (PC) (Figure 1.2).



Figure 1.2.Phospholipid phosphatidylcholine (PC).

To determine permeability coefficients one can either medssseof the ion
of interest from liposomes or accumulation of permeating specisslei of
phospholipid vesicles. Radioactive tracers, NMR detectable isot){dR shift
reagents, ion-selective electrodes and fluorophores have beerouseest studies.
Conductivity measurements in planar phospholipid bilayer have been emploped
alternative to liposome—based methfds.

The most recent studies of the mechanism of ion permeation across
phospholipid bilayer were conducted by Deamer, Volkov, Paula and their
colleague$. The permeation of ions through phospholipid bilayer has been described
using two alternative theories: transient pore and solubilitysidh mechanisms.
The first approach considers the ion transport as passage thheugidrated pores
formed due to thermal fluctuation. The second describes permeatmartamning
into the hydrophobic core of the bilayer followed by the fast ddfuscross the
biomembrane. Two mechanisms/theories (solubility-diffusion versus )ppredict

different dependence of the permeability coefficient on bilayekteiss: moderate



versus exponentidllt is also consequential that the transient pore mechanism should
better explain the transport phenomena for the “impermeable” soluereas the
solubility-diffusion mechanism better describes permeation ot hydrophobic
specie$.

Are the values in Table 1.1 unambiguously determined? Probably not. Thus,
for instance, a study by Deamer al. suggests that permeability coefficient for the
proton isP(H"/OH) = 10* cm §'2¢ which is much higher than the values reported

in Table 1.1.

1.2.3. Permeation of ions mediated by the prokaryotic K ion channel
found in Nature.®*" Historically, two membrane systems have been used to study
ion channels: planar bilayer and liposomes. Permeation of ions medthatéde
natural proteins such as prokaryoti¢ Bhannel is close to the diffusion rafes.
Therefore, activity of a single channel protein can be recowday electrical
measurements. In turn, it becomes increasingly difficult tesscthe kinetics using
liposomes and manual techniques. Due to extremely high turnovers,nup t0
ions per second, it takes milliseconds to equilibrate the intra amdvesicular
solutions in a liposome containing a single functionally reconsttuhembrane
protein? Rapid-flux techniques with ms time resolution have been developed in an
attempt to overcome this probléhEven in this case the time resolution may not be
sufficient enough to measure flux of the most permeable ion oésttérhe fluxes of
rather “poorly” permeating ions, however, which are difficult or asgble to

measure by the electrical methods, can be easily accessed usirtg¢haipies.

10



An alternative, concentrative uptake assay described below o#ers
convenient time scale: minutes to holrBor instance, flux measurements under
these conditions allow one to evaluate the function of the prokawgdticn channel
reconstituted into liposomes using manual techni§idse experimental setup is the
following: the liposomes loaded with concentrated KCI solution areedilut low-
KCl medium containing trace amount 8fRb*. (Permeabilities of K and the
biologically irrelevant Rb thought the K ion channel are almost identical.) Due to
the imposed chemical gradients and high permeability of the proteoliposomedstowar
K™ ion, an interior negative electrical potential is set up adsdager. The isotope
tends to equilibrate with this potential and, therefore, accumulatee liposomes at
concentrations much higher than in an external medium. Siha@n#& RB are the
only permeant ions, at equilibriufiRb" concentration ratio should be identical to

that of K':

[2Rb"in/[*Rb 0wt = exp(F  /RT) = [K™Tin/[K Tout 5
According to the literature, assuming simple ionic diffusion andtaonyg of
externalP®Rb" concentrations, the time constantfor influx into a liposome of radius

r, containing a single ion channel can be expressed as following:

= PPNAKin BkrodKTout =  rPNaexp(E  /RT) /3kgp+
wherekgrp+, S'M™ — second-order rate constant,

or =  rPNa®*RbTowexp(f /RT) /3ngo: (1.7)

11



In this case the Rhkransport process happens on the time scale of several
minutes to several hours, so that it becomes accessible to nectuabjues. In the
absence of the electrical potential, it would take severalsealinds to equilibrate
concentration of the Rkon in the intra and extravesicular solutions. There are two
reasons for the apparent low activity of hannel in this assay. First, sift&b"
concentration is extremely low, only 9M, the association of the channel with this
ion and, therefore, turnover numbeky., dramatically decrease: permeability of
8Rb" does not change but conductance of this ion vanishgs €< 10°). Second,
the electrical potential () imposes the exponential factor (eXp(-/RT) =
[K™Tin/[K TJout >> 1) that also diminishes the rate/increases time constant.

Keeping in mind the key principle described above, different expetan
be carried out to assay the selectivity and blockage of theahabn channels in
liposomes using this concentrative uptake assay. The examplesp@gimental
details can be found in the literature research articles published by €r./Mill

1.2.4.1on transport mediated by the natural and synthetic ionophoes®**
According to the definition given by Pressman: “lonophores are compoainds
moderate molecular weight (200 - 2000) that form lipid-soluble complsitegolar
cations, which of K Na', Mg®, C&" and the biogenic amines are the most
significant biologically”*! Interest in the determination of permeability and
selectivity by ion flux measurements in the bilayer membratetes back to the
middle of the twentieth century and was largely driven by the disgaMenatural

and synthetic cationophors. These low molecular weight, easy-accessible

12



compounds were instantaneously recognized as unique biological toolsystems
utilized for these studies were the liposomes, red blood cellsedluthc organelles
such as chloroplasts and mitochondfi&

lon transport mediated by these “low-turnover” transporters (nattage as
prokaryotic K channel) have been studied in liposomes using manual techniques. In
practice, one might expect to see the following picture. In tegepce of a chemical
gradient, initial movement of the relatively fast-permeatihgrged species should
slow down in time due to the formation of the opposed transmembrarigcalec
potential, and subsequently become limited by the permeation rabeirdkdon (co-
transport) or ion of the same charge (ion exchange). Therefore, naveidably
encounters the problem of creating a stable ionic flux thaateslimited by the
translocation of the ion of intere'st.

At this point, it might be worth reviewing the basic featurethefliposomes
and flux assays. Liposomes are spherical vesicles with aoraesm composed of a
lipid bilayer that can be easily prepared and filled with theitewsls of different
compositions (Figure 1.3). Consider an ionophore-mediated uptake/releasssproce
in/out of the liposome with the time constant of minutes (translocation of the hd/drate
ion across the hydrophobic barrier is rate-determining). Due tditite rates of
diffusion and small size of the vesicles, the intravesicular soldan be considered
an ideal mixture during these transport events. It may be alsa usgioint out that,
if equations (1.2) and (1.3) were used to describe this transport phenomenon, the

extracted rate/time constants would be dependent on the size bdbeme. In

13



contrast, the flux equation (1.1) and permeability coefficient woulthbesame for

the liposome of any size.

Figure 1.3. Liposomes are self-assembled molecular containers composed of
phospholipids A. Electron microphotograph of the liposomes averaging 120 - 300
nm in diameter. The bilayer thickness is 3.0 nm. (This imagei®daced from the
web-source, referentd) B. Schematic drawing of the transporter-mediated anion

influx into the liposome.

A planar bilayer offers an attractive alternative for the kineteasurements
of the ionic flux. In this case we observe the electric curflantuations resulting
from the ionophore-mediated translocation of charged species abeodsldyer,
whereas the concentration of ions does not change during the rgcprdaess. The
basic features of the voltage clamp experiment are brieflyrides below. As shown
in Figure 1.4, there are two chambers connected through a 0.2 mm window of

planar bilayer. A solution of the ion transporter can be added into orikeof

14



chambers, after formation of the bilayer. Alternatively, theay®r window” can be
formed using a lipid-ionophore mixture. There are also two wayactess the
relative permeability and selectivity data. One can eitheasome the relative
conductance/current in the presence of the given ionophore and ionic coongasi
the chambers or use the values of the reverse potential aturezatqor do both).
The experimental and theoretical details, as well as maayn@es, can be found in
the literature’ %1413

It is interesting to point out that by using estimates one can shatthe
surface area of the planar bilayer window that is 0.2 mm in denserresponds to

the surface area of about four million (4,000,000) phospholipid spherules (lipgsom

that are 0.1 m in diameter, much smaller than the living cell.

Bilayer membrane

Current
recording )

I(+)
- I(-)

cischamber [trans chambe[

Figure 1.4. Schematic diagram of a voltage-clamp system, adapted from the

reference 13a.
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In addition, the voltage clamp experiment promised an opportunity to get
insight into the mechanism of ion transpdrtThis technique was originally
developed to study membrane proteins found in Nature. Due to itemextr
sensitivity, the voltage clamp experiment allows recordinthefpA current arising
from the activity, for instance, of a single prokaryoti¢ ¢hannel k" = 10’ s
reconstituted into the planar lipid bilayer. The “reading” of tHddf flow appears to
be “rectangular’. Generally speaking, the channel functions allaor-none fashion:
there is an electric current, when the channel is open, andgheyeurrent when the
channel is closed (unless there are more than one conducting Sthéesjore, using
this technique one can observe a diffusion-controlled permeation throsigigla
membrane-spanning pore. To the first approximation, the diametee pbte should
be wide enough to allow passage of a “single ion flow”, with rdtes close to
diffusion limit and the life-time of the pore long enough to allow for a recording.

In contrast to the Kchannel, other type of membrane proteins, such as the
prokaryotic Cl channel-transporter, CIC-ecl, do not have a well-defined pore and do
not show the opening-closing events eithef. The low turnoverrie = 4,000s™ for
CIC-ecl) presents a technical barrier preventing electragbggcal recording of a
single membrane protein but “the macroscopic current arising frandreds to
thousands of CIC-ec1 may readily be obsen/&@imilarly, one might expect to be
able to see the macroscopic current arising from a large nuvhipeokaryotic K
channels transporting “poorly” permeating ions, which are conducted ateéh that

are thousand times lower than thei&n.
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Analogous to the natural transporters, the voltage clamp is useddssahe
activity of ionophores at low concentrations. The appearance of tttaetirrent in
all-or-none fashion was a criteria by which some researchttsast initially, had
distinguished the pore-forming compounds, such as gramicidin, from tbs&cella
natural or synthetic ionophores-carriers, such as valinomydiur instance, the
p-tertbutyl calix[n]arene esters @} are thought to act as cation selective carriers
since no single-channel fluctuations occurred, but only the diminishimgnt level
was detected in the voltage clamp experiment (Fguré>EBle permeability of Na
ion by p-tretdbutylcalix[4]arene ester @) is more than 20 times that of any other

alkali metal. This compound is offered by Aldrich as & Malective ionophore.

21-

Figure 1.5. p-tert-butylcalix[n]arene esters 2-that do not exhibit a channel-like
behavior in the voltage clamp experiment and are thought to aetias-selective

carriers.
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1.3. Synthetic and Natural lon Channels and Tramspoat Present.

1.3.1. Introduction. During the last several decades, interest towards
biomembrane-active compounds has shifted from the classical -catextive
ionophores towards anion-selective transporters and the creation betgynbn
channels. The 1998 Science paper by MacKinnon, where the crystilistrof K
channel was reported, probably became one of the most cited pbpers
supramolecular chemist5.Extensive efforts were undertaken in organic labs to
“mimic” structure and function of an ion channel in biomembranesnhgieredit to
the structural diversity and complexity of synthetic ion channels hhae been
reported in the literature. Among other reasons behind this ificieiarch is that in
the long term, the non-natural systems are supposed to provide useful insights into the
function of the ion channels and transporters found in Nature.

In turn, synthetic anion membrane transporters are of particuaesttsince
there are no natural “anionophores” known to date that would fit thesies’s
definition cited above. First of all, synthetic low molecular eigiomembrane
transporters selective for anion(s) are envisioned to find applcats potential
antibiotics, medicines to treat anion channel disorders, such fs fiysosis, and
novel tools in biomedical research of cellular transport. To thiisohe must add the
classical areas for application of cationophores, which do not reguassl s much
as specificity, such as: active elements in anion sensexfractants for

environmentally important anions; phase transfer catalyst¥ etc.
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1.3.2.Synthetic ion channels:First synthetic ion channels that demonstrated

Na" transport were reported months apart by Feleal’® (1989) and by Gokeét

al.?° (1990)."® Both structures, a rather complex multi-macrocyclic chaobglined

by Fyles (I3) and Gokel’s tri-macrocyclic “hydraphile” @), were designed to
“span” the bilayer (approximately 30 A in length) and to be caiactive (Figure
1.6). Although first reports did not contain the voltage clamp recordings, the
following studies established that number of “hydraphiles”, sucH-8%5 &nd bis-
macrocyclic bola-amphiphile @), a simplified analog of the original channel3jl-
indeed, exhibited a channel-like behavior in planar bilayer memdraiaenely, the
opening and closing states in all-or-none fashion: Fgtes?! (1996) and Gokeét

al.#? (1997).
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Figure 1.6. First synthetic ion channels that demonstrated tdansport: multi-
macrocyclic channel (8), and tri-macrocyclic “hydraphile” @); bis-macrocyclic
bola-amphiphile (B) and acyclic bola-amphiphile @ reported by Fyles;
“hydraphile” (I-5) and simple bola-amphipileaplosspan(l-8) reported by Gokel.

P — permeability andg — conductance determined from the single channel

measurements.
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Biological studies revealed that “hydraphiles” are activarsgj&. coli and
the level of response depends on the structural modifications such laagtieand
the type of the linkers. In 2001 Fyles reported that channel-like lwehatyserved in
the voltage clamp setup does not necessary require a macromgliaayclic bola-
amphiphile (17) retained the channel-like activity in the planar bil&yer.

In the most recent report (2009) Gokel has shown that novel rather simple
bola-amphipiles (B) can form ion channels in the bilayer with the same level of
conductance (13 pS) as the original “hydraphiles” (12.8 pS). He concludexidiva
ether groups, while potentially beneficial, may not be necessar{p8f) transport
function and suggested a new naaposspanfor this simple membrane-spanning
structure that mediates ion fluxes across the phospholipid bffayer.

It was a remarkable observation that these newly designegocmms
exhibited a channel-like behavior in the voltage clamp experimetdssesl cations
from the liposomes and were cation-selective ion channels ilopahtesign. These
facts made them the first true synthetic analogs ofadhecihannels found in Nature.
Notably, the crystal structure of the first kon channel remained unknown until
1998. Although different compounds interact differently with the phospholipid
bilayer, the detailed characterization and establishment ofstheture-activity
relationship are thought to be challenging and laborious to offaffy:*®"

In turn, the ability of some “small” molecules to form channelthwpS
conductance and large pores with nS conductance due to self-assethie\bilayer
is intriguing. The structure-activity relations between$%¥" and lifetimé® of the

pore and the structure of the assembly in the bilayer can be defihede
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compounds contrast with-tertutylcalix[n]arene estersa; described as carriers, as
well as the “bilayer-length” first synthetic ion channels depicted in Ei@L8.

According to the definition given Fyles and Gokel, the bilayer veltedgmp
“is the sole method to unequivocally establish the presence of channel aéfiing
broader definition of the synthetic ion channels was given by d4til. synthetic ion
channels and pores are compounds with abiotic scaffold that act in the bifayer”.

Thus, the compounds which were not tested (or do not exhibit cladsgpeal
close transitions”) in the voltage clamp but interact (do someestieg chemistry)
with the phospholipid bilayer also fall under this definition. Synthietic channels
investigated by Mary S. Gin in liposomes9jl-and large nanopores studied by
Kobuke in the planar bilayer (16) could be examples (Figure 12/%®

As an argument to support his definition of the ion channels Matiléesp
the fact that under the appropriate conditions the classicaércaaiinomycin and
certain detergents like Triton-X exhibit channel-like behavior,satas “open-close”
transitions®8" However, the article, which Matile is referring to, is teti
“Valinomycin acts as a channel in ultrathin lipid membranes” and doesescribe
the case of the phospholipid bilayer but the monolayer composed obayea
“ultrathin” bipolar lipid**® Probably, in this case rather large molecules of

valinomycin exhibit a detergent like action due to very thin hydrophobic layer.
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Figure 1.7. Cyclodextrin-based channel §)- designed by Mary S. Gin and

OH H

investigated using liposomal assays. The ion transport igted) (were determined
using HPTS-based assay aftNa NMR. A transmembrane nanopores from
porphyrin supramolecules 110) studied by Kobuke in planar bilayer (no classical
open-close transitions were recorded). (Image of the comdeLdds reprinted from

the original publications 28ith permission from the ACS)
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1.3.3.1on selectivity: K™ ion channel and Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) versus synthetic ion channel#As mentioned
earlier, the 1998 Science paper by MacKinnon, where the crysiatuse of KscA
K* channel fromStreptomyces lividansvas reported’ is often cited by organic
chemists working in the field of synthetic ion channels. Thereforaight be useful
to highlight the unique transport property of this particular protein (Figure 1.8).

There is a well established principle that one must sacsfieed to achieve
specificity. Consider a conformationally flexible macrocycle thiads alkali cations
in an aqueous solution at rates close to the diffusion limit and exHiBitfold
selectivity for K over Nd upon binding. This selectivity gain is unavoidably
transferred into the rate of ion release. This macrocycle welddse K ion with the
rate at least Told below the diffusion limit.*®"

Doing exactly otherwise, the KscA'Kchannel lets Kions flow through the
phospholipid bilayer with the speed of diffusion while excluding a smhl& ion
by a factor of 18- 10" “By placing several ions close together inside the pore, the
protein manages to lower the effective affinities of these igi@gs mutual
destabilization. Thus, a’Kion entering the pore binds with an affinity of ~ B
when no other Kions are present inside the channel, but with affinity of ~ 0.1 M
when other K ions already reside therg”.

Therefore, under physiological conditions, when both sites are readily
occupied by the Kions (selectivity is preserved), a dramatic acceleraifahe ion
release from the pore is observed due to strong negative coaipeaftk* binding?

The third binding site in KscA Kis not selective and can be occupied by baottakd
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Na" ions. In the cell this channel (current) is blocked by Nans from the

cytoplasmic sidé.

Cell exterior
— b | + @ c—
® e
b @
+
o ©®
+
[F— —
Cell interior
Current Opinign in Chemical Biology|

Figure 1.8. Crystal structure of the KscA *Kchannel protein (This picture is

reprinted from the original review 3 with the permission from Elsevier Ltd.)

Therefore, the strong binding of 'Kon by the channel and strong negative
cooperativity of binding in two adjacent binding sites are the twoonsaghy K
ions are selectively conducted thought such a narrow pore (diaohéter selectivity
filter is equivalent of diameter of bare, not hydrated jdt) with the diffusion rates.
From a different point of view, however, this protein is an excelds’ membrane

transporter: single molecule of KscA' Knediates Naflux with about the same rate
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as the natural antibiotic valinomycin carrier mediatép&rmeationrf” = 10,000
for valinomycirth).

Synthetic ion channels reported so far are not so particuladgtsel (see
reference 22aand references in it). For instance, Fyles conducted extensive
investigations using voltage clamp experiment and concluded that both comgucta
and reversal potential data indicate only modest discriminationebatthe ions in
the following order C5> K* > Na > CI.?*® Notably, C§ > K* > N&a order
corresponds to the decreasing crystallographic ionic radii buteasicrg hydration
energy. Maybe, one exception is the recent paper by Cragg whodetsy ion
channel conducts Nan an “all-or-none fashion” while being inactive in the presence
of K* in the voltage clamp’ With respect to selectivity, the pores, formed in the
presence of the synthetic ion transporters, are more like the p®&@ETR than in
KscA K'. At some approximation, this membrane protein forms an opening that is
about 5 A wide (wide enough to allow passage of the largely lgtifans) and 50 A
long that result in conductance: 6 pS, experimental, or 14 pS, theo(etitained
using Hill equation and given dimensions of the pdt&nion channels are known to
discriminate imperfectly between cations and anions. Making ngotene CFTR
shows only 10-fold difference between” @nd N&. Moreover, CFTR does not
particularly discriminate among different anions eitflerMore details on
conductance and permeability in the CFTR ion channel can be found in Chalbte
might also be worth noting that some natural anion-selective clsaareeknown to

become cation-selective mutants once the positively-chargediragi near the
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cytoplasmic and extracellular ends are replaced with the megdtarged glutamic
acids®

The modest discrimination but “reversed” selectivity pattefn>ti Na© > K*
> Cs for the cation-selective (K> CI) MOF-based synthetic ion channel (MOF -
metal-organic framework) has been recently reported. Thetisdlewas determined
using the reversal potential measureméhfshe detailed investigation that would
explain this experimental observation is reported to be in pmgidse relative
permeability selectivity determined from the reversal potenmsasurements do not
necessary correlate with the relative conductdhéfeit was shown that this channel
conducts the cations across the bilayer in the same sequence by measueiagj\the r
conductances, this would be a truly remarkable observation. Regdrdisg¢ of the
channel pore authors implied the following “The corrected Hillemetar
dhie = 5.4 A was obtained from the estimated conductance at 100 mMuKeh is
larger than the size of the triangular windows (3.8 A) but sm#ilen that of the
square windows (6.6 A). This result seems to suggest that... (M&deHsynthetic

ion channel) utilizes both windows as ion passages.”

1.3.4. Synthetic anionophores today: goals and challengesAs G. W.
Gokel defined in a recent review: “The goal of the organic, biolggioa
supramolecular chemist, thus, is to understand binding strength, binghagids,
binding selectivity, transport selectivity and dynamics of cHriransporters®®®
There is a list of synthetic compounds shown to facilitate aniosagasacross

phospholipid bilayer. Particularly, recent efforts by the Mategen, Gokel, A. P.
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Davis, Gale, Sessler, Yang, B. Smith, and our groups should be highlighted. There
are a number of excellent reviews on this subject that desthd® most recent
progress: new synthetic compounds as well as techniques/methods enmpltyisd

searcht®

-9 I-10

Davis/ Quesada/ Gale Gokel (2001) Regen (1996)
liposomes only liposomes liposomes
planar bilayer bacteria cells

Figure 1.9.Examples of the synthetic Ginion transporters. IsophtalamidedfIwas
investigated in liposomes by Gale, Quesada, and our group in collahdfafihe
activity of “membrane-anchored” amphiphilic heptapeptiddQjl-was studied by
Gokel in liposomes, planar bilayer, and in epithelia ¢&liSynthetic aminosterol
(I-11), mimicking the natural product squalamine, was investigated bgrRaging

liposomes and bacteria ceffs.
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At a glance, the anion transporters can be divided as followingnipa@unds
shown to form anion-selective channels in the planar bilayer icdSepen-close”
transitions); 2) compounds shown to transporta@lon in liposomes; 3) compounds
shown to do both; 4) compounds tested in the live cell cultures (Figur& 1.9)

In the voltage clamp experiment, probably, the best result was reédorte
Gokel in 2001 for the “membrane-anchored” amphiphilic heptapeptided) (I-
P(CI/P(K") > 10 (reversed potential measurements for the 1.3 nS single
channel)****  This compound was also shown to releasé aion from the
liposomes. It was implied that the time dependence oaibn release reflects the
kinetics of the pore-activation (or channel formation) and thata@bn efflux in
liposomes happens rapidly.

In liposomes, determination of the ion selectivity is not as $itfaigvard as
in a planar bilayer. The direct measurement of the ion flux offlense advantages
over the indirect measurements such as a pH-stat tecthiBuesumably, the ion
transporter is considered to be §#lective if it releases Ghnion from the liposomes
(for example, by means of an anion exchange) and, if assayedistherdld release
to be detected (using NMR or ion-selective electrodes)does both, one can say
that the transporter is ion-selective for'Nand Cl ions.In the recent review Gokel
implied that the absence of the anion transport data for some sgntbeti
transporters, such as “hydraphiles”, simply means that it was not as&3ed.

In the recent paper Gokel (2008) suggested that the time depenéfanites
Na' and Cl ion release (%) from the liposomes, obtained using ion selective

electrodes, can be compared to make a conclusion regardingripgelectivity*
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He reported an observation that “the ionopho@& Wwhich has been intensively
studied as a cation transporter, conductsa€lwell as it does Na* The structural
modification (replacement of the central crown-based unit withatiméde-based
linker) alters the apparent rates of ion release and theespslectivity (Clversus
Na’) observed in the liposomal assay. In the conclusion Gokel impliemtgiction
of the CI and N& ions with the transporter molecule(s) determines the selgatifi
Cl and N4 release observed in the liposomal aséadyegarding the mechanism of
transport Gokel noted the following: “ ... once a conductance pofansed, ion
release occurs nearly instantly. Thus, we presume that the curvesflect a
combination of insertion dynamic and conformational adjustment required to
establish an appropriate conductance pathway.”

In 1996 the following explanation for the ion dependence of the transport rates
observed in the liposomal assay in the case of bis-macrocycéiarbphiphiles (B)
and its structural analogs was proposed by Fyles: “... the gtH&speriment does not
directly probe the ion translocation process. It simply probes the cation deperude
the initiation of a transport process that rapidly equilibradées @esicle within a time
of a single opening®*®

The efforts of Matile’s group to determine and compare the iorcteate
obtained from the liposomal assays using the pH sensitive dy& HRd the ion
selectivity obtained using voltage clamp are of particular ist2fé€®For a number of
compounds studied Matile has established the following correlatiaoncselective
ion channels in the planar bilayer are cation-selective transpantéhe liposomes,

while anion-selective transporters are anion-selective chafingi® ion selectivity
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in the planar bilayer was determined from the single-chanmedt or macroscopic
current observed as a sum of single-channels with pS conduti&rite.

Matile also made an attempt to compare the selectivity segsi@ttained for
the ions of the same charge and, indeed, correlations have also bbéshesta“...
permeability ratios ... confirm that the determination of anionctgley under these
conditions gives empirically correct sequencé®. The recent independent report
also confirms the agreement between the data obtained usingwbdsetiniques for
the MOF-based synthetic ion channel with pS conductance (MOF {-ongéenic
framework)** These correlations, however, are based on a purely empirical
observation and lack physical basis; therefore, they have to be accepted gautiousl

Therefore, in addition, to the fact that, at the present timehsyntanion
receptors are not as selective/specific as, for examplerdiaan ethers one must add
another problem. Creation of the anion-selective or specific foraineanion
transmembrane transporter meets another challenge with idefiaitd experimental

determination of selectivity in the membrane transport studies.

1.3.5.General picture of the HPTS-based liposomal assaplthoughsome
researchers might disagréd® and say that “preparation of the liposomes is
something of an art® our experience tells us that liposomes are stable and very
easy to prepare, once you learn how to do it, and there is no protkbm
reproducibility of the results. The liposomal assays, which emppdy-aensitive dye
HPTS, were applied as an alternative to the pH-stat techniquertipbys the pH-

stat titrimete* A general picture of the HPTS-based assay, used to evaludtnthe
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transport activity and selectivity of synthetic transportaréipgosomes, is discussed
below.

Egg-yolk phosphatidylcholine (EYPC) is used to prepare large undamel
vesicles 100 m in diameter. This crude estimate of the “average” sibased on the
diameter of the pores in the Cyclopore membrane used for thesiex procedure

(Figure 1.10).

Figure 1.10.Electron micrograph of the Cyclopore membrane with latex beads on the

surface. (This image is reprinted from the manufacturer web-site,meéei@b.)

A pH-sensitive dye, HPTS, can be incorporated into the liposomé&swvEsicular
dye can be removed by means of the size-exclusion chromatogrépéystock
solution of liposomes contains 10 mM phosphate buffer and 100 mM salinviXd
out of the vesicles). A very small aliquot of this solution is ddoo a cuvette
containing 2 ml of 100 mM salt MX; in 10 mM phosphate buffer as it is
schematically shown in Figure 1.2A1 Right after mixing, the cuvette is placed into a
fluorimeter on the stirring mode. The fluorescence response duscapselated
HPTS can be instantaneously recorded. This reading contains the riglloaeful

information: 1) the intravesicular pH (ratio) and the concentratiophaispholipid
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(intensity) are exactly what they were expected to be (or 8pthe liposomes are

“good” (not leaky in the presence of pH gradient).

100 mv M "X

10 mM phosphate
buffer

=L
e
100 mM MTX"

10 mM phosphate

Figure 1.11. A Schematic representation of the content in the cuvette used for the
fluorescence measuremenBsTypical ion transport assays: base pulse assay (green)

and no base pulse (blue).

pH

Fluorescence

Ratio

lTriton-X
Base pulse + lonophore

«— lonophore

Base pulse

Within the first 100 s after mixing a solution of the ionophore is adldedght the

injection port (Figure 1.1B). The “blank” experiment means that only the solvent

was injected. The dependence of the HPTS fluorescence on theeorsled. At the

end of the experiment, 10% aqueous Triton-X is added to lydeedipbsomes. As it

is shown in Figure 1.1A, there is an easy access to pH and electrolyte composition

of the extravesicular solution. To change intravesicular contenwvookl have to

make new liposomes.
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In the literature the most suggested way to evaluate ion isélect to do a
base pulse assay*>**°Upon addition of the base into the cuvette, the pH inside of
the liposomes does not change instantaneously but instead slowly cp¢henental
time scale. The following injection of the ion transporter resaolthe rate increase.
Depending on the electrolyte in the extravesicular solutionasigonse/rate may be
different. First of all, to qualitatively determine the ion sglaty sequences, an
interpretation of the observed response has to be devised (forabigarpretations
of the base pulse assay see the following references: Mafilegen®®*°, Fyles'39.

For instance, using multistep organic synthesis and advanced &eparat
technique, Matile obtained families of compounds known as rigid rods, push-pull
rodes, -slides, -stacks, artificial -sheets® To explain the dependence of the
response on the nature of the extravesicular electrolyte in tleepodse assay for
these ion transporters Matile implied the following “ ... ressiiggest that focus on
antiport (AnioOH and H/Cation’) without consideration of the osmotically
disfavored symport (AniofH® and OH/Cation’) should be reasonable in most
cases 382

Several more recent reports from our group (2002, 2005, 2006, 2G0®)
from Matile (2007,2008¥%** indicate that to observe the pH change and give an
original interpretation of the response one does not necessarilytmetda base
pulse. The pH change might be driven only by the anion gradients wheiXX
(where X and Xare intra and extravesicular anions as indicated in the Figure 1.11.

A).
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Technically, a very different HPTS-based experiment was echraut by
Mary S. Gin (20055’ In this case the liposomes, as well as the extravesicular
solutions contained the buffer (HEPES) and no electrolyte, while @agutf the
different salts NaX were added thought the injection port. The ofriguaitative and
guantitative measures of the ion transport and selectivity in gsempce of () were
devised (Figure 1.7.) The rate of Nisansport obtained from this HPTS-based assay
was consistent with the rate determined Bya NMR. More details of these
experiments can be found in the original publicaffom a 2007 review Matilet al.
gave the following summary of the findings: “...a ring of ammoniwations was
positioned next to the cyclodextrin portal to select for anions. Be@se cations a
highly facilitated N& flux ...was observed... However, a pH-sensitive dye assay was
modified to show that (P exhibited anion selectivity regarding transport rates across
vesicle membranes (b Br > CI). CI and Na ions were transported at a similar
rate”** It is unfortunate that since this original report no membrane actimpaands
have been evaluated using this original and promising approach devised by

Mary S. Gin and her colleagues.

1.3.6. Properties of HPTS* 1-hydroxypyrene-3,6,8-trisulonate (HPTS) is a
pH-sensitive fluorophore (Figure 1.12.) The protonated form of HPTS (albserba
max around 403 nm) and the conjugate base (absorbance max around 460 nm) have
different absorption but exhibit one and the same emission spedae(R.13.).
This is because the protonated form “may not have a chance tderight”. HPTS

is a photoacid: the pKa of the phenolic group decreases from 7.3 in the gtatend
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to 1.4 in the excited state and the proton is likely to be lost bifergght is emitted.

Thus, in both cases (excitation at 403 nm and 460 nm) emission of thessacnes,

the phenolate, is observed.

Figure 1.12.1-hydroxypyrene-3,6,8-trisulonate (HPTS).
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Figure 1.13.Absorption (pH 1, 7.64, and 13) and emission spectra (pH = 7) of HPTS

in water. This image is reprinted from the on-line book preview, reference 45.
According to the standard procedure, the fluorescence of inicalaesHPTS is

monitored by excitation at both 403 nm and 460 nm and recording the amadsi

510 nm. The logarithm of the ratio of two emission intensitiesr@tig) should have
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a linear dependence on pH. The spectrum (Figure 1.13) might provide anatii

why the experimental dependence of pH on log ratio may not be a fumeion at
high pH. Apparently, this is due to the fact that the absorption rapeétthe
protonated form and the conjugate base are overlapping. Excitation madid3very
basic solution (when the protonated form is no longer present) would unayoidabl
excite some electronic levels of the conjugate base with tlkemma in absorbance
around 460 nm.

“...phenol and tyrosine each show two emissions, the long-wavelength emission
being favored by a high concentration of proton acceptors. Thefothe phenolic
hydroxyl group decreases from 11 in the ground state to 4 in theedstate.
Following excitation, the phenolic proton is lost to proton acceptors isdhuion.
Depending upon concentration of these acceptors, either the phenol orrbahe
emission may dominate the emission spectra... It seems any exategsticess will
be dependent on the details of the local probe environment. Under most conditions
excited-state ionization of HPTS is complete prior to emisssonthat only the
phenolate emission is observédAt high pH we also observed a slight dependence
of the ratio on the nature of electrolyte in aqueous solution (100 raNC)Nversus
75 mM NaSQy). It is not clear, however, if the observation was due to the eliffer
“reading” of pH-sensitive electrode or if there is an elegtestiependent change in

the emission spectra.

1.3.7. A broad and complex definition of the ion selectivity At a glance,

the ion-selective receptor is a small organic molecule (oreggtg of molecules) that
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discriminates between ions. To study ion selectivity one needmeasure a
difference in response generated upon interaction of the receptodiffgrent ions.

This response/selectivity depends on the technique that is em@agethe type of
interaction that is studied; for instance, binding or fluorescegmoperties or
membrane transport. At a glance, the anion selective membasasedrter could be

a lipophilic compound that selectively and reversibly binds the anidhe ion
selectivity, however, is not an intrinsic property of the ionophore but can change upon
interaction with the environment as illustrated by the examples below.

The interaction of crown ethers and natural ionophore valinomydif) @ivith
alkali metals is a classic example of selective bindingaddition, valinomycin has
evolved to selectively and efficiently transport in across biological membranes.
Furthermore, this natural product has been successfully employedaaser in the
ion selective electrode (ISE). In the latter case the ionopisodkssolved in the
polymer supported liquid membrane and the response/selectivity is tgehataen
the equilibrium is established between organic and aqueous phasasyNetlected
crown ethers are a better match for this purpose: the deviced bassynthetic
compounds discriminate better betweehatd N& ions than the one based on the
natural product? In this case the kinetics of the ion exchange between organic and
aqueous phases should be fast enough to generate a stable (notrks@tice but it
does not necessarily have to be “as fast as possible.”

Another natural antibiotic, calcimycin (A23187) I8), transports alkaline
earth cations but not the alkali cations across biological mem&rd his ionophore

contains a carboxylic group which is deprotonated upon formation of a dimeric
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electroneutral complex which has been crystallized witf,04g’*, F&* and other
dications. The relative complex stabilities determined by tgaroc phase extraction
technique are Mii >> C&*  Mg®" >> SF* > B&*.*’ Once incorporated as a carrier
into the ISE, the reported selectivity, however, was found to be icdheasting
order: B&" > SF* > cd&" > Mg *"“*® It was suggested that in the later case
calcimycin acts rather as a neutral carrier than asnamnia species. “A neutral
carrier mechanism for the ISE membranes with low concerat anionic sites and

at the fairly low pH of unbuffered sample solutions, on the other hand, and
dissociation of the carboxylic group of A23187 followed byNtg®* exchange in the
extraction experiments, on the other hand, are likely explanationsthése

AT

findings.

Valinomycin is a 12-membered cyclic depsipeptide produsestigptomyces
strains. It is composed of alternating amino and hydroxy acid®tim L- and D-
configurations. The macrocyclic ring contains amino and ester gfdfips
Valinomycin was discovered in 19%9. The fact that valinomycin-induced
uncoupling of oxidative phosphorylation in mitochondria was related to the upitake
K* ion was established by Pressman and Moore in 1984e mechanism, through
which it worked, however, remained unclear. Thus, for instance, it maally
suggested that valinomycin might be an activator of certainmbreme
transportet®** The chemical structure of this natural product was establisiied b
Shemyakin and co-workers and confirmed by synthesis in 1965 (US§Riptably,

the crown ethers were discovered by Pedersen only two yéarsital967.)t was a
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remarkable observation that among a variety of isolated hatumé synthetic
ionophores, selective for monovalent cations and known at that time, only
valinomycin was able to strongly discriminate betweénaiid N4 ions**! To get
insight into the nature of the ion selectivity and the chemistnynidethis property of
the macrocyclic ring, Ovchinnikov and co-workers synthesized 85 amabbg
valinomycin and performed physicochemical studies of these compbthdike
book “Membrane-active complexones” was published in 1974. The Institute of

Bioorganic Chemistry in Moscow was named after Shemyakin and Ovchinnikov.

1-12

I-13

HO 6}

Figure 1.14.Structures of valinomycin (12) and calcimycin (113).
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An interesting example is the $OGselective receptor reported recently by
Custelcean, Hay and Moy&t>® Separation of S§ from the aqueous solution
containing mixtures of different salts is an environmentally ingmmproblem. These
authors imply that specific recognition of the charge, size,taimdhedral geometry
of SO anion was achieved by the means of deliberate, computer-adigph af the
new receptors; the crystallized metal-organic frameworkshaghly shape specific”
(|_14).50,51

In Nature specific binding/recognition is thought to be achievedtitiging
the following general principle: upon interaction with the substiateeforehand the
binding event, the receptor creates a cavity and the “perfegttigte all the possible
interactions, electrostatic, H-bonding, van der Waals, are optimized. Arighlaatch
arising from the slight difference in geometry, charge, iorda,ratc. of the substrate
is transduced into a large loss in the free energy of bindirgipgand amplified due
to the steric, electrostatic and other constraints in the reaaplecule. In the case of
interaction between the ion and the ionophore (either a small receplecule or an
ion-binding protein) in aqueous solution the experimentally observediggyecs
primarily due to the small differences between two largecesf the difference in the
hydration energies and the difference in the ion binding by the receptor mdfecule.

In the paper by Custelceahal.the authors report the selective recognition of
SO,% anion achieved by the TREN-based receptor in the solid sta®.3*' In a
solution of MSQ the ionophore gives rise to the crystals with NaCl topology. The
crystals do not grow in the presence ofS@, or MX where X = CIQ, NO;, etc. The

isostructural lattice with MX is too weak to be formed dueatgé distances between
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only singly charged ions. The isostructural crystals are, hawdesmed in the
presence of C§&J and SG* anions, which have a very different geometry. The whole
metal-organic framework/ crystal lattice with?Mcenters plays a role of selective

“anionophore”.

[-14

kL -9 J) 15
Calix[4]bipyrole

NH HN
(@) (@]
HO OH
CIr>Br>1I CTtBr>1T

Figure 1.15.Structures of S@ selective receptor 14 and fragment of the crystal
structure (reproduced from the original publication 50 with permistiom the
ACS). Selectivity of 114 was determined by means of competitive crystallization in
the aqueous solution. Structures of §#lective receptors15 and 19; selectivity
wasdetermined byH NMR titration and/or ITC in CECN using (Bu)N* X™ (X" =

CI", Br, I') as a source of anions.
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The authors imply that selectivity observed in the competitiystaltization
experiment S§ > SeQ” > CO” > SQ? does not perfectly correlate with the
hydration energies (and with the gas phase proton affinitiey f?Ahese anions as
an equivalent). In contrast, this order reflects/correlates wélectivity as an
“intrinsic” property for the receptor (lattice) - anion interastobtained using the
lattice energy calculations (DFT method) and the experim&natay data (results of
these calculations are not provided). One must argue, howevebyttafinition the
experimentally observed selectivity (if crystallization irsdeed, thermodynamically
controlled) must reflect the differences between hydration gradrthe anion and the
energy of the anion — lattice interaction but not the latter onlya/Asim of two
effects the experimentally observed selectivity £8& SeQ* > CO > SQ%)
might arise in the case when the “intrinsic binding affinity” radpas in the different
order, for instance, Cf > SQ* > SQ? > SeQ” (which better correlates with the
PA values and, therefore, might be more reasonable) due to highatidrydior
COs;* and SG anions than for the SO anion. Therefore, to prove the recognition
of the anion shape in the aqueous solution, one must solve a different prtablem
design a receptor which is selective for £®@r SQ? anions in the presence $O
anion.

It is interesting to compare previous example of the recognititimei aqueous
solution with the classical anion binding using small organic molsaunlesolvents
with low dielectric constants. Interaction with ionophores is ususallgied usingH
NMR titration and alkylammonium salts as a source of anions gCGHCHCL and

CH3CN. In contrast to crystallization that requires complete dettigar of the anion,
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in this case the energy of solvation is lower and upon interactionpamtyof the

solvation shell to be replaced with the stronger H-bond donor groups.

116 I-17

(0]
O.
(1 ) b W
H
NN N HN
(6]

Cl< GHsCOO < CHCOO ClI < GHsCOO < H,PO; < CH;COO

Figure 1.16. Structures of the compondslé and I-17. Selectivity was determined
spectroscopically using (AN X salts (X = CI, Br, I) as a source of anions by
fluorescence measurements (fluorescenceld is quenched upon interaction with

the anions) and b¥H NMR titration (116 and 117).

Therefore, the following trend is often observed>CBr > I'. In this case the
receptor selectively discriminates between anions and thenSitttiaffinity of the
receptor towards anion (not solvent-anion interaction) to deterntime
experimentally observed trend. For instance, recept&réand 19 are selective for
CI" anion over other halides.

Two cases of anion recognition discussed above illustrate that appare
selectivity of the anion binding might depend on the solvents and does natandges

correlate with the intrinsic binding affinity of the receptor ¢ods different anions.
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In this respect it is interesting to compare the recepltarars in Figure 1.14vith the
carbazole and indole based anion receptoi$ land receptor E7.°®> When
investigated in DMSO (0.5%49) as a solvent these compounds exhibited selectivity
for oxoanions over Cl This is likely that in the conditions of the experiment ClI
remains strongly hydrated, while other anions tested do not (@irrdmgdrated to a
lesser extent). Thus, water molecules prefer to interact editth other rather than
with the more hydrophobic anions. In turn, the anion receptor binds hydrophobic
anions stronger than hydrated chloride.

Another interesting example is the Belective rotaxane reported very
recently by Beer's group. In a 1:1 CDGYMeOH solvent mixture this compound has
stronger affinity towards Birthan CI anion. The difference between the binding
constants obtained is an order of magnitude. In contrast, a vafiettyucturally
similar compounds described in the literature are selectivehforide over bromide
anion in the same solvent mixtu¥eThis results probably indicates that the cavity
afforded by this rotoxane is, indeed, a better match for tharBon than the cavity
provided by these other compounds. Nevertheless, these experimentahtidiser
do not necessarily indicate the selectivity of this rotaxan®ifoover ClI in terms of
intrinsic affinities towards these two anion. To prove selecgeegnition of the By
this anion has to be compared with the weaker solvated |

At a glance, selective anion recognition by means of nest@amolecular
organic receptor appears to be more difficult to achieve than thie stuelied

recognition of the alkali cations. Giving this fact, one might thihthe reasons that
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stay behind this experimental observation. For instance, being aniomiesspeay

definition, halides are not as “hard” as the isoelectronic cations of alkalsmeta

1.3.8. Liposomes as a tool to obtain structural information about the
membrane-active ion-conducting complexA common question is whether the
synthetic ion transporter functions as a single molecule or thetyaibserved
requires aggregation of individual molecules within the biomembrane. Hhera
number of liposomal assays involving ion-sensitive dyes and NMRrshifents that
have been employed to serve this purpose. To determine degree @fatiggrene
should study the dependence of the transport rate on concentratientatnsporter.

In the literature, research articles and reviews, the phypictlire behind these
experiments is often missing or obscured. Apparently, there aresitwilar but
different models that have been used to analyze the observed depeRishoae is
related to the case of the channel, when formation of the pore, imkteintaneously
“equilibrates” intra and extra vesicular solutions, presumablfesate-limiting step
(Gokef®3). Another one describes the case of ionophores-carriers or membrane
disruptors when permeation of the ions across hydrophobic barrier isatide
determining and, presumably, there is no channel mechanism to be involved
(Reger®®*™. In the original publication Regen noticed that sterol-polyamine
conjugates are not expected to form pores in the voltage clamp setepbserved

ion fluxes in liposomes are slow. Nevertheless, these synttwtjagates were also
defined as synthetic ion channels in “Encyclopedia of supramolecidanistry”*

Probably, the most comprehensive description of the liposomes asta tdxain the
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structural information about ion-conducting complex can be found in ttithes
published by Rege?®***Some key points of this technique, relevant to the subject
of this thesis, are revised below.

Since this section is not devoted to the ion selectivity, let usingiance,
assume the most simple case. In the presence of some hypdtietmphore in
aqueous solution the experimentally recorded rate dfriflax into the liposomes is,
indeed, the rate-limiting process. Studying the dependence of atee an

concentration and implying the following relations:

Rate =kops [i0N] (1.8)
Kobs =k [pore] (1.9)
K = [pore] / [ionophoré] (1.10)

Kobs = k K [ionophore] (1.11)

one can, presumably, find the exact number of molecules within a nrenbra
conducting comlex r).>> There is, however, a certain model that this approach
(equations (1.8 — 1.11)) relies on, and that is useful to keep in mind.

1. First of all, we assume that there is an equilibrium between the ionophore in
the lipid and aqueous phases that establishes instantaneously upon additien
ionophore into the liposomal solution. Thus, concentration of the active form, ion
conducting complex, does not change over time and ion permeation ratghe

limiting step during.
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An argument that this might be the case is the relativege lsalues of the
permeability coefficients for the small molecules reportedthe literature, for
instanceP(acetic acid) = 5.0 - 6.9 *Tocm s', P(methylamine) = 8.0 *16cm ',
P(acetamide) = 1.7 — 2.9 *Tocm §'.°° (Examples of neutral inorganic compounds
can be found in the Table 1.1., the lowest row.) Using the definitiotheotime
constant () one can determine that the influx of these molectites 10* cm $%) into

the 100 m vesicle happens on a millisecond time scale:

=1k (1.3)
P = k *V/A = k* r|ip050me/ 3 (112)
whereV —volume of the liposome&) —surface area of the liposome,

thus = 1K = fiposome/ (3*P) = 0.5*10% (3*10°%) = 0.017 s.

Therefore, intra and extra vesicular solutions as well as ontaten of the
compound in the lipid phase should equilibrate on the ms time scale ifaldiae
injection of a solution of the small molecule.

There is, however, a recent report from the Fyles group suggesting that at lea
in some cases, the concentration of the ionophore/synthetic ion clarhellipid
phase might change over tirffeThus, processes defined as partitioning into the
bilayer or “pore-opening” become rate-limiting. In that paracutase, studied by
Fyles, the ionophoretic compound was also shown to have a strong teridency

aggregate in the aqueous phase and form mic&lles.
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Another relivant example is membrane-active “molecular umbrella”
compounds investigated by Regen al. These molecules are derived from a
polyamine and several units of the cholic acid. At a glancertieetular umbrella”
is a conjugates of several more simple facial amphiphilé® @xperimentally
determined rate of the efflux from the “molecular umbrella'ded liposomes
determined by equilibrium dialysis is very low: it takes hooracdhieve equilibrium
between lipid and aqueous phases. The permeability coefficiertiesa tonjugates
are only abouP  10™ cm §*. This value is similar to the permeability of inorganic
ions>* (P 10™ cm $' was obtained using equation (1.12) and reported rates of the
efflux, k  0.01 h', from 200 m liposome®®) These “molecular umbrella”
compounds were also recently shown to exhibit some ionophoretic attivity.

2. Second, the ionophore does not aggregate in the aqueous but only in the
“organic” phase. One should expect to see diminished transportaradeapparent
value ofn due to formation of micelles or micelle-like aggregates.

To show that the amphiphilic compound does not aggregate in the aqueous
phase, for instance, Regen provided evidence that he worked in thentcathoe
range below the CMC (critical micelle concentration) of iv@ophore. Thus, this
technique is based on a negative hypothesis/statement (2) whickefibyiah, is
challenging to prove.

3. If the rate constant were extracted using definition of thmlimates the
experimental data should look adequate: concentration Ofitdainside of the
liposomes has to be a linear dependence on time (the value of theraté should

not depend on the time interval where it was determined).
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1.4. Amphiphilic Catechols as Potential Anion Reéoepand Membrane

Transporters.

It is probably safe to say that the majority of anion transpedescribed in
the literature are rich in amide functionalities -NH-C®These groups are employed
to bind anions as well as to drive self-assembly of the receyttun phospholipid
bilayers. In recent reports Winstanley and Smith uncovered cat@eh8) as an
anion binding motif exhibiting a selectivity of C+ Br > I.>"°%°° Compared to
simple amide-based receptors, the affinity @Bltoward anions is enhanced, which is
consistent with the stronger H-bond donor ability of phéhat. one of Winstanley
and Smith’s papers ten new bis-catechol-based receptb® tfiat bind Cl anion in

organic solvents were describ&d.

R:
OH.,, -CONH(CH,),NHCO-
Oi @ -COO(CH,),,00C-
—_— OH HO -CN(CHy),NC-
OH OH -CH,NHCO(CH,),OCNHCH,-
118Cl 1-19 etc.

Figure 1.17.Proposedstructure of catechol - Chnion complex &8 CI". General
structure of bis-catechol-based anion receptors reported by Winystame Smith

(I-19).
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According to the authors, however, €IN solution of (BuN'CI and catechol
contain only a 1:1 complex and only one compound in this series of 10 &ihalst
exhibited an increased affinity towards” @Ghen compared to the monomef8-
Even in this single case, however, the increasédffility is due to an increase in
effective molarity due to the presence of two catechol unithenntolecule that
resulted in the doubled value of the binding constant rather than from the
“cooperativity”>"*° Reported by Mclnnes and co-workers in 1985, the crystal
structure of (BupN"ClI-18 consists of a discrete catechol-halide anion; I€18,

and an alkylammonium cation (Figure 1.1%.)The two H-bonds between catechol
and the Clanion in CII-18 are equal. Based on the crystallographic data these
authors concluded that catechol forms stronger H-bonding witth&i Bi anion in

the isostructural complex, (B{N'Br1-18.

cizn

cun
L=
I T —
— __,q ciai) T

g 1

o
olz) ‘;t "

c

(&)

e 0'e
T
{

HOR
i

cla)

Figure 1.18.Fragment of the crystal structure (BNJCI™1-18. Reproduced from the

reference 60 by permission from RNC Research Press.
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The distances OCI are at the lower end of the range of the reported literature
values, while the OBr distances are in the normal range. As described below and in
the following chapters, we decided to use the catechol group to setlve basis for
a transmembrane anion transporter.

Importantly, in contrast with the amide group -NH-CO-, which ithea
chemically inert at physiological conditions, catechols are diftelogically active.

As a consequence of their red-ox and metal-complexation propediiésrent
chemical reactions can be initiated by catechols with biomt@scsuch as DNA,
proteins, and phospholipids. In turn, non-covalent interactions are employed by
phenols to target biological membrafiésBefore discussing their anion binding
properties some general aspects of these “supramoleculagrfespof catechols are

discussed below.

o) o)
4-chlorocatechol HO n
| —ql, 3,5-d|cr_1lorocatechol
HOo N\F 3,4,5-trichlorocatechol, 5 HO

OH

1-20 [-21 I-22

Figure 1.19. Structures of chlorocatechols Z0), octylgallate (121), and 3,4-

dihydroxy alkyl benzoates @2).

Rather simple weakly acidic (chloro-)catechols 2@)- function as
transmembrane Hcarriers and uncouple electron transport from ATP synthesis in
living cells. The protonophoric activity of 20 increases with degree of

chlorination®-°? In turn, lipophilic long-chain catechols can act as nonionic surface-
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active agents that nonspecifically disrupt the integrity of cgmpic membranes and
induce leakage of intracellular conté&t.

For instance, octylgallate @1) is a food additive that expresses a broad
spectrum of antimicrobial properties. Structure-activity studstabdished that its
biocidal properties are retained if the catechol moiety isepred. The antimicrobial
activity of alkylgallates and 3,4-dihydrohybenzoate2d)-is a reversed parabolic
function of the length of the alkyl chain, with the maximum betw€gC,,. This
dependence on chain length f@224s considered to be due to a combination of: 1) its
ability to act as a proton carrier so as to inhibit electn@msport in energy
transducting membranes; and 2) its ability to disrupt the ityegirbiomembranes as
a nonspecific surface-active agéht.

It is noteworthy that a similar parabolic dependence of actontyhe length
of the hydrophobic chain or molecular weight was observed for long-elahols,
phenols, and quaternary ammonium compounds as well as amphiphile-based
antimicrobial polymer§*°>®Different aggregation behavior of long- and short-chain
amphiphiles was suggested as one of the possible explanations farrstagtivity
relationship’>® The sequence of events that are thought to lead to cell death under
the exposure to such surface-active agents is the following: a)pdids on the cell
surface; 2) diffusion through the cell wall; 3) adsorption onto the @sopkt
membrane; 4) critical disruption of the cytoplasmic membranejeékage of
intracellular content; and 6) cell death. This process is moditmyeaising living cell
cultures and such methods as broth dilution, bioluminescence, leakaggs and

etc®
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Polyphenolic lipids are examples of natural products that areeadti
biomembrane&’®® Urushiols (123) aren-alkenyl and alkyl-substituted catechols that
are responsible for poison ivy and poison oak dermé&fifiheir allergenic activity
depends on the side chain and activity increases with alkyl cimsiaturatior’®®
Similarly, some lipophilic resorcinoids 24) also induce dermatitis whose severity
increases with unsaturati8hAlthough, allergenicity of these natural products is not
attributed to the phenolic moiety directly, but rather its oxaatproducts (o-
guinones), the dependence of activity on the alkyl-chain points towanthploetance
of interactions with the cell membrane in manifesting the biokbgtfects of these

catechol€® Presumably, improved solubility of unsaturated analogs in aqueous media

increases their efficiency in partitioning into phospholipid bilay&f8.

R HO R
R: — = —
— — CHs
OH NSNS CHs
OH OH
I-20 [-21

Figure 1.20.Classicakexamples of urushiols @0) and resorcinoic lipids (2-1).

Due to their potent antiparasitic, antibacterial, antifungal pt@seand non-
toxicity to higher animals, resorcinoic lipids have found applicat&sn active
constituents of medicines and antiseptic lotiH8. The antitumor property of
resorcinoic lipids isolated from the medicinal plants sucB.aBilobahave also been

investigated’ In model studies utilizing liposomes, resorcinolic lipids have been
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shown to change the thermotropic properties of phospholipid bilayers l®asnog
the temperature of phase transiti6hs. IR spectroscopy indicated formation of H-
bonding between phospholipid head groups and resorcinol itingss suggested that
this interaction might be responsible for the observed stabilizngénsing
effect®®’? In turn, in liposomes, resorcinoids have been shown to increase
permeability toward ions and small non-electrolyttls.was hypothesized that this
permeabilizing effect might be due to the formation of reversecellas-like
structure$®"*"Indeed,**P-NMR measurements show the occurrence of an isotropic
and hexagonal signal in egg phosphatidylcholine in the presence of abmai%0
alk(en)yl resorcinol® In erythrocytes as a model of the cell systems, resorcinolic
lipids have been shown to promote clustering of membrane proteins, induce release of
K™ ions and increase permeability toward small non-electroliiesefore eventually
leading to cell homolysi® ™ Unsaturation of the n-alkyl chain was found to increase
the permeabilizing activity of these compouriyi& Similar to other amphiphilic
agents whose effect on the barrier function of biological membramasdulated by
the presence of divalent cations,’Zand other ions protected erythrocytes against
the Iytic action of resorcinoic lipid8:”> Aimost all published research on interaction
between resorcinolic lipids and phospholipid membranes (using erytbsoayid
liposomes) has been done exclusively by A. Kozubek and co-worketheat
University of Wroclaw, Poland.

In addition to the amphiphilic catechols discussed above, the high affinity
the receptors with multiple catecholate groups toward” Bad the membrane

transport properties of these complexes have been the subje@nsieimterest over
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the decade® These synthetic receptors are analogs of bacterial féoric
sequestering agents - siderophores. According to the definition lgpvBrechsel and
Winkelmann the secondary metabolites can be classified as side¥spii the
following applies: 1) iron regulated biosynthesis; 2) ferric iron chredatapability; 3)
active transport through the cell membraffeThe high thermodynamic stability and
selectivity toward iron made the siderophores and analogs tangete search for
new medicines. For example, conjugates of antibiotics and siderophorebdeave
made so as to utilize mechanisms of bacterial iron uptake fordnegv delivery
routes’’ If biocompatible, iron chelators also have the potential to t@aditons of
iron overload in patient€"®

Interesting to notice that such sophisticated molecules asopgidee
enterobactin are often genus/specie specific and require genus/specific outer
membrane receptdr’’”® In addition, the iron transport in this case includes the step
when the ferric ion is transferred between the two siderophore untedeembedded
in the membrane protein. In turn, some small molecules susk@sted by bacteria,
citric and 2,3-dihydrohybenzoic acids and synthetic bis- and treslvalates are
know to avoid this particular step but function as siderophores deliveoimglirectly
into the cell. These “primitive” iron chelators are not as gepasie specific (can be
utilized by many bacteria) but due to weaker binding, they oftesel in competition
for iron to more preorganized hosdfsThere is a growing interest, however, in
identification of the natural and synthetic siderophores which bygessalove
mentioned step of ferric iron exchange between the two moleculetharefpre, can

be utilized as a shuttle vector for drug delivERyThe activity of potential
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siderophores and siderophore-antibiotic conjugates is usually evaiisatgdgrowth

promotion assays.
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Figure 1.21. Structures of TRENCAM (B2), enterobactin (B3), synthetic

amphiphilic catecholates g4, I-25).

Tricatecholates, based on the tris(2-aminoethyl)amine (TRE&ffodd and

2,3-dihydroxybenzoic acid, such as TRENCAM{) are known as cationic analogs

of the famous enterobactin ZB).”® Natural amphiphilic F& chelators have been

recently isolated from marine bacteffaln contrast to the majority of natural
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siderophores, which are water-soluble molecules, these amphiphiles higive
affinity toward the phospholipid bilayer and self-assemble into ree@nd vesicles
in aqueous mediX.

Catechol-based synthetic analog24J-I-25) of these natural products have
been recently reportéd.These amphiphilic siderophores2d; 1-25) were found to
self-assemble in the agueous media into micelles and vesiclas ® mimic the
behavior of the pacteria-produced analogs. Uptake of anionic enteneipaict
complex requires a protein receptor on the outer membrane of hacéds that
recognizes the Bé&siderophore complek.In contrast, due to their increased
lipophilicity, these amphiphilic iron chelators have the ability &rge with the outer
membrane by themselves and to release ferric ion into the genipldis hypothesis
was tested using24 as a synthetic model of natural amphiphili¢‘Feceptors. This
compound self-assembles in aqueous media and induces iron uptake nmbacte
mutants. The rather simple analogdwas more active than complexeg3?*

According to the facts described above, natural and synthetichofgec
actively interact with biological membranes. A variety of nomalent interactions
are employed to permeabilize the phospholipid bilayer, either naifisplty or
specifically toward H or F€" ion. To date, however, there was no evidence that
catechols can selectively transport anions across phospholipid rbilElye main
objective of the present study became to design a catecholdlezzeptor that could

function as a transmembrane anion transporter.
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The structures of some hypothetical catechol-based anion transpareer
schematically represented in Figure 1.22. Catecholate moieteknked together

through a hydrophobic linker.

hydrophobic
linker

Figure 1.22. Hypothetical catechol-based anion recepforB, andC.

To understand the stoichiometry and mechanism of interaction betatsshol and
CI" anionin organic media we initially undertook studies usiHgNMR spectroscopy
and ESI-MS spectrometry and examined the microscopic environmehtafi@h in
CHCl; in the presence d¢f18 and(Bu)sN" as counterion. We also compared catechol
with other simple phenolic and amide-based receptors UsifgMR, ESI-MS, and
computational method. Results of this study are discussed in Chapihagter 3
includes investigation of the anion binding properties of newly desigsechtechol
based receptors. The ion transport activity and selectivithexet compounds was
evaluatedn liposomes. Results of these studies are discussed in ChaBteapter 4

also includes a description of the future work.
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Chapter 2. Complexity of Interaction Between Catdchnd

(Bu),N*CI

2.1. Introduction.

There were two main questions to be addressed in this chapter.wars
determine the stoichiometry of interaction between catechel) (Hnd CI ion.
Second, we compare the anion binding properties of catechol with athele s
phenols and amides (2—11-6).

Interaction between anion receptors containing H-bond donor group(s), X-H,
and halide anionsis usually investigated usingH NMR titration with
alkylammonium salts in organic solvertkbonding between Chnd X-H results in
the downfield shift of acidic protons fil NMR spectra. Examples of slow exchange
in solution®® as well as fast exchangepn the NMR chemical shift time scale are
described in the literature. The dependence of the apparent assoctatstants (K
for the “host-guest” interaction (when the guest is an anion) oodheentration of
the salf® and the nature of the solvent and counterion have been dis€l&sEdr
example, decreasing polarity of the solvent or replacemennofamium salts with
phosphonium salts increases @Ginding ability of amide receptorB contrast, the
addition of halides of alkali metals inhibits the anion-binding abibf neutral
hosts®® Extraction of thermodynamic association constants for the releyatem,

namely, metal ion - crown ether interactions, using NMR spectrgsand other
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methods was evaluated in a recent IUPAC review. Recommended contlitiuae
relatively polar solvent such as @IN and low concentration of the s¥tThis
suggestion, however, is difficult to follow in practice, first, becaossy organic
“hosts” are highly hydrophobic and have limited solubility ingCN, as compared to
CD.Cl, or CDCk. Second, many organic hosts interact with the anions only in very
non-polar aprotic solvents such asD or CDCE.

Would the apparent values of the association constants be satisfact
enough? Let us say, for instance, that we are searching &oi@m receptor which
has the same ability to discriminate between anions as valoiordges between 'K
and N& ions. In this case, the binding is strong and the selectivity iB suc

remarkable property that neither solvent nor counterion effects rffatter.

. ! : H. _CH, ]
|
OH L _cH N. _CH N.__CH, N.__CH,
CC T Y CLY o LY
ol ol
H o H
OH OH o NH
0”7 “cH,
-1 -2 -3 -4 -5 -6

Figure 2.1 Catechol (ll1), N-methylbenzamide (IB), acetanilide (II3), 2-
acetamidophenol (4B, N-methylsalicilamide (1B) and N1-[-

(acetylamino)phenyllacetamide @)-

According to the experimental results described in this chaptére case of

the compounds with relatively similar affinities towards &ion, such as 11-and
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lI-6, the counterion effect can become an important factor to take intmemtsn.
Thus, the catecholl) has a stronger affinity towards @ CHCk but tends to form
aggregates of the general structure ¢(RUTI II-1. In turn, receptor IB has a
weaker affinity towards Clbut, presumably, due to steric reasons, does not form
these aggregates but does form @t6. Tested in the same conditions, receptd II-
competes with the cation (BY" for CI anion more efficiently than the catechol as
indicated in théH NMR of the salt. Therefore, the question remains: which osfe, ||
or 1I-6, is a stronger anion receptor in CHGblution of the salt (ByN"CI?

The coordination number for Canion cocrystallized with the organic hosts
containing multiple urea H-bond donor groups reaches &dbarprisingly, to the
best of our knowledge, the experimental studies in solution betwsrgnsimple
proton donors, like urea, phenols, catechol, arida@ibn reported so far indicated
only a 1:1 binding stoichiometry:®*1%2

According to the most recent review, which highlights the pregnesthe
anion recognition chemistry since 2007, there are a number of repdlisstrate the
stoichiometry 1 : n (n = 2, 3) for the receptor : anion interactftin. turn, reports
describing the possibility of n : 1 (n > 1) stoichiometry areegwely rare. Thus, there
is only one paper in this review to suggest formation of the 2 : pleanbetween
neutral organic receptor and @hion in solutiorf?

For instance, the catechol ()-was recently described as a surprisingly good
CI" receptor with a binding constant of & 10° M, using classicalH NMR titration
with (Bu);N*Cl in CDsCN. According to the author, however, there was never any

evidence for the presence of complexes betweeh did Cl anion of higher
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stoichiometry than 1:1. Analogously, there was never any evidenchef@résence
of mixed complexes like 18 Cl 1I-1 when catechol (Iit) andacetanilide (113) or
other simple H-bond donors were simultaneously present in softition.

It appears that the Job plots are usually done in a solution where
concentrations of the anion and the anion receptor are relativegnidwomparable.
In turn, the titration experiment is performed in the presehem @xcess of the salt,
and the relatively large excess of the salt has to be used tivbebinding is not
particularly strong. It is reasonable to suggest that in tee ¢ase, one might want to
look at the experimental conditions when not the salt, but the recepfmesent in
excess to make sure that the parameters obtained more oddéegmtely describe
this system.

Theoretical methods can open an alternative insight into inorgaroa ani
organic host interaction. Recently, Hay and colleagues reportegetraetries and
the binding energies for urea complexes with different shaped asimisas C|
NOs, SQ7, etc® For instance, theoretical calculations indicate thaafibn can
bind/coordinate up to four urea units simultaneously, whilg én bind up to three,
and SQ” can bind up to six. To the best of our knowledge, there are no réports
indicate that complexes Anidarea, (n > 1) might exist in solution. There are several
reports, however, describing metal-directed self-assembly uticolof rather simple
urea-based ligands into the cages encapsulating anions such asdC3Q* as

templateg?->0>188
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2.2. Abstract and Summary of Key Findings in thisafter:

Below, are listed the key findings in this chapter:

a) 'H NMR chemical shifts of the acidic protons indicate multiple igdf
catechol to Clanion when concentrations of the salt antl ire comparable or when
the catechol is in excess.

b)'H NMR chemical shifts of the cation (B in CHCL are independent of
the concentration of the salt unless catechdl iB-present in solution. Presumably,
ionic clusters ((BuN*CI), disaggregate to form free (B  cations and H-bonded
CI" anions, thus the NMR signals of the salt shifts upfield.

c) The combinedH NMR data for anion complexation by 1l-and for
dissociation of the salt support multiple binding and suggest formation of
“intermediates” in organic media schematically representedBag,N"CIl™ II-1.
Presumably, in these aggregates, acidic protons shift downfieldoddebbnding
whereas signals of the salt do not change because cationsl{Beinain associated
with anions.

d) The ability of catechol to undergo multiple binding into dimerd; IICI",
as well as to form ion-paired aggregates, §RUECI, 11-1, (BuuN'CI).CI 1I-15,
etc.was confirmed by electrospray negative ion mass spectrometry (EBI-M

e) The following two ESI-MS observations support findings (a-tBdisbove

when there is competition between (BW) and catechdor CI anion:
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Only naked (Bu)N" appeared in positive ESI-MS in the presence of
stochiometric quantity of Ik, whereas in the absence of catechdl the clusters
((Bu)sN")ClI and (Bu)N*CI', are the major species.

In the negative ESI-MS the distribution of the signal interssitte the clusters
((Bu)yN)maCly -1, (m n) and [14, CI is determined by the ratio [lI} :
[(Bu);N"CI7 in solution.

f) The mechanistics of interaction between catechtldihd the sallescribed
abovecan be safely applied to other simple amides and phenols that wigatess
such as compounds 2I- 1I-5. Only receptor 116 is in some way different from the
other simple receptors. The ability of @l-to form ion-paired aggregates is
dramatically diminished, probably due to steric constraints, vilndeability to form
“dimers” 1I-6, CI" and even “trimers” 163 CI arises from the strong tendency of
lI- 6 to self-aggregate in CHEg$olution.

g) Formation of the mixed complexes BI' R (R, R — different H-bond
donors 1 - [I-6) was observed by ESI-MS when different H-bond donors were
simultaneously present in excess of the salt.

h) Addition of the anion receptors 1I- 1I-6 into CHCk solution results in
dissociation of the salt clusters and formation of {Ri)cation and “cation-free”
anionic species, such as catechol chloride anion, [I€1, thus establishing an

equilibrium which for simplicity can be written as the following:

1--11-6
[(Bu,N I[Cl ]

(BWN'CI > (BuN*™ +CI, K, (BONC ]

M (2.1)
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Affinity of (Bu)sN* toward Cl anion (1/k, M™) depends dramatically on
concentration (orders of magnitude in the experimental range)dacreases with
increasing concentration of the ions (ionic strength) in GHSHlution. This
observation is consistent with the electrostatic model of intera@nd opposite
charges of the ionic species.

i) ab initio (6-31G* basis set) electronic structure calculations were
performed to compare binding energies of &lion to receptors U- - 1I-6. The
theoretical predictions were correlated with the experimevalles of apparent
association constant {k.1, M™), estimated by'H NMR on a single-point basis,
assuming 1:1 binding algorithm and disregarding salt aggregatidnmauitiple

binding.

66



2.3. Results and Discussion

2.3.1."H NMR study.

2.3.1.1.Relative affinity of the receptorsll-1 - 1I-6 toward CI" anion in
CHCI 3 solution. Preliminary experimental results indicated that 1) Job plote we
asymmetric and 2) binding constants, ¥, M™, were concentration dependent.
These observations revealed that the mechanism of interactioa hadcomplex and
could not be adequately described using the classical equation Th&efore,
relative affinity of the receptors [lI-- 1l-6 toward Cl anion in CDC4 was initially

evaluated on a single-point basis as described below.

Cr+R <= CIR, R=11-1-6, Kaiy, M' (2.2

The examined solutions contained equal concentrations of the recefors-B-and
the salt, [([BuN'CI] = [R] = 50 mM. Recorded chemical shifts)(of the acidic
protons were used to calculate fractions of the free receptongR{-bonded form,
Cl' R, and the association constant, 1§, M, according to the formula (2.3pue
to simplicity of'"H NMR spectra the values of chemical shift in the associateq,
CI" R, ( may and chemical shift of the free receptor,)(can be obtained
independently. The chemical shift of the free receptor was recorded iry €)@ion
containing [R] = 100 mM or saturated with the receptor. The valtifse chemical

shift in the associated form, CR, weredeterminedn the presence of an excess of
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(Bu);N"CI'. Upon addition of the salt to the examined solutions ([R] = 50 mM),
chemical shift, , became independent of the concentration of fBWI. These

maximal values correspond t@ax

Table 2.Values of K, 15, M for1l-1 - 11-6 and Cl in CDCk.

Receptor/ Kart - o PPM
'H NMR M1+ ppm ppm
signal
-1 1100 89 (br)  5.17 8.43
§
-2 9.3 9.42 6.30 7.10
-3 54 11.20 7.43 9.50
[1-4 NH 560 10.72 7.52 10.17
OH 320 10.0 8.65 9.7
(br)® (br)
[I-5NH 61 9.70 6.39 8.27
OH 87 12.9 12.37 12.7
(br)® (br)
-6 230 10.60 8.52 10.07

8 Estimated values because signals became very broad.

Ka1:1were calculated 005 —mx__ 0
0
according to the formula J4.1= 2 (2.3)

005 005 "™ %

0

We were concerned that receptord H-1I-6 may self-associate in CD£$0
that the position of the acidic protons i NMR spectra would depend on
concentration. Indeed, within the concentration range 100 mM — 10 mM, the

strongest dependence was observed for recepBowhie acidic protons of catechol

68



[I-1 almostdid not shift (SI 2.1). Closer examination, however, established that
interaction with Clanion resulted in more dramatic changes in the position of acidic
protons, X-H, much higher chemical shif,ax, as well as K1.1than did any change
due to self-association. These facts allowed us to ignore thegaggreof II-1 - II-6.
Calculated values of ¥4 = 54 M* for acetanilide (118) and K, 1., = 1100 M* for
catechol (111) are consistent with the corresponding literature values,ef XL M*
and K,= 1015 — 1575 M measured by Smith and in @CN solution, assuming a 1:1
binding algorithnt’

The results shown in Table 2.1 indicate that the relative affioftythe
receptors 111 - II-6 to CI anion changes in the following order:I> 1I-4 > 11-6 >
lI-5 1I-3 > 1I-2. At a glance, this trend could be in agreement with the velati
ability of the receptors to form strong intermolecular H-bonds.uprebly, the -
OH CI bond is stronger than CONHKCI'. The catechol (I) can bind Cl anion
using two hydroxy groups. In turn, compounddlhas only one hydroxy and one
amide groups available. ReceptoGlcan employ two amide groups and, therefore,
comes as the third strongest binder. Compouridiglalmost as active as 3l-which
has only one amide group. Due to intramolecular H-bonding in the redept¢six-
membered ring)the OH group is “deactivated” and only one amide group remains
available.

In conclusion, the anion-binding affinity changes in the order thigctsfthe
ability of the receptors II- - 1I-6 to form strong intermolecular H-bonds with™ Cl

anion: lI-L >1I-4 >1I-6 >1I-5 -3 >1I-2.
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2.3.1.2.Signals of the salt (BwN'CI shift upfield in presence of H-bond
donors. Is there an equilibrium between (BwN® cation and aggregates
((Bu)sN*ClI"),? The dependence dH NMR chemical shifts of organic salts on the
concentration and nature of the solvent is described in theuiteras a consequence
of an equilibrium between free ions and ionic aggregatesr instance, changes in
'H NMR spectra of quaternary ammonium salts {R{X  upon dilution in
nitrobenzene are attributed to the following equilibrium:

(BupyN'X" == (BulN"+ X, X=CI,Br,I, KgM (2.4)

The position of the NMR shifts for the-CH, group of the tetrabutylammonium
cation is sensitive to both the concentration and nature of the anigsociation
constants, K M, for the salts (BuUN*X" in CsDsNO, extracted fromtH NMR data
are consistent with the values determined using conductoffietry.

In contrast to other solvents, in CRGhe 'H NMR spectrum of the salt
(Bu);N*CI" did not depend on concentration (S| 2.2). Addition of receptdks II-6,
however, resulted in an upfield shift of all four signals for the salhe Tmost
downfield signal of the salt,-CH, at 3.40 ppm, is the most shifted upon addition of
receptors, while the most upfield signalCHs; at 1.01 ppm, is the least shifted. The
dependence of the chemical shift of the most sensith@H, group on the
concentration and nature of the receptor is shown in Figure 2.2.

We propose that thesdH NMR data reflect the following processes
happening in the solution. Receptorsllil- [I-6 break apart salt aggregates into

discrete ionic species (BfN" cation and R CI anion(s) of unknown stochiometry.
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The observed upfield chemical shift is due to the redistributioelesftron density
along the -bonds within the (BuN" cation. This equilibrium can be schematically
represented as following:

(BuN*CI +nR == R CI+(BuuN*, R=I1-1-6 (2.5)

According to equation (2.5), the concentration of the free,(Buis equal to
concentration of Cl R, anion in solution. In addition, the most active receptor, R,
should break apart more salt aggregates and, therefore, induceoshednamatic
changes in théH NMR of the salt. The experimental results presented inr&igL2
indicate that the ability of compoundsill- -6 to break apart the salt (BY'CI in

CDCl; solution changes in the following order@>11-1 =11-4 >11-5 =11-3 > 1I- 2.

g
o
o, 33
o
—m11-2 H i
31 - —a— [1-5 M
-1 t %
31 |—e-T11-4 RN /
= 11-6] a-CH, at &=3.40 ppm
29 - - - - .
0 0.2 04 0.6 08 1
[R]
[RI+ [(Bu),N'CI]

Figure 2.2. Dependence of the chemical shift foCH, of [(Bu)sN'] on the fraction
of receptors 111 - [I-6 in CDCk solution. Total concentration in the solution is

constant: [R] + [(BwWN'CIT = 100 mM.
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Surprisingly, among the six anion receptors, it is compour@l dird not
catecholthat is the most active. It appears that although catechdl) (Has the
strongest affinity for the Clanion (K, 1.0 = 1040 M%), it is less likely to induce
dissociation of the salt aggregates than does recep®r(Hk 12 = 230 MY).
According to the equation (2.5), this observation should indicate tlegjutres more
equivalents (n) of the catechol ()-than receptor I6 to break apart the salt
(Bu)4N'CI".

In conclusion, the ability of the receptors to induce dissociatiomenfsalt
changes in the following order @->11-1 =11-4 > 1I-5 =1I-3 > lI-2. This sequence
should reflect not only the H-bonding ability but also the tendencyroafesulate”

the anion using lower number of the receptor molecules per oaei®@h (n).

2.3.1.3.Multiple binding of H-bond donors to CI" anion. Job plots were
constructed to get insight into the stoichiometry of interactidwdxn Cl and anion
receptors. Solutions of (B#N"CI" and receptors I1- - 1I-6 in CDCk were mixed in
different ratios, while the total concentration in the solution meetaconstant and
equal to 100 mM. Initially, we undertook the classical approach towaarsktructing
a Job plot. The chemical shift of the receptors’ acidic protons phetti by the
fraction of the receptor k) was plotted against the fraction of the receptor in
solution &) (Figure 2.3,A, blue square—™-). Data for receptor 16 indicated a 1:1
binding algorithm. In contrast, the curves for receptofsdhd II-3 were asymmetric,

with maxima around 0.6. These observations suggest that more than one enaiiecul
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lI-1 and 1I-3 might be simultaneously coordinated by a singlea@lon. For a pure

2:1 complex one should expect the maximum of the Job plot to be at 0.63.

A Chemical shift * fraction, ppm B Concentration, M
*T|—a—m-10H 0.05 —e—[1111] comlexed
161 | —e—a-CH2 0104 -1 —&— [CI-] comlexed
12 0.03 | — [11-1]
0.8 0.02 { e [(Bu)4N+CI-]
04 0.01
0 0
0 05 X 1 0 05 X
B0 —+—[1-3] complexed
0.04 —&— [CI-] comlexed
——— [(Bu4)N+Cl-]
0.03
_— [1-3]
0.02
0.01 |
0
X 0 05 X1

[| —m—1-6NH —e—[1-6] com lexed

16 { | —— a-CH2 —&— [Cl-] complexed

—[1-6]

—— [(Bu)4N+Cl-]

0 05 X
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Figure 2.3.Job plots. Horizontal axeg) are fractions of the receptorsiiJHI-3, II-6
in the solution, while total concentration is constant [(RUEI] + [R] = 100 mM.
(A) Classical approach. Blue sque®-sdependence ofx, ppm onx, where is
chemical shift of the acidic protons as indicated. Pink cir-®-s dependence of
10 x, ppm onx, where is chemical shift of -CH, of the salt (BuN'CI. (B)
Dependence of concentration of the complexed form of the receptbrd-IB, 11-6
(blue rhombs+-), obtained from the chemical shifts of the receptors’ acidicpsot
as indicated, ox. Dependence of concentration of the complexeda@ibns (pink
triangles—=) in solution, obtained from the chemical shift of the salGH,, on x.
Solid lines indicate total concentration of the salt (—kand receptors (blt—) in

solution.

In addition to the classical approach, graghgblue rhombs—-) were
constructed using experimental values gfx and , to calculate concentrations of
free and complexed forms of the receptors in each experimauitdl Indeed, the
concentration of the complexed form of the receploesd3 (blue rhombs+-) in
the solution is higher than the total concentration of the BaluN"CI" (solid pink
lines—) when these receptors are in excess! This is an unambigutiaation of
the ability of II-L and 13 to undergo multiple binding to a single” Gnion. In
contrast, grapB constructed for compound élsupports a 1 : 1 binding algorithm.

We also decided to take advantage of the fact that the chemical shift dt the sa
changes upon addition of 1- 1I-6 due to the equilibrium shown in the equation 2.5.

We assume that the signal foiCH, at = 3.40 ppm corresponds to the aggregated
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form (BuyN'CI" and that the maximal observed upfield chemical shift-GfH, at
max= 2.92 ppm recorded in solution containing 20 mM of (RUECI and 80 mM of
Il-6 corresponds to the completely dissociated form. For the fregNBation in a
20 mM solution of (BWN'CI™ saturated with the receptorsillland 116 the -CH;
chemical shiftvas also atnax = 2.92 ppm. Thus, the concentration of &@lion that is
H-bonded by the receptors{RCI’), which is according to equation (2.5) equal to the
concentration of free (Bw)l" in solution, can then be obtained ([Ghpiexed =
[(Bu)sN]ee). Remarkably, the concentration of FCI” (pink triangles-) is about
twice as low as the concentration of the complexed receptard4B (blue rhombs
—+-) and equal to the concentration of the complexed form d I[Fhese
observations again support a 1 : 2" @ion : receptor binding stochiometry for
compounds It and I3 and a 1 : 1 Clanion : receptor binding stochiometry for
receptor 116. Job plotsA andB for the receptors Wandll-5 are similar to 111 and
1I-3 (S 2.3)

In summary, the Job plots indicate a 1 : 2 stoichiometry of intenawith CI for
receptors II1 - 1I-5 and a 1:1 stochiometry for receptor6ll-Two sets of Job plots
were constructed: namely, a classical pla) @nd a modified B) plot, where
concentrations of the complexed form, instead xaf were plotted against. The
chemical shifts of both acidic protons (blue data) a#@H, of the cation (BuN"
(pink data) were used to obtain two curves for each receptor onaplesgr andB.
These presented results indicate that the stoichiometry efaation can be
investigated using not only the chemical shifts of the acidtops in the receptors

but also by monitoring changes in th& NMR spectra of the (Bul)N* CI salt.
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2.3.1.4.Dilution experiment: the combined'H NMR data for the salt and
receptors provides evidence of ion-paired intermediates (B;N'CI" R in
solution. If an equilibrium between “free R” and CIR,, with different degrees of

complexation (n), takes place:
RuuNCl + R == RCI + (BuyN ™ (2.6)

RCI'+R == R CI (2.7)

then dilution should shift this equilibrium toward the form with the tlekegree of

complexation (n = 1).

iy —9—1-3
357 _m 116
-| B 31
g 825
=
g 5 15
1 gE-EEEEEEEe
0.5 ‘ ‘
0.0001 0.001 0.01 0.1 1
[R] = [(Bu),N'CF]

Figure 2.4. Dilution experiment. Three samples that were diluted contained
equimolar concentrations of the salt (BU)CI" and receptors I1; 11-3, and 116 in
CDClz. Concentration of [Rjmpexeawas calculated from the chemical shift of the
acidic protons. The concentration of “Chnion complexed by the receptor

([Cl'lcomplexeg Was calculated from the changes in chemical shift-GH, in the salt

assuming [Clcomplexed= [(BU)iN"Ttree
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Solutions containing equimolar concentrations of the salt 8@ and
receptors 13, 1I-3, and 116 were diluted. Chemical shifts of the acidic protons and
CH, were recorded in each experimental point so as to calculatericentrations of
the receptor complexed by Ginion ([REompiexeq @nd Cl anion complexed by the
receptor ([Clcomplexed = [(BU)sN"]fee). The dependence of the ratio {Rbiexed:
[Cl]complexed ON concentration is shown in Figure 2.4. The ratio6dbmplexed :
[Cl']complexearemained constant and equal to about 1:1 across the entire catioentr
range. In contrast, dilution of the solutions containing compountisaid 11-3 did
not decrease but increased the ratiedflexed: [ClTcomplexed This observation would
be in agreement with the formation of ion paired complexes/BUEI R as

intermediates:

(BuuN *CI + R==> (BuN *CI' Re= RCI+ (BupN*  (2.8)

Presumably, in these aggregates the chemical shift of acidanprotoves downfield
due to H-bonding, while the chemical shift of the salt does Inahge because the
(Bu);N" cation remains associated with the anion.

It can be concluded that study of the salt dissociation versus H-bond formation
by receptors It and 1I-3 with CI" anion revealed an unexpected trend. This result,
however, can be explained if we concede formation of ion-pairedmaetkates
(Bu)sN'CI" R in the solution. Thus, th#d NMR data for the salt and the receptor in
combination provides evidence for the presence of intermediategN(Bli) R.

It is noteworthy, however, that the dilution experiment discussed albase

performed in the solution where concentrations of the receptors andlthsese
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equal ([R] = (Bu)N'CI). When we increased concentration of the receptor relative to
concentration of the salt, thus shifting the equilibrium (2.9) strotagtire right, than
dilution, indeed, resulted in the initially expected trend fordflexed: [Cl]complexed

ratio as illustrated in Figure 2.5.

(BuuN"CI+R == (BuN'ClI R ==

+R
<= RCI+BuuyN* == R, CI'+ (BuuN"” (2.9)
6 -
55 |—@—II-2
5
_ a5 —A— 1I-5
HEEEE
“§~' g 35
Sl 9+
s T M‘
2
15 4 [R]. M
1 T T T 1
00001  0.001 0.01 0.1 1

Figure 2.5. Dilution experiment. The samples that were diluted did not cotiain
equal concentrations of the receptor and the salt but an exdbgsreceptor: [I2] =

6*[(Bu)4N"CI, M and [II-5] = 3*[(Bu)JN*CI], M.

2.3.1.5."H NMR of the salt supports stepwise interaction mechanism

Similar to the association constant of the receptor wittabn, K, 11, M™, defined
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from the equation (2.2), the dissociation constagntfdt (BulN'Cl™ as depicted in

scheme (2.10) can be calculated from the chemical shift -6H, in each

experimental point.
l-1-11-6
(BUN'Cl" <= Cl+ (BupyN™ K, M (2.10)

Remarkably, even though,K:1 only changed slightly with concentration, we
observed dramatic changes in, Kven of several orders of magnitude within the
same concentration range (Table 2.2). This strong dependengenfdéncentration

is consistent with the electrostatic nature of interactioménaggregates (BiN"CI

in CDCl solution.

Table 2.2.Dependence of the association constagt, KM,

and dissociation constant of the salt Kl on concentration in CDgbolution.

[(Bu)aN"CI'] =[1I-3],

M Kg, M Ka11, M7
0.60 0.20 14
0.15 0.034 25

0.043 0.0036 39
0.020 0.00049 47
0.0016 7.275E-07 53
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The dependence of the electrical work required to bring two ionshirgenh
concentration is determined by the Debye-Huckel%aWhus, the dependence of K
on the function of ionic strengthlf( shown in Figure 2.6, was calculated according

to the literature referencé.

A B
0 0
In Kd In Kd
-3+ 34
6 ——34 4
~=3b \\\“&\\ﬁ \
ol A2 y o]
-6 \ \
212 H 1 212 4 \ \V
5 \
4 X
-15 LS -15 . . —

015 025 035 045 055 065 075 08 095

9 1
f(1) f(1)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.

Figure 2.6 The In Ky as a function of ionic strength I¥E 1/(1+d* *1%), wherel =
[(Bu)sN"]fee— ionic strength; = 1.33 MY?> - the Debye lengthA d = 6.86 A -
distance between ions in the ion pair (Bl CI; B d = 10 A - estimated distance
between ions in the ion pair (B, CI' 1I-1. The following solutions were diluted:
1 —[II-1] = 2*[(Bu)4N*CI7= 100 mM,2 — [lI-2] = 6*[(Bu)sN*CI] = 600 mM,3a—
[II-3] = [(Bu)4N*CI] = 600 mM,3b —[lI- 3] = 3*[(Bu)4N*CI] = 600 mM, 4 — [lI-4]
= 0.92*[(BupN*CI] = 128 mM, 5 - [5] = 3*[(Bu)4sN'CI] = 105 mM, 6 - [6] =

[(Bu)aN'CI] = 100 mM.
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Every curve in Figure 2.6 is a linear function at high conceatrsit(from
| = 10°M, f(1) = 0.8 to about = 10" M, f(I) = 0.25) and values of fdecrease with
decreasing ionic strength as it follows for a cation-aniorract®n. Values of K
however, decrease faster at low concentrations (belevit0* M, f(I) = 0.25) than
what would arise from a linear dependence. The two-step mechespsesented by
the equation (2.11) is in agreement with this observation:
d M

(BUNN'CI+R ==  (BUN'CI R == RCI'+(BupN* (2.11)

The 'H NMR of the receptors’ acidic protons indicates that at high
concentrations almost all of the receptor R in solution is coordiratedl anion.
The same is true for the salt (BNJCI. Since the concentration of salt in the
solutions is the same or lower than the concentration of H-bond dolmest all the
salt is in the form of the aggregates (BNCI""'R. Hydrogen-bond donors 11— 1I-6
strengthen the electrolytic properties of clusters (BIgI),in CDCk and, thus, the
salt is able to disaggregate to form free ¢Bii)cation and Clanion that is H-bonded
to the receptor. Therefore, in a concentrated solution the procepsesented by the
equation (2.11) is determined by the second step, dissociation oft{rendaa linear
dependence of In Kon f(l) is observed.

At low concentrations of the salt the first step in the equafidiil becomes
limiting. Upon dilution, the concentration of the form (RM)CI, which does not

dissociate, exceeds the concentration of the aggregated{Bii) R. As a result, the
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apparent l§values decrease faster than what should arise from the expecar
dependence of Inkon f().

According to the literatur® equation (2.12), function i = 1/(14d* *1°°)
requires knowledge of the distande This parameter can be approximated by the
distance between ions in the ion pair (BU)CI"'R, which is also unknown.
Therefore, initially, as a first approximation, we constructeplgA usingd = 6.86
A that equals to the sum of ionic radii for @d (Bu)N" ions. Using equation (2.12)
andd = 6.86 A, a thermodynamic value of the dissociation constantdr{l 0,

f() = 1) = -17, was obtained. In the graphIn K = -17, however, would be off
scale, that is consistent with the observation that saltXBG) does not dissociate in
CDCl; solution. In turn, using the same graph) an experimental value of
In K& = -12 can be estimated by extrapolation of the linear dependér&eon

f(1) to f(I) = 1 (I = 0). According to equation (2.12), this value of thermodynamic
constant (° = -12) corresponds to the distarte 10 A. Thus,d =10 A is an
estimated distance between receptor-halide anion and tetrabotglaum cation in
the ion pair (BuN",CIR. Using the parameter= 10 A we constructed graih

The Eigen-Fuoss equatifrwas used to introduce dependence of electrostatic
work required to bring ions together on concentration:

1 4N

2,2,€ 1 (2.12)
exp[w/R w
Ak, 3000 PRI dbs @ dvl)

w — electrostatic work required to bring the ions together,
d —distance between the centers of the ianandz - their charges,

a1 = ap = d/2-their radii,
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D, —static dielectric constant,

1
| —ionic strength,| 5 C Ziz wherec; andz concentrations and chargers of the

ions in solution: 1 = [Cl]complexed= [(BU)NTtree -
Calculation of Debye lengthin CGS units:

= (8 Nag¥/1000 D kg T)° =
=(8*3.1416%6.0221*16%*4.803*10'%4.803*10"%10*4.8*1.3806*10"*298.15f->=

= 132939221 M?cmt =1.33 M"?

A. d = 6.86 A - distance between ions in ionic pair BU)CI was estimated from

the following ionic radii: r(C) = 1.81 A, r (Me)N") = 3.40 A, r (EQN™) = 3.95 A,

B.d =10 A - distance between ions in the ion pair between catedtus haion, Cl
-1, and (Bu)N" was estimated using equation (2.9) and the experimental value In

K = -12 obtained from the graphin Figure 2.6 by extrapolation t@¥= 1.

2.3.1.6.Why are these results important?

In the cases when tHel NMR spectra of the anion receptor is “unavailable” or
“does not change” upon anion binding, theNMR spectra of the salt can be used to
study the stoichiometry of binding and the affinity of the recefmaard CI anion in

CDCls.
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The efficient screening of anion receptors, which employs changé$ NMR
spectra of the salt as a criteria of the relative affinity towad¥ ClI" and does not
require determination of X1, o, maxfor each compound, can be performed.

The'H NMR spectra of the salt may provide evidence that aggregaths type
(Bu)sN*CI" R are formed in solution. These types of intermediates migfdrbeed
in CDCl; solution in the presence of other H-bond donors/anion receptors.

Strong dependence of the dissociation constant of the salNEL), Kg, on
concentration might be an important factor that has to be takendotwrg when
investigating such phenomena as cooperativity of binding, which rekporgledge

of the thermodynamic values of,Kas in the case illustrated below in Figure 2.7.

== g ) e
H / H . —
-Bu Nt \J " -(Bu)sN*

Figure 2.7. Anion binding by cyclic - shaped receptor in apolar media such as

CDCL.%®

The dependence of KM on concentration in a polar media (aqueous solution)
for an ion pair {Catiof, Anion} is not strong. However, this dependence becomes
dramatic if we move to a solvent with low dielectric constarke ICHCE, or
multiply-charged species. In these cases the difference betiveghetrmodynamic
value, K, M, and the measured, apparent valug, M, can be equal to several

orders of magnitude. To obtain the thermodynamic binding constant, indepehdent
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concentration, one needs to keep the ionic strength in the solutionntprdtde
determining the apparentyialues. Several binding constantg, & different ionic
strengths in the solution have to be obtained. Then, thermodynafhitkcan be
determined by extrapolation of the dependence HfNK on concentration to zero
ionic strength. Alternatively, one can consider to calculate theitgctoefficients

(dependence on ionic strength) using empirical formulas.

NH2
— ! HN/>
N'CLIZJr =9
\ i HN/\\ N
NH N
L)
N
H
Hosts
)
) o O. (o] O@
o o %o o o®
Guests o PO OMO /ko
oo

Figure 2.8.Examples of polyanionic guests and polycationic hosts studied in aqueous

solution by Anslyn and colleagug%®’

Another relevant example is the recent reports by W. H. Gibsai®® The
authors offered a principally new treatment of theNMR data for the host-guest

interaction involving charged species in the low dielectric constaedia
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(Figure 2.9.B). The experimentally observed dependence of the classicaleappa
association constant.K.1, M™ (Figure 2.9A), on the concentration and nature of the

counterion defined the necessity in a new approach to the problem.

Therefore, in the aqueous solution for multiply-charged host/gusgtnsy
like the ones shown below in Figure 2.8, one has to take into account
activity/dependence on ionic strength. Otherwise, the obtaineéssalf the binding
constants, and so the *“cooperativity of interaction”, would be dependent on
concentration. These apparent values would not be desired, independent of

concentration, thermodynamic parameters.

Ko M
A. lon + Receptor == lonReceptor
Guest Host Host-Guest Complex
ke K
1= @ < -3 DX~
Ion Pair Dissociated Ion Complex

= (2 = o O O o
H2 @ D
0O O 0o O

Figure 2.9. A. Classical approacB. New approach developed by Gibson and co-

workers. FigureB is reproduced from the reference 98 with permission from ACS.
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As depicted in Figure 2.8, the new treatment allows one to extract two parameters:
Kipa, M, for the ion-pairing equilibrium, andaiﬁM'l, for the host-guest complexation.
The authors noted that chemical signals of the salt igOSIBCHCL (2/3) solution
were dependent on the concentration and nature of the counteriobutX
unfortunately, they did not take an advantage of this more simple begumi to
evaluate K. Instead, both parameters,,K and Ky, were obtained using
“concentration-dependent fluctuations” in the values of the apparemighests
complexation, K 1.5, in the presence of the host in solution. This treatment also
assumes independence gfton concentration.

It is important to notice the difference between Gibson’s apprdgcand our
experimental results. First, we established that /B does not dissociate in
CDCl; unless the host, receptor1l- II-6, is present in the solution. Second, we
observed formation of the ion-paired intermediates, absent in theme&heThird,

the ion-pairing constant, s (Kq), was found to be concentration dependent.
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2.3.2. Electronic structure calculations.

We carried out electronic structure calculations to comparebthding
energies for Clanion to receptors lI-- II-6 and 1,3-dimethyl ured.he geometries of
the free receptors and the corresponding complexes withn@n were optimized
using theab initio method, 6-31G* basis set, and the HyperChem softiiaf@e
electronic binding energy Eced Was calculated as the energy differencBgec =

Ecomplex = Eanion —  Efree receptor IMages of the most stable conformers for the

receptors 111 - 1I-6 and for the Clanion - receptor complexes with corresponding

Eclec are shown in Figure 2.10.

a) free receptor IB b) complex 113 CI c) free receptor IR d) complex [I2 CI

Ee|ec: = 243 kcal md} Ee|ec: = 221kCa| mO_i'

e free receptor It f) complex 14 CI" @) intramolecular H-bonded
complexd@F
Ee|eC: = 260 kcal m(ﬂ' Ee|ec: '247 kcal mdf
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h free receptor 14 i) complex II4 CI" j) intramolecular H-bonded
compdexdl-
Eelec= -25.4 kcal mot  Eejec= -25.6 kcal mot

K free receptor 1B [) complex 115 CI"  m) intramolecular H-bonded
comptexal-
Eelec= -17.0 kcal mot Eelec= -24.9 kcal mot

1 free receptor 1B o complex 116 CI"  p) intramolecular H-bonded
compbexdl-
Eelec= -30.4 kcal mot  Eqjec= -23.1 kcal mot

Figure 2.10.Optimized lowest energy conformations for the free recepteks I1-6
and corresponding complexes with @hion. Calculations were carried out usaiy

initio method, 6-31G* basis set, and HyperChem software.
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Figure 2.11.Correlation between: In&.1and Egec (@), In Kz 1:1and pk, (b).

Energetic data indicate that intramolecular H-bonded complexesgbtors 114 and
[I-5 with CI" anion { andm) are of the lower energy than corresponding complexes

with OHCIHN contact ( andl). For receptors I and 116, however, formation of
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two strong H-bonds with Clanion ¢ and o) is energetically favorable over
intramolecular H-bonded isomerg @nd p). The electronic binding energies
obtained, Eqe, Were correlated with the apparen { values (Figure 2.14). In
Figure 2.11b, pK, values of H-bond donors 1I-- 1I-6, evaluated using ACD Lab
program*°° were correlated with the apparent association constagts, Khere is a
good correlatiorbetween the experimental lgk;and calculated Egiec for the most
stable isomers if receptor @-is excluded. The optimized geometry of the “free”
receptor 116 is rather bent. If compared to 1l-and 1I-3, receptor [I6 has much
stronger tendency to self-aggregate in a GDs&dlution (SI 2.1). In the crystal
structure, individual molecules of @-form four H-bonds with two other molecules
below and above the plane of the aromatic ring and thus assembleluntmns (Sl
2.1)1°* we believe that calculations simply overestimate the enefdieo“free”
receptor 116, which is stabilized in solution due to intermolecular contacts/self
association.

The presented data demonstrate good agreement between theoretical
predictions of intrinsic relative affinity towards @nion and the experiment. Due to
similar values of Ege, different structural isomers of RCI" can be present in the
solution simultaneously (compareandj). Ab initio calculations can be applied to
elucidate geometries as well as to estimate populations @& gtegtural isomers.
These results highlight that theoretical methods can provide néghtsisnto the
understanding of thtH NMR experiment. To the best of our knowledge, this is the
first example wherethe electronic structurealculations were used to evaluate

relative affinity of different H-bond donors towards an inorganic anion.
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2.3.3. ESI-MS study.

2.3.3.1.ESI mass spectra indicate formation of the dimers R CI" and
R’ CI" R in the presence of an excess of H-bond donorslass spectra (MS)
depicted in Figure 2.12 were recorded using a GB@ution containing 5 mM of the
salt (Bu}N'CI', 15 mM of catechol (I), 15 mM of acetanilide (I8), and 15 mM of
receptor 116. A negative-ion MSA) indicates dominant formation of various dimers
coordinated with a single Chnion. Hetero- and homomolecular clusters in all
possible combinations are found in the solution. Based just on the MS3tdataot
possible to say if the observed 1:1 complexes are formed asult oésion
fragmentation in the spectrometer or if they are presenhenatiginal sample
solution. This is due to the fact that the intensity of the signdS is very sensitive
to the experimental conditions; for example, the intensity oRtheluster relative to
the 1:1 complex decreases with either increasing temperatave,rdites, and/or
applied voltages (see experimental section for more details).

Remarkably, a small amount of a 3:1 complex was observed ortlg icase
of receptor 116. Importantly, there is also no indication of any heteromolecular 3:
clusters! Therefore in 16, CI" and II-65 CI, addition of the second and third
molecule of the receptor B-is likely to be due to strong self-association 06 ik
CHCI; solution. Possibly, anion-receptor interactions for the secoddhen third

molecule of the receptor 8would be diminished due to steric contraints.
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Negative mode

B Positive mode

Figure 2.12.Negative ion A) and positive ionE) mass spectra of CHE$olution
containing 5 mM of the salt (B#N'CI, 15 mM of catechol (IE), 15 mM of
acetanilide (113), and 15 mM of receptor B: For clarity the receptors are indicated

using only Arabic numberk, 3,and6 instead of 114, II-3, II-6.
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The cation (BuN® is the major signal observed in the positive-ion MS
(Figure 2.12. B). Other aggregates ((BIN").CI, 1I-3 ((Bu)sN").CI, and
11-6 ((Bu)sN").Cl are found only in relatively tiny amounts. In the absence of H-
bond donors in CHGIsolution, MS of the pure salt (BIN'CI indicate formation of
the clusters ((BuN").Cl, instead of free (BulN®, and (Bu)N'CI’,, instead of
((Bu)yN)m1Clnw R, (m n) and R CI, as the major signals in the positive and
negative-ion regimes respectively (Sl 2.4).

In summary, in a CHGIsolution of the salt (BUN'CI" the microscopic
environment of the Clanion drastically changes in the presence of H-bond donors.
ESI MS indicate formation of the homo- and heterodimers@ and R’ CI' R

when receptors IE 11-3, and 116 are present in excess.

2.3.3.2. ESI mass spectra indicate presence of the ion-paired
intermediates (BuyN'"CI” R when the concentrations of H-bond donors and the
salt are comparable in solution.Negative-ion mass spectra shown in Figure 2.13
represent the microscopic environment of &lion if concentrations of the salt and
the anion receptors are comparable in CH6blution. Signals for ion-paired
aggregates I (Bu)N'Cly, -1, (Bu)N'Cly, -3, (Bu)sN'Cly,
-3 (Bu)sN'Cl,, etc. appear in the spectrum. These anions may also correspond to
the neutral aggregates 1I-(Bu);N'CI, II-1 (Bu)sN'Cly, II-1, (Bu),N'CI,
-1, (BulN2'Cly, etc. that are not seen in the mass spectra. These type of
aggregates (neutral and charged), schematically represen(@l)a¥’Cl" R, are

thought to be “ion-paired intermediates” that are in equilibrium éetwthe free (R)
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and the complexed forms {RCI" and R CI). It is also apparent from the spectra
depicted in Figure 2.13 that the ability of@lto form ion-paired aggregates is
diminished if compared to the receptorsidnd I1-1.

1ct 1,(Bu),N*Cl,

1o HBUWNCE
2 1 Bu N+C|- CI.
1,((Bu),N*CI),Cl- 3 ((Bu), )3

3CI-

3,Cl

3(Bu),N*Cl;

3,(BU)N"Cly 3gu),N*CI),CF

Figure 2.13. Negative-ion mass spectra of the solution containing 20 mM cfahe
(Bu)sN"CI" and 20 mM of H-bond donors 11-1I-3, and 116. For clarity the receptors

are indicated using only Arabic numbés8, and6 instead of 114, II-3, II-6.
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2.3.3.3. Relative distribution of the clusters in the negative-ionMS is
determined by the salt to receptor ratio. Competition forbinding to CI™ anion.
High concentrations of the hydrogen bond donors shift the equilibrium tdlhaa2i1
complexes, while high ¢ oncentrations of the salt favor ion-paaggtegates in
CHCI; solution. For example, Figure 2.14 represents how the distribution of the
negative ions depends on the ratio of the salt to receptor twhodt(ll-1). When the
ratio of salt to receptor is 7 : 1, clusters of the salt /BiQl, (m/z = 312),
((Bu)sN'CI,CI" (m/z = 592), ((BuN'CI)3Cl" (m/z = 870) and their ion-paired
aggregates Ik (Bu)sN'Cly (m/z = 422), 114, (Bu)N'Cly (m/z = 533), II-
1 ((Bu)sN'CI),CI (m/z = 702) are present in CHGlolution. The relative intensities
of these salt clusters are higher than the intensities ofspomding aggregates with
catechol. It is difficult to say if the complex 1I- CI" observed in the spectra is also
present in the original sample solution or if it is formed in thendoer as a result of
fragmentation. As the ratio of salt to receptor decreas8d {dhe relative intensities
of the ion-paired aggregates increase (red arrows), compatied itatensities of salt
clusters (blue arrows). Moreover, the signal of ((BULI):ClI (m/z = 870)
completely disappears. Instead, the signal of the new cluster ((Bu)sN"CI"),CI
(m/z = 812) becomes visible in the mass spectrum. As the ratinwesito decrease,
the same trend continues to be observed in the distribution of the tieemsithe
negative MS. Signals of the salt clusters become weaker anly fiigdppear. The
relative intensities of ion-paired aggregates with higheresegf complexation of the
receptor gradually increase. The pronounced simplification ofpibetrs: is observed

when an excess of catecholllis present in solution.
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ratio 7:1

ratio 3:1

ratio 1:1

ratio 1:3

ratio 1:7

Figure 2.14. Negative-ion clusters in CHglsolution of (Bu)N'CI" and catechol
(1I-1). Total concentration is [(Bu)Y'CI] + [R] = 40 mM. The ratio salt : receptor
changes from 7:1 to 1:7. For clarity the receptors are itedlcasing only Arabic

numbersl,3, and6 instead of 114, 11-3, lI-6.
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The relative intensity of Il (Bu)sN*Cly, (m/z = 533), the only ion-paired aggregate
left, drops. The peak of I, CI (m/z = 255), the only aggregate that contains more
than one molecule of the receptor per onea@ion, becomes the major signal when
the ratio of salt to ligand goes beyond 1 : 3.

Remarkably, the clusters (BW'CI R, which contain more than one
molecule of receptor per one @hion, were never observed. This fact indicates that
addition of the second molecule of simple H-bond donofs -1H-6 results in the
weakening of the electrostatic forces in the pair {B{I" and the breaking apart of

the ionic clusters (see also Sl 2.5).

2.3.3.4.Based on the ESI-MS data the following can be concluded:

Interaction of the small organic H-bond donord li-1I-6 with CI' anion in
CHCI; is a rather complicated process. Simple amides and phenols teomifte
counterions that accompany anions in solution to maintain elecuicahty. As a
result, a variety of aggregates that combine both electrostatc$i-bonding in the
structure are present in solution.

ESI mass spectra indicate formation of the ion-paired intiates
schematically represented as (BI)CI" R, where R is receptor II-- II-6. Clusters
(Bu)sN"CI" Ry, which contain more than one molecule of receptor per oreni@in,
were never observed. This fact suggests that the addition eétieed molecule of
simple H-bond donors UI- - [I-6 always results in breaking apart of the pair

(Bu)sN"CI', as shown in Figure 2.15.
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The ESI MS antH NMR data for compounds [l II-5 are in agreement with
each other: both techniques evidence formation of the dimers and iod-paire
aggregates in CHgkolution. In contrast, ESI MS indicates formation of the dimers
R, CI', while'"H NMR supports a 1:1 stochiometry of interaction between receptor
[I-6 and Cl anion. This apparent discrepancy can be explained if we take odordac
the relatively strong ability of 16 to self-associate. In B, Cl and Il-6; CI,
addition of the second and third molecule of the receptor is thoughisélargely

through self-association of 8ratherthan anion-receptor interaction.

XH
* .~ + I * @ +\/\
ey _/EN‘\S y _ H\N ) ©xH____C|.:,.Hx©
&

Figure 2.15. Schematic representation of interaction between ,B@I" and H-
donor in CHC4. X is electronegative oxygen (O) or amide (N-COR group). lon-
paired aggregate formed on the first step dissociates wheedtbad H-bonding unit

coordinates to the Canion.

To the best of our knowledge there are no other reports to indicate the
formation of ion-paired aggregates (BM)CI" R or dimers CI R,, R* CI' R
where R, R’ are simple amides and/or phenols. The most refévaMR study of

interaction between (ByN'CI" and simple amides/phenols conducted inzCID
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concluded that dimers CIR,, R* CI" R were never observed in any experimental
conditions?’

Observation of the dimers;RCI" using ESI MS at room temperature
indicates that these structures are rather stable and caitizesl #s a binding motif

to design new anion receptors and transporters.
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2.4. Supporting Information for Chapter 2.

2.4.1. Self-association of the receptors II-1, 1I-3, and 1I-6 in CHCG4
solution. The concentrated solutions of receptorg,Il-3, and 116 in CHCl; were
diluted. The dependence of chemical shifts of acidic protons pfpm) on
concentration [R], M is depicted in Figure S2.1. Within the same caatentrange,
the data for receptor B-reveal the highest degree of concavity. This fact indicates
that self-association process is the most pronounced for receptor II-

Using Origin 7.0 prograff’, the curve fitting method was applied to calculate
the constant from the experimental data sets. The dimerizatisnchasen as the

simplest process to model self-association:

2R+ » RKa, Mt where R is receptor 1I; I1-3, or 11-6

The following function was used to create the best fit:

= (A*KHRI+1-(1+8*KFR]) “N/(A* K HRD*( max- 0) + o (S2.1)

where chemical shift ( ppm) is a dependent variable, concentration of the receptor in

solution ([R], M) is an independent variable; chemical shift offtbe receptor (,

ppm), chemical shift of the dimer (), and association constant jKare three

parameters to be calculated.
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Figure S2.1.Dependence of chemical shifts,ppm, of the receptor’s acidic protons
on concentration of the receptorsl|it-3, andll-6 in CHCL solution. Values of the
chemical shifts of the free receptos,(ppm), chemical shift of the dimer,(ax ppm),
and association constants for the process of dimerizatigtM(K), shown in the box,
are derived from the experimental data points using curve fitting methodcabees

The generated best fit is indicated as a red solid curve.
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Calculated values of & M™ indicate that, compared to anion binding, the
process of self-association is rather weak for receptdrsafid 11-3 (K, (1I-1) = 5.6
M7 vs Kq 1 (1-1) = 1100 M* and K, (1I-3) = 0.37 M! vs Ka 14 (1I-3) = 54 MY). In
contrast, self-association of 6l{K, = 50 M') may compete with the binding of
receptor 116 to CI anion (K, 11 = 230 M%) in CHCJ solution.

Moreover, in the solid state each molecule & d@mploys two amide groups
to form four intermolecular H-bonds with two neighbors. The picturthefcrystal

structure of receptdd shown in Figure S2.2 ieprinted from the original publication.

Single-crystal X-ray structure of model diamide 3. O(2) - N(1a) 2.879(2) A, O(1) -~ N(2b) 2.894(2) A,
0(2)---C(9a) 3.043(2) A, O(1) - C(7Tb) = 3.386(2) A_ H-aloms are omitted for clarity.

Figure S2.2.Intermolecular H-bonds in the crystal structure of the recep&rThis

image is reprinted from the original publication 101.
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2.4.2. Chemical shift of (BuyN'Cl" in CHCIs is independent on

concentration.

Table S2.1.Chemical shift of -CH, in (BulN*CI™ as function of the solvent and

concentration
Chem. Chem. shift
Chemical shift of -CH,, ppm in X Shift of the of the
Solvent M solution pKa Ds solvent solvent
signal in signal
2M 1M 0.1 <0.01 1M without any
M M solution of additives
(Bu),NCI (ppm)
(Ppm)

D,0O 3.20 - 3.21 14 78.5 4.81 4.80
DMSO 3.23 3.18 3.17 35 46.7 2.52 2.50
CD:CN 3.19 3.12 3.10 25 37.5 1.97 1.93
CDCl; 3.46 3.40 3.40 3.40 - 17 4.8 7.50 7.25

(sat.) 3.382
CsDe 3.44 3.38 3.30 43 2.3 7.17 7.16
(sat.)

" - all spectra were calibrated on TMS signal, alicentrations are approximate.

@_ depending on concentration of residual watehengample.

sat. - saturated.
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2.4.3.Job plots A and B for receptors 1I-2, 1l-4, and 1I-5.

Figure S2.3.Job plots. Horizontal axes)( are fractions of the receptorsaj-li-4,
andlI-5, the total concentration in solution is constant [¢BIGTI] + [R] = 100 mM.
(A) Classic approach. Blue squares : dependence ofx, ppm onx, where is

chemical shift of the acidic protons as indicated. Pink circles: dependence of
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10 x, ppm onx, where is chemical shift of -CH, of the salt (BuN'CI". (B)
Dependence of concentration of the complexed form of recept@rdlH4, andll-5
(blue rhombs ) and concentration of compexed @hions (pink triangles ) in
solution on x. Solid lines indicate total concentration of the @aftk ) and

receptors (blue ) in solution.
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2.4.4.ESI MS of the salt (Bu}yN"Cl" in CHCl3. ESI MS of CHC} solution of
the salt (BWN*CI is shown in Figure S3.4. The aggregate (4R&),CI" (m/z = 519)
is a predominant positive-ion clustéX)( In contrast, naked (BsN* (m/z = 242) was
the major signal in excess in solution of H-bond donors the dadt. aggregates
(Bu)sN*Cly (m/z = 312), ((BulN'CI).Cl (m/z = 592)as well as solvated Thnions
CI*CHCI3 (m/z = 155) and Ci{(CHCl3), ( m/z = 275) are found in the negative-ion
MS. Importantly, the relative intensities of the negative-ion aasongly depend
on the flow rate of the nebulizing gas.Nncreasing flow rate of Nweakens the
signals of the salt clusters (BN)'Cl, and ((Bu)N*CI),ClI and finally causes them to
disappear, whereas signals*CHCI3; and CI*(CHClI3), become dominantB). It is
possible that anions ®CHCI3; and CI*(CHCIs3), are formed in the chamber as a
result of fragmentation of the salt aggregates rather than pessgnt in the original
sample solution. In turn, decreasing the flow rate pgfkengthens the signals of the
ion clusters C). Moreover, new aggregates ((BNJCI):ClI" (m/z = 870.8),
(Bu)sN"Cl» C,HsOH (m/z = 358) and ((BulN*CI"),Cl" "C,HsOH (m/z = 638) appear
in the spectrum. (The chloroform, used in the staedwptained up to one percent of
C,HsOH as stabilizer.) This variety of negatively charged dakiters is replaced by

the dimers R CI when receptor R is in excess.

107



Positive mode

Né&yative mode

Négative mode

Figure S2.4.Positive- A) and negative-ion B and C) mass spectra of the CHCI
solution containing 40 mM (BuN"CI". The flow rate of the nebulizing gag Mas

lower inC than inB.
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2.4.5.Dependence of the negative-ion MS on the ratio Salt : Receptfor

H-bond donors I1-3 and I1-6.

ratio7 : 1

ratio 3:1

ratio 1:1
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ratio 1: 3

ratio 1:7

Figure S2.5.Negative-ion clusters in CHgbolution of (Bu)N*CI" and acetanilide
(11-3). Total concentration is [(Bk)NCI] + [R] = 40 mM. The ratio salt : receptor
changes from 7:1 to 1:7 as indicated. For clarity the recépiadicated using only

Arabic numbers instead of 113.
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ratio 1:7

ratio 1:3
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ratio 1:1

ratio 1:3

Figure S2.6.Negative-ion clusters in CHglsolution of (Bu)N'CI" and receptor
(11-6). Total concentration is [(Bk)CI] + [R] = 40 mM. The ratio salt : receptor
changes from 7:1 to 1:3 as indicated. . For clarity in the figee receptor is

indicated using only Arabic numbe3snstead of I3.
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Chapter 3: Anion Binding and Self-Assembly. Bis-€dtiols

and Methylated Analogs.

3.1. Introduction.

3.1.1. New bis-catechol based anion receptors and their structaf
analogs. Based on our initial hypothesis discussed in Chapter 1 and expetimenta
findings described in Chapter 2 we decided to use tris(2-aminysatiigle (TREN)
and 2,3-dihydroxybenzoic acid to connect together two catechol groups. A
hydrophobic tail was linked to the scaffold in the third position t&erthe receptors
lipophilic so as to partition into the membrane (Figure 3.1). Wsothesized that
these primitive amphiphilic bis-catechols might be able to tran€p@mion and A
across a phospholipid bilayer. We suggested that these recemoceardinate Cl

anion in solution utilizing four -OH groups to form four equivalent H-bonds.

Figure 3.1. A — proposed anion binding mod®;- amphiphilic anion receptor and

membrane transporter.
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We considered the fact that intramolecular H-bonding might influgéhee
anion binding mode. The intramolecular H-bonding in 2-hydroxybenzoates is known
to survive in polar aprotic DMS&? To investigate the influence of intramolecular
H-bonding pattern on the anion binding and transport properties of the sew bi
catechols we obtained the isostructural analog containing -OH gndhp positions
3 and 4 instead of 2 and 3. Thus, the ability of this 3,4-dihydroxy compoundo f
intramolecular H-bonds should be diminished if compared to the 2,3-dihydroxy
analogs depicted in Figure 3.1. B.

We also became aware that structurally relevant ferric Sequestering
tricatecholate, TRENCAM, (II), has a pKa = 8.75 for the tertiary amine group.
Notably, the TRENCAM and structural analogs of this iron &toel are usually
isolated as their HBr salf8.Therefore, the amino group in the new bis-catechols
depicted in Figure 3.1 B is likely to be protonated at neutral pHs @ditional
functionality might stabilize the receptor — anion complex througltrelgatic

interaction and/or H-bonding.

The dependence of the anion binding properties for a number of striyctural
relevant bis-catechols on the type of the linking group was ilgdenestigated by
Winstanley and Smith’ Results of '"H NMR titration in CRCN using
alkylammonium salts as an anion source indicate that formatimtramolecular H-
bond weakens the anion binding property of bis-catechols. Thus, componaldd-
found to be a weaker anion receptor than free catechdl Based on this finding,
these authors proposed the anion binding mode for the recepfadidepicted in

Figure 3.2.
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Ka= 100 M* pk (N"H) = 8.75

OH
C[ HO
OH

HO
-3
HN (@]
o) J < ONH  OH
N 1I- oH
H
OH
OH
K,= 25M* @
|
n=46,8 L
R—N o.
H H Z
o) N— (CH,)n—N o) |
o\
OH HO N
H
o/
OH HO
-2 lI-2-CI

Figure 3.2. TRENCAM (llI-1); bis-catechols (II2) obtained by Winstanley and
Smith and proposed anion binding mode RIICI); catechol (1113). Ky — anion
binding constant obtained By NMR titration in CQXCN using (Bu)NCI" as an

anion sourcé®

While this thesis was in preparation Smeh al evaluated a number of

TREN-based compounds, such asdlllas anion receptors and potential membrane
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transporters (Figure 3.3} Two different approaches were applied to investigate the
anion binding properties. First, the aminedlwas titrated into a C{TN : DMSO =

9 : 1 mixture using alkylammonium salts as an anion source. Prelynu@on
addition of the salt the signal corresponding to three equivalent anudpsgshifted
downfield. A variety of structurally similar TREN-based anioneqgors have been
described in the literatuf&'8>"#analogously, the amine I4-is thought to form a
1:1 comple®* with CI anion (l11-5) as depicted in Figure 3.3.

MeQ, OMe

NH //\
N
k/N H
MeO HN/7 OMe
Ow
OMe

114 ove

OMe
MeO,
OMe MeO.

OMe
MeO

N '|®

A @7 5

-5 - 6

M-4:Clh=1:1 -4 :HCl=1:2 Kyp=10 M?

Figure 3.3. TREN based anion receptor Bl+eported by Smitket al 1:1 complex
with CI" anion (111-5) formed in CRCN/DMSO mixture. Hypothesized 1:2 complex

(11- ) formed upon interaction with two HCI molecules in the same solvent mixture.
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Second, in the following original experiment by Winstanétyal, the interaction
between the amine I4-as a host molecule and HCI as a guest was investigated in the
same solvent mixture by NMR titration using a solution of HCI in ether. Based on
the Job plot outcome these authors concluded that a 1:2 comptewdl-formed in

the solution. To obtain the association constant, khe data were fitted using a 1:2
binding algorithm. The hypothesized structure of the 1:2 compleX)(i8-depicted

in Figure 3.3. According to the model applied by the authors, compiéxidl in

equilibrium with the free amine 14-in CDsCN/DMSO solution.

In conclusion, due to the presence of additional amide and amine
functionalities in the linker several different anion binding modesegoroposed for
the new bis-catechols depicted in Figure 3.1. B, in addition to the cabadirof CI
shown in Figure 3.1. A. One can draw an interesting analogy with relaton by
enterobactin and its TREN-based synthetic analogs, such as TRENTRese
compounds are thought to interact with Fe(lll) using two differesichable modes

of bonding: catecholate and salicylaté.
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3.2. Results and discussion.

3.2.1. Synthesis. Syntheses of bis-catechols and methylated precursors are
shown schematically in Figure 3.4. Synthetic route to the amidas recently
described in the literature as a key towards constructing tHedeeptor with mixed

ligands'®

We used this approach to make methylated precursors and attach the
hydrophobic group in the third position. Methyl ethers that protected ttleamhilic
oxygens in the first step can be easily removed by meaBBrf For details the

syntheses are described in the Experimental Section.

Step |

NH2

HoN COOH (\ N

j oMo NH HN
r/\N + 2 ———> MeO
NH, L NH, ome CHCl>

s -9 -7

NH2

H,N COOH (\ N
HN

j NH
RO
NH2 K/NHZ OMe CH2C|2
OMe

[1-10 -11
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Step i 5 o ) )%O
S ~A
o [G\N/?\j o —_— (@] NH HN (0]
CH,Cl,
=z =z
z =z L L
(MeO)Zg) é(oMe)z (MeO), ~ | S (OMe),
-7 andlll- 11
-7 2,3 (OMe)
R = CH P il 2,3-1
R = (CH),CHs A~ 103 2,3-3n
R = E:uc)(CHQ,)3 d 4  2,3-5iso
R = (CH)/,CHs PPN L5 2,3-5n
R = CHCH(CH)CH,.C(CHs)s = 11-16 2,3-8is0
R = (CH)sCHs N%W 1% 2,3-9n
R = (CH)]_GCHg 1118 2,3-17n
I-11 3,4 (OMe)
R = CH ~ 19 3,4-3n
R = (CH)CHs A~ 0 3,4-5n
R = CHC(CH)s A (121 3,4-9n
R = (CH)CHs 22 3,4-17n
Step il R /L
(\N/I\O (\H o]
H
Os_ _NH HN_ _O -
) CH,Cl, -~
(MeO)2T| —(OMe), (HO)1— | Rk
231 1lI-12 I1I- 23
2,3-5isdll- 14 III- 24
2,3-5n 1II-15 III- 25
2,3-17n11l- 18 I1l- 26
2,3-3n  1II-13 - 31
2,39n IlI-17 I1l-32
3,4-5n 1lI- 20 lI- 27
3,4-17nlll- 22 I1I- 28

Figure 3.4.Syntheses of bis-catechols and methylated analogs.
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3.2.2. 'H NMR spectra of 2,3-bis-catechols in DMSO-d versus
TRENbAIaCAM and enterobactin. TheH NMR spectrum of the compound 26
in DMSO-d is shown in Figure 3.5. There are a number of reporttHoNMR
spectra for the TRENCAM (lIE) and its structural analogs, such as TRENbAlIaCAM
(I1-33), in DMSO-¢ as a solvent. Although signals in the NMR of the
TRENCAM were not identified, in some cases, signals in the prepectra have

been partially assigned for its structural analogs (Figure'%.6).

H3C(H,C)160CHN

®
N
0) NH HN (0]
HO OH
HO OH
216-
12.04 7.23,6.94 g 70
0,p-ArH
2-OH 931 gg; P m-ArH
3-OH NH
N*H NH

Figure 3.5.The downfield region of thtH NMR spectra of the bis-catechol BBin
DMSO-d;. The assignment of the signal is based on the analogy to known

107

compounds: natural product enterobactin 3H) and its synthetic analog

TRENbAIaCAM (111-33)*%
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Assignment : OH

ppm OH OY\/N OH

3H,OH 12.59 O HNj O OH
1H,N'H 10.17 HN o

H
3H, OH 9.17 HNH K/

N O
3H, NH 8.78 o j

3H, NH 8.31 - 33 O
3H, ArH 7.26 HO

3H, ArH 6.89 -

3H, ArH 6.65

Figure 3.6. TRENbAIaCAM (IlI-33) and partial assignment of the signals in the
downfield region of the!H NMR spectra recorded in DMSQ-chs reported in
reference 106.

HO
HO

0]
H O
N NH
HO/Q\r I\O)jj/
OH
© (@) O 0]
7.34, 6.98 0
11.56 9.34 9.06 0,p-ArH 6.73 H/K - 34

2-OH 3-OH NH m-ArH AN °
OH

OH

Figure 3.7.Enterobactin (11134) and the downfield region of thH#d NMR spectra
recorded in DMSO- The spectrum is reprinted from the original publication 107

with permission from the ACS.
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In addition, the'H NMR spectrum of the natural product enterobactin3)-
has been published and assigned (Figuré®3 . Therefore, we identified the signals in
the spectrum of IIR6 (Figure 3.5)by analogy to the known compounds 3B3-and
lll- 34. It is interesting to note that@H and 30OH signals for bis-catechol IR6 are
separated by more than 2 ppm. MoreoveQR2-s a sharp signal, while GH is
broadened into the base line. This is consistent with Neiland’sestodlistructurally
similar enterobactin wherein he stated: “one would expect the pttbool to be
electronically more deshielded than the homologous meta proton while rneirgy
stabilized toward chemical exchange because of intramolecular H-bdrte NH
groups, adjacent to the tertiary carbon atom in the enterobactimragspa doublet in
the proton NMR. In contrast, tiéH signals in the bis-catechol 186 ( = 8.91 ppm
and = 8.17 ppm) are weakly resolved triplets since these grougmsiteoned next
to the secondary carbon atoms.

The higher pKa values are expected f¢tH and 3OH than for 2-OH
(S1 3.1). Therefore, “thermodynamics”, suggests slower exchargeesidual water
for these two groups than f@OH. In the spectrum, however, the protonsNiH
and 30H, not involved in strong intramolecular interactions, appear as broader
signals than more acidR-OH, which is in relatively slow exchange with,® due to
the “kinetic reason”. The well resolved spectrum, like the dwave in Figure 3.5,
can be obtained only by using fresh DMSOom the ampoules, which presumably
contains the minimal amount of residual water. The uptake;Of frbm the air, due
to high hygroscopicity of the DMSOsdsolution, results into the broadening and

disappearance of tié¢H, OH, andN"H signals.
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3.2.3. Anion binding study. Relative affinities diis-catechols and

methylated precursors toward @hion in DMSO-d solution.

We compared the relative affinity of our new amphiphiles depictdtguare

3.8 toward Clanion by classicdH NMR titration technique.

Il-26 I-28

- 18 -22

Figure 3.8. Compounds employed to study relative affinity toward &iion in
DMSO-d. The signals, whose changes upon addition of the salzNBD) were

monitored to obtained the binding constants, are indicated by the colored stars.
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Indeed, both the 2,3- and 3,4-biscatechols as well as their methylat
precursors bind Clanion in DMSO-¢ with the association constants in the range

Ka= 50 to 150 M (Table 3.1).

Table 3.1. Relative affinities (K, M™) toward Cl anion in DMSO-¢ for bis-
catechols 11126, 111-28 and HCI salts of their methylated analogs,18land 111-22,
evaluated using signals of the different acidic protons as iedicaélow and in

Figure 3.8.

I1l- 18 11l- 26 11I- 22 IlI- 28
Ka, M| 47.6+28 150.3+230 751%115  68.7+5.7
N'H N*H N'H N*H

148.7 +11.9 92.5 +49.7
2-OH CH(s)
145.0 +52.1 62.1+12.6
CH(d) CH(d)
142.8 +63.7 70.3 +32.3
NH(2) NH(2)

Titrations were performed using 2.5 mM solutions of the analogs with a
stearic acid tail (C17), namely, 18, I1I-22, 111-26, and 111-28. All four compounds

were used in their protonated forms as HCI {Bland 111-22) or HBr salts (l1126 and
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lI- 28). Upon addition of (BuN'Cl signals of the acidic protons shift strongly

downfield.

BB

2-OH N*H 3OH \H NH

m-CH

Figure 3.9. Five sample spectra dH NMR titration of the compound |26 in
DMSO-dsusing (Bu)N*CI" as a source of Canions, [I1126] = 2.5 mM, [(Bu}N*CI]

=23 t01000 M.
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118

Figure 3.10. Sample spectra ofH NMR titration of 11I-28 in DMSO-d; using
(Bu):N"CI" as a source of Chnions, [llI28 = 2.5 mM, [(BukN'CI] = 0.016 to

1000 mM.
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Presumably, in the 2.5 mM solution the amphiphiles exist mainlyress f
cations and the changes in the spectra, observed upon addition of theld® to
equivalents of the salt (BAN'CI', are due to Clbinding events. It is worth noticing
that our approach differs from the two systems employed by Smisitudy anion
binding properties of the TREN-based anion receptors described in the
introduction’®® The sample spectra fifl NMR titration of the compounds 126 and
llI- 28 are shown in Figures 3.9 and 3.10.

The largest K value was obtained for 2,3-dihydroxy compound2Bl-It is
reasonable to assume that the alkyl chain length does not infltrenaeion binding
affinity of the amphiphiles.

Surprisingly, the experimental results indicated that the apparentyatGr@l
anion was strongly dependent on the signal chosen to evaluate the compound’'s
binding property. For example, two groups of signals could be cleatiyngliished
in the™H NMR spectra o26: the first group of signals indicated a strong interaction,
whereas the second group of signals indicated weak interactions (Figure 3.9.)

For instance, an association constant gEKL.84 + 0.24 M was extracted
from the changes observed for 3-OH group (sing curve fitting method and 1:1
binding algorithm. Such a small value is rather more indicativesiinale collision
event than binding. In contrast, the salt-induced downfield shifts fd2-thEl signal
( ) gave association constants, ¥ 150 + 23 M. In this case, however, the
experimental data points could not be adequately described unlessstep binding

algorithm was applied. Taking into account the fact that very becoadentration
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range of the salt (By)l"Cl" was employed to study anion binding, we offer the
following interpretation of these experimental findings.

Specific interactions, namely ion-pairing and H-bonding, are respenfbl
the receptors’ binding to Canion in dilute solution (& 150 M?). The binding site
for CI" anion is located close to the positively charged nitrogen atomlrg addition
to electrostatic interaction, H-bond donor group$N ), CH(d) ( ), NH(2) ( ),
and 2-OH () stabilize the anion in this binding site. The amphiphile is comiglet
associated with the anion when [(BNJCIT 0.1 M. Increasing concentration of the
salt, however, induced a continuous downfield shift of the signéts (N), CH(d)

( ), NH(2) ( ), and 2-OH (), which we suggest is due to non-specific weak
interactions of this 1:1 associate with other anions in solutign (K, M.

Notably, two signals of the aromatic protons CH(d) at 6.98 and 7.34 ppm
indicate different affinity towards Chnion (Figure 3.9.) We assigned the downfield
signal, which is indicative of strong binding event with &lion, to the ortho-CH. In
turn, the signal, suggesting weak interaction and likely to bduttieest from the
anion binding site, was assigned to be the para-CH.

The following model of interaction with Canion has been used to describe
changes observed in th#4 NMR spectra upon addition of (BN'CI. The
experimentally observed chemical shifts for the acidic protasgg €onsist of three
terms: o*Xo — chemical shift in the free receptor multiplied by its ticacin DMSO
solution, 1*x; — chemical shift in the 1:1 complex (strong binding event, o +

1) multiplied by its fraction and; *x, — chemical shift in the “1:2 complex” (weak

interaction, ;= 1+ ) multiplied by its fraction:
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obs= 0*Xo+ 1*X1t 2%X> (4.1)

In the case of the acidic protons which are in direct contactthatiCl anion
in the 1 : 1 complex (and/or protons whose position is the most influernmed
interaction with the first Clanion due to electronic effects) all three terms are
important and only the two-step binding model can adequately destirédoe

experimental data set.

2-OH 2-OH

N'H N'H

Figure 3.11.Examples of the data sets from theNMR titration (black squares) and
the best curve fits of the experimental data (red linesydorpound 11126. 2-OH ( )
signal: two-step (A) vs single-step (B)'M ( ) signal: two-step (C) vs single-step

(D).
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(dd)CH (1)NH
9.8+
9.8 1 G
9.6
9.4 941
N (2)NH 0]
9.0 9.0
8.8 : : : : T T 8.8 T — 77— T
0.0 0.2 0.4 0.6 08 10 0.0 0.2 0.4 0.6 0.8 1.0
J
(d)CH (d)CH

Figure 3.12.Examples of the data sets from theNMR titration (black squares) and
the best curve fits of the experimental data (red lines) fopoamd [11-26. Single-
step (dd)CH () and (1)NH ( ) signals; (2)NH () signal: two-step (G) vs single-

step (H); (d)CH ( ) signal: two-step (I) vs single-step (J).
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In the case of the acidic protons, which are not “in direct ctnsath the CI
anion in the 1 : 1 complex, the major changes in chemical shift dmmethe weak
interactions with the “second” Tanion. The first process might result in a very tiny
initial jump in the chemical shift (if observed at all). Thasher small initial jump is
“masked” by the following large change in chemical shift duedtcett” interactions
with CI" anion in the collision complex (weak event). As a result the terfr; can
be ignored and a single step modg)s = o *Xo + 2 *X, adequately describes the
experimental data set (Figures 3.11 and 3.12, see more details ancherfz¢ data
in SI 3.2).

Therefore, we propose the following model describing the 1:1 ceample
between Clanion and bis-catechol 186 in solution. The anion binding pocket is
located in close proximity to the tertiary nitrogen atomHN ), which employs
both electrostatics and H-bonding to interact with thea@ion. Other neighboring
acidic protons, CH(d) (), NH(2) ( ), and 2-OH ( ), help to stabilize the anion
within this binding site. Using semiempirical method AM1 and Hyper@
softwaré® three possible conformations of this complex (AA, BB, AB/BA) havenbe
optimized (Figure 3.13). It is undetermined, however, if intramoleddtbonds are
broken (conformer BB) or not (conformer AA) upon anion complexation. Althoug
the binding data for 2-OH () and NH ( ) are alike and strongly differ from
3-OH ( ) group, one might argue that this observation might be due to ttaencer
electronic effects. Thus, 2-OH () group helps to preorganize the anion binding site
(conformer AA) but, in contrast toM ( ), is not directly involved in the anion

complexation. One can argue, however, that formation of the strongpendi-—
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OHCI', might drive the breaking apart of the intramolecular H-bonding. @n
ab initio calculations suggest that, at least in the case of the sallgttglevant but
simpler N-methylsalicilamide (I5), this is not the case. The intramolecular H-
bonded complexes of this receptor wi@l anion is of the lower energy than
corresponding complex with -OHCI""HN= contact (Chapter 2, Figure 2.10)
Therefore, we imply that conformers AA, which preserve the nmitacular H-

bonds, might yet be of the lowest energy and dominate in solution.

AA BB AB

Figure 3.13. Schematic representation of the conformers optimized using AM1

method and HyperChem 7.0 software.
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3.2.4. Self-assembly of methylated analogs in dogaolution and

crystalline state.

3.2.4.1. Introduction. In the course of the present study a number of
methylated analogs of bis-catechols have been prepared. ilhtesting to find out
that small changes in chemical structure result in profound differenlee praperties
of these compounds in the solid state and solution. For example, compo@82dalll-
3,4-disubstituted analog, is a white solid, self-associates in £a@ gelates a
variety of organic solvents while the 2,3-disubstituted isomet8ik an oil, does not
self-aggregate or form gels in organic media.

Discovery of a new organogelator and experimental determinaticimeof
structural features responsible for this activity are importéintings by
themselves®® In addition, it is reasonable to imply that self-associationthef
methylated analog in organic solvents might replicate/msoite of the properties
of the corresponding bis-catechol derivatives that are solubdgjueous media. In
turn, self-aggregation in aqueous solution is thought to be an impoaeot o
strongly influence the apparent activity of ion transporters inligesome based
assays as well as in planar bilayer experiments.

The qualitative experimental observations indicate that solulaifitthe bis-
catechols in aqueous solution decreases with increasing lengthatkyhehain and
acidity of the media. Moreover, compound 26 with -OH groups in 2 and 3

positions is more soluble in aqueous solution than is the 3,4-dihydroxgndb+28.
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Does it indicate that receptor I8 exhibit stronger tendency to aggregate in the

agueous media than its isomer2B-and why?

(0]

OMe O MeO
MeO\©/U\N NH/\
MeO N
N/ﬁ Os_NH HN.__O
(@) NH HN__O
Meojé &OMe
MeO OMe
MeO OMe

OMe
OMe 11-30

H3C(H2C)160CHN/\ H3C(H2C)160CHN’\

" e

O NH HN (@) O, NH HN (@)
MeO &OMe
MeO OMe MeO OMe
OMe OMe

I-18 ll-22

Figure 3.14. Methylated analogs, 1118, IlI- 22, 11I-29, andlll- 30, whoseproperty to

self-assemble has been evaluated in organic solution and in the crystatine st

We did not directly investigate the self-aggregation of thecdisehols in
DMSO or in aqueous solution. We imply, however, that the present stidy
methylated precursors in organic media and solid state mighprgeide some
insights on the properties of bis-catechols by disclosing the mechsrof how

certain structural changes might influence self-association.
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3.2.4.2. Physical properties of methylated precursors.The physical
properties for methylated analogs, summarized in Table 3.2, indieafellowing:
3,4-dimethoxy compounds have tendency for solid/crystalline state, wieie

structural isomers with 2,8-dimethyl groups form oils.

Table 3.2.Physical properties of dimethoxy compoundsli-11I- 22,

[I- 29, and 111-30.
H H H
O\(N\/\N(/\/N 0), N 0)s
R
Z e
MeO), —— _r
(MeOk—_ | (Meo)— |
17n 9n 8iso  5n 5iso 3n 1
2,3 111-18 n-17 m-16  1-15 n-14  1M-13 11-12 Il- 28
Isolated as white
solid,

0] Qil Qil Oil o] oil  Qil crystallizes from
solution to form
very thin plates.
X-ray

Il-22 I-21 1I-2C Il-1¢ I-3C

3,4 White White Qil Qil Isolated as white
amorphous amorphous solid. Sample
solid, forms solid, crystallizes from
organogels swells in solution to give
upon organic big colorless
attempts to solvents, prisms.
crystallize. does not X-ray

crystallize.

3.2.2.3. Properties of the compound IlI-22 as an organogelatorThe
dimethoxy analog I1IR2 was found to gelate ethyl acetate, acetonitile, acetone,
chloroform, hexane-ethyl acetate and acetone-water mixtulnés.cdmpound forms

organogel at as low as 5 mass % inzCR. This value corresponds to 0.3 mol % in
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CD3sCN, 1 molecule of 11122 per 340 molecules of organic solvent, and 0.4 mol % in
CH3COCH,CHs, 1 molecule of 11122 per 240 molecules of organic solvent.

The organogels were prepared using the following procedures: aprmliaft
llI-22in a hot solvent (5 mass %) and cooling to the room temperature on ice; b) slow
rotoevaporation of the solvent from the diluted solution of28I{under reduced
pressure); c) slow evaporation of the diluted solution of22llfrom the open

container (atm. pressure).

Figure 3.15.Reversible formation of the organogel in £IN in the presence of 5

mass % of 11122.

These organogels are stable if stored in a sealed containexd 8tan open
container, the organogel slowly loses the solvent and dries forawigte powder.
The acetone-based gel dries very fast. The formation of the oeanogeceptor lll-

22 is reversible (Figure 3.15). The sealed vial containing acetone-lggdewas
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heated up to 5& (b.p. of acetone) to get transparent solution. The following cooling
on ice resulted in formation of the gel phase. This procedureepasted twice, no

degradation was observed.

3.2.4.4.*H NMR study of dimethoxy compounds in CHC} solution. The
'H NMR indicates that compound IB2 forms intermolecular H-bonds and self-
aggregates in CHgbolution. The -NH- signals of two amide groups shift downfield
in concentrated solution (Figure 3.16). Compared to the organogelaf, ithe
-NH- signals in th¢H NMR spectra of the 2,3-disubstituted 118; which contains
-OMe groups in 2 and 3 positions, are locatednfield in diluted solution and these
chemical shifts do not change at high concentration (Figure 3.17). ®hssevations
indicate that amide groups in receptor 18- should be involved in strong
intramolecular interactions and this compound does not self-associate ip. CHCI

It is interesting to note, that the apparent polarities df8land 111-22 are also
remarkably different: the 3,4-dimethoxy (RB) compound is more “polar” than the
2,3-analog (11118). In the eluent mixture EtAc 90%, TEA 10% the(R-22) = 0.15
while R (111-18) = 0.50. Apparently, the -NH- groups in BR strongly interact with
the silica gel, while the same groups in the 2,3-analofj8llwe “protected” due to

intramolecular interactions.
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Figure 3.16.'H NMR of receptor 11122 in CDCk solution at concentrationa) 250
mM and b) 4 mM. Signals of the -NH- groups shift downfield in concentrate

solution.

Self-association of dimethoxy compounds in CP&blution was studied by
'H NMR. Dimerization was chosen as the simplest approach to melélelssembly
in organic media. Interestingly that compounds3DI{K.= 2.9, M%) and 1122
(K= 2.2, MY have identical aggregation properties in CP(igure 3.18).

(The experimental data on self-aggregation of the compourdd iii-CDCl; can be
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found in SI 3.3.) Similarly, both I1I29 and 1118 do not aggregate in organic

solvents.
a
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Figure 3.17.*H NMR of 11l-18in CDCk at concentrationa) 250 mM andb) 4 mM.
Signals of the -NH- groups are shifted downfield in diluted as asltoncentrated

solutions.
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Figure 3.18.Dependence of the chemical shifts of the two amide signal$ MMR
of IlI-22 on concentration in CDgIlsolution. The red curve is the best fit obtained

using equation (S2.1) to model the dimerization.
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3.2.4.5.Conformational control of gelation. Structure of the organogel.
There are strong intramolecular H-bonds (six-membered ringkg receptor 11128,
while only weak intramolecular interactions are possible betilee amide groups in

theanalog 11122 (Figure 3.19 (a)).

a) c) Hypothetical assembly of the
M
%’%
o V?/\N

° N\H\

/
| @
-0 Cl) \ \V%is \/D:(I\%
- 18 - 22 K
- 29 s ST v \ Eﬁ”
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/
s

/ fﬂﬁﬁ /JH(/ .
b) . Q*w/ ! Www &
EET H§ L T /I *@Q
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Figure 3.19.a) Intramolecular interactions in the receptorslBj-IlI-22, 111-29, and
[1I-30. b) One of the possible conformations of 2R-optimized by AM1 method
using HyperChem software. c) The cross-section of hypothéteslformed by the

assembly of 11122 in organic media.
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Therefore, the conformations, adopted by the dimethoxy analogs imosoldéfine
the “supramolecular” properties of these compounds in organic mediaolcan be
concluded that it is necessary to have a long alkyl chainakenthis assembly
efficient since short-chain 3,4-dimethoxy analogs do not form orgénOgble 3.2).
One of the possible conformations of 22 optimized by AM1 method using
HyperChem software is shown in Figure 3.19 (b). Each moleculéd-22 idan form
up to six H-bonds: three with the molecule above and three with theutelgelow
the plane. The cross-section of the hypothetical fiber formethdgdlf-aggregation
of 1lI-22 in organic media is shown in Figure 3.19. (c). Hypothetically, duddo t
intermolecular interactions depicted, micellar disks carkstacthe top of each other
to form elongated assembly — an elemental fiber. Presumably, fibess further

aggregate/interact to form a fibrilous network — the structural basis ofghaogel.

3.2.4.6.Crystal structures of compoundslll-29 and 1ll-30. Compounds
l1I- 30 and I11-22 have identical aggregation properties in CPsollution (K (111-22)
= 2.2, M*, Figure 3.18 and K(lII-30) = 2.9, M*, SI 3.2). Similarly, both I129 and
1l- 18 do not self-associate in organic solvents: the amide signals fititN&VIR of
these compounds are independent on concentration and shifted far downfigdd due
intramolecular interactions. We imply that crystal structuwfethe compounds 1129
and 111-30, discussed belowshould provide useful insight on the possible intra- and
intermolecular interactions in the analogsl8and I11-22

In the crystal structure each molecule of30forms four intermolecular H-

bonds as it is indicated in Figure 3.20, and there are no intramerieénteractions
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between -NHCO- groups. One of the amide groups, marked yellow, ilsviebted in
H-bonding interactions in the crystalline state, likely, dud&space filling reasons.
Intramolecular interactions shown in Figure 3.19 (a), which mighpdssible in
solution, were not observed in the crystalline state of the recep®. IlI-

There are two unequivalent molecules of2d9in the crystal structure. One of
them forms three intramolecular H-bonds and no intermoleculaaatiens (Figure
3.19 (a) and Figure 3.21). Another unequivalent molecule dt9|llin addition to
three intramolecular H-bonding interactions, indeed, forms two integular
H-bonds (Figure 3.22).

Therefore, as it was expected, crystal structures revealed sttceamolecular

interactions in 11129, while receptor 11130 forms only intermolecular H-bonds.

Figure 3.20. Fragment of the crystal lattice of compound 30- H-bonds are
indicated by the dotted lines. Amide groups -NHCO- which are notvadain H-

bonding interactions are marked yellow.
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Figure 3.21.0ne of the two unequivalent molecules in the crystal structurié- 28.
H-bonds are indicated by the dotted lines. CO and NH groups involved in

intermolecular interactions are marked yellow.

Figure 3.22.0ne of the two uneiquvalent molecules in the crystal structuré 29|
which does not form intermolecular interactions. Intramolecular H-bosrds

indicated by the dotted lines.
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3.2.4.7.Conclusion.First of all, due to the simplicity of the structure and easy
access compound I#2 might encode a new family of organogelators with tunable
properties. For instance, due to the presence of the tedamnye functionality
gelation of acetone by IR2 should be pH-dependent. One can also think of making
these gelators chiral molecules. Different methods of electrienoscopy (EM),
small angle X-ray powder diffraction, etc. might be appliedudysstructure of these
organogels. Different questions can be addressed using these new compounds.
Second, properties of tH@methylated analogs are indirect evidence to support
hypothesis that, in contrast to the 2,3-catechols, the 3,4-catecholsa hstv@enger
tendency to self-aggregate in aqueous media. Thus, 3,4-dimethoxy compeRad Il
can form up to six intermolecular H-bonds, self-associates in £R2@tH gelates
organic solvents. In contrast, due to intramolecular M&B contacts the self-
aggregation property of the analog 18- is diminished. Similarly, in the
3,4-catechols three amide groups are perfectly suited for seliaton, while the
2,3-catechols form intramolecular H-bonds that “prevent” the -CO-@{blips from
intermolecular interactions. Indeed, this structural differengghinbe sufficient to
explain the difference in solubility properties of the bis-catechblg6 and I11-28 in
aqueous media. Compound A8 is more likely to self-aggregate in aqueous media

and, therefore, is less soluble.
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3.3. Supporting Information for Chapter 3.

3.3.1.The pKa values of the TRENCAM analog and some other relevant

compounds

(2,3-(HO)(CsH3) CONHCH,CH,)sNH"

TRENCAM

1,2-(OH)C¢H,4 catechol
NH4"
HN"(CzHs)s

HoN"(CoHs)2

2,4 (NQy)2(CeHz)OH

2,4-Dinitrophenol(DNP)

H.0O
HN3

HCI

5.88 (OH), 6.71 (OH), 8.61 (OH), 8.75

(N+H)79

9.5

9.2

10.8

11

4.0

16

4.72
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3.3.2 Anion binding studies.

1-26
(d)CH &)

3-OH ( )

Figure S3.1.Example of the experimental data set from the NMR titration
experiment (blue squares) and best curve fits (red line) oketeptor 11126: d(CH)

() signal single step, 3-OH () signal single step.

Figure S3.2.Compound I1128.
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NH () N'H ()
C D
(d)CH () (d)CH ()
E F
OH () OH Y

Figure S3.3. Examples of experimental data sets from fie NMR titration
experiment (black squares) and best curve fits (red line) for comgtdud8 N'H
() signal: two-step (A) vs single-step (B); (d)CH)(signal: two-step (C) vs single-

step (D); two OH ( ) signals: single step (E, F).
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3.3.3.Modeling of anion binding. Solutions of the receptors R, R, 111- 26,
l11-28, and Ill- 18, were titrated in DMSO-lusing (Bu)N'CI" as a source of Cl
anions. Two solutions, first contained 2.5 mM of amphiphile, second contained
2.5 mM of amphiphile and [(Bu)N'CI] = 1 M, were mixed in different ratio. To

obtain the binding constant the following algorithms were considered:

Single-step model

R+CI — R,Cl Ky, M2

Using Origin 7.0 progran®, the curve fitting method was applied to obtain K™
from the experimental data. The following function was used tdectha best fit of

experimental data:

= o+ (‘max— 0) * (0.0025% Ko+ Kg* X + 1 - ((K50.0025 + K+ x + 1) * —

4*0.0025* x * K2)*9)/(2* K £0.0025) (S4an

where the recorded chemical shift,is the dependent variable; concentration of the
salt (Bu}N'CI in solution, x, is the independent variable; and the chemicab$hift
the free receptor,o, chemical shift of the associate with” @nion, na, and

association constantKare three parameters to be calculated.
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In turn, the function (S4.1) was constructed according to the following:

R + Cl = R,Cl K, M?

(1-a)*0.0025  x - 0.0025*a 0.0025*a

The following relations take place:

= o*(1-a)+ max*a (S4.2)

Ka=a/((1 - a)*(x - 0.0025* a)) (S4.3)
where “a” is the fraction of the receptor in the form of th@eisse with Clanion. In
combination, equations (S4.2) and (S4.3) gave the desired function (S4.1) shat wa

used to fit the experimental data sets.

Two-step model

R+ CIT & R,Cl K mt

R,CI +CIT & R,C K, Mt

Using Origin 7.0 prografi®, the curve fitting method was applied to calculate the

constants, K and Ky, from the experimental data. The following function was used

to create the best fit:
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= o+ (max1- o) Kat* X /(Kar* Kao* X% + Kar* X + 1) + (max2— 0) * Kar* Kao*

X2 1 (Kar* Kao* X% + Ka* X + 1) (S4.4)

where the chemical shift,, is the dependent variable; concentration of the salt
(Bu);N"CI in solution, X, is the independent variable; and the chemicalcghifie
free receptor, o, chemical shift of the associate with oné &lion, max 1, chemical
shift of the associate with two Canions, max 2 and the corresponding binding

constants K; and Ky, are five parameters to be determined.

In turn, the function (S4.4) was constructed according to the following:

R + Cl = R, C K Mt
(1-a-b)*0.0025 X 0.0025*a

R,CI + Cl = R, Gl & Mt

0.0025*a X 0.0025*b

The following relations take place:

X >> 0.0025,
= o*(l-a-b)+maxa+t max2*b (54.5)
Ka=a/(x*(1-a-h)) (S4.6)
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Ka2=b/(x*a) (S4.7)

where “a” is the fraction of the receptor in the form of theoamte with a single
anion R, Cl, “b” is the fraction of the receptor associated with two anion€IR In
combination, equations (S4.5), (S4.6), and (S4.7) gave the desired function (S4.4)

which was used to fit the experimental data sets.

Single-step model

R+Cl — R,Cl K,M*

Two-step model

R+CI" =& R,Cl K, M?

R,CI +CIT = R,C K, M1
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Table S3.1.Single-step model. The following parameters K™, = max- 0
ppm, and Rwere obtained from the best fit of experimental data setsdmpounds
llI-26 and 11I-28. The cases, when the single step model could not adequately

describe the experimental data sets<R.99), are marked bold.

Ka M R , ppm
11-28 N*H 22.74 + 33.65 0.9714 1831 +0.127
OH 231 =0.15 0.9984 0.667 +0.020
OH 3.53 =*=0.56 0.9947 0.218 *0.010
NH(2) 1.99 +0.40 0.9858 0.694 =+0.068
NH(1) 1.43 +0.23 0.9931 1.127 +0.095
CH(s) 480 =*0.78 0.9843 0.105 =0.007
CH(d) 5.57 *1.25 0.9685 0.176 £0.017
CH(d) 5.48 +0.39 0.9968 0.116 =+0.003
Il-26 N*H 49.19 +8.94 0.9657 1.936 +0.150
2-OH 101.5 +12.8 0.9827 0.397 +0.020
3-OH 1.84 +0.24 0.9943 1.312 +0.091
NH(2) 9.19 #1.90 0.9749 0.795 +0.066
NH(1) 3.50 =*0.29 0.9966 0.864 +0.033
CH(d) 18.19 +3.54 0.9736 0.331 +0.056
CH(d) 1.58 +0.22 0.9935 0.497 +0.039
CH(dd) 199 +0.26 0.9935 0.271 +0.019
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Table S3.2.Two-step model. The following parameterg;,KKa2, 1= max1— o
2=  max2— max1and R were obtained from the best fit of experimental data for
compounds 11126 and 11-28 using data sets which could not be described adequately

by a single step model.

R Kay M7 1, ppm Koo M7 2 PpPM

III-28

N*H 00996 6869 +566  1.342 +0.049  1.11 +025  1.152 +0.141
NH(2) 00986 70.28 +3226 0144 +0.029 079 +0.19  0.884 +0.126
CH(s) 00985 9248 +49.72 0310 +0.007  1.94 +0.40  0.102 +0.011
CH(d) 09990 62.08 +12.62  0.082+0.007  0.88 +021  0.208 +0.029
IIl-26

N*H 00992 1503 +23.0 1.386 +0.080 2.89 +0.64 0.093 +0.115
2-OH 00992 1487 +11.9 0356 +0.011  0.84 +0.48 0.149 +0.052
NH(2) 00986  142.8 +63.7 0307 +0.055  3.31 +0.63 0.706 +0.073
CH(d) 00989 1450 +52.1  0.161 +0.024  4.40 +0.88 0.247 +0.028

Similarly, HCI salts ofmethylated analoghl- 18 andlll- 22 were titrated in

DMSO. The data obtained are summarized below.

154



Table S3.3.Single-step model. The following parametegsakd =  nax- owere

obtained from the best fit of experimental data for compoundS8idndlill- 22.

Ko M™ , ppm
- 18
N*H 22.74 +3.65 1.831 +0.127
NH(2) <<<1
NH(L) 44 02 0.67 +0.01
l-22
N*H 355 +59 14 +0.1
NH(2) 65 +0.8 0.79 +0.04
NH(L) 35 +04 0.88 +0.04
CH(s) 105 +1.6 0.270 + 0.02
CH(d) 35.1 +2.4 0.128 + 0.004
CH(d) 292 +0.42 0.076 + 0.005

Table S3.4.Two-step model. The following parameterg,KKa2, 1= max1- oand
2= max2— max1and R were obtained from the best fit of the experimental data

for compounds 1128 andlll- 22.

Kaz, M , ppm Kaz, M , ppm
[1-18
N*H 476 +2.8 153  +0.05 0.65 +0.37 08 +0.3
[-22
N*H 751 £115 1.2 401 09 +06 1.0 +04
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3.3.4.Self-aggregation of the compound 111-30 in CDd.

2R == R KayM?

NH Ox - NH HN._O
MeO 1 f OMe

Figure S3.4. Dependence of the chemical shifts of the amide signals (KH) i
compound 11130 on concentration in CDglsolution. Red curve is the best fit

obtained using Origin 7.0 prografiand equations (S2.1) to model the dimerization.
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Chapter 4: Bis-Catechols as Anion Transporters.

4.1. Results of the Transport Experiments and [Bsiom.

Much of this chapter has been published in the reference 41d:

S. K. Berezin, J. T. Davis “Catechols as Membrane Anion Transgbrte
J. Am. Chem. Sq@009 131, 2458 — 2459.

4.1.1. Relative activity of the bis-catechols and methylated analogs in
liposomal assay.The activity of new anion receptors was evaluated using an anion
transport assay described by Sidorew al''® The pH-sensitive dye HPTS was
encapsulated within the phospholipid vesicles with intravesicular NaN®©NaSO,
as an external electrolyte. The amphiphile-induced alkalinizatidhesk liposomes,
above the pH of the extravesicular solution, indicated that the appedfiextof the
acid HNOs was driven by the anion gradient while the multiply charged®S®d
HPTS anions remained relatively impermeable. Bis-catecheR%)Iith alkyl chain
of medium length was found to be the most active compound. The control
compounds, the 3,4-dihydroxgll-27) and methylated (lIt5) analogs, were
inactive (Figure 4.1 and Figure 4.2). In Figure 4.2 the Y-axisitRaefers to the
ratio of HPTS fluorescence emission at 510 ngiifl where § is excitation at
460 nm (basic form of HPTS) angd excitation at 403 nm (acidic form of HPTS).

The dependence of the Ratio on pH can be found in Sl 4.1. Structure & ¢HeT
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and the basics of liposomal assays have been reviewed inidetaal introductory

Chapter 1.

-15 l-27

HN™ O HN

HN™ 0 + H

N

H !
NH HN- O Br- HN<.__O
OMe MeO OH
OH

OMe MeO

IZ

Figure 4.1. Amphiphilic anion transporter I[25, analogs with different alkyl chain

length (111-23 - 1lI- 26) and inactive structural analogs L& and I11-27.

The observation that the analogs28-- l1I- 26 differ in activity (Figure 4.2b)
suggests that the ion transport property likely depends on the abilihese anion
receptors to partition into the membrane. Compoun@@|iwith a longest C17 alkyl
chain, likely aggregates in water, limiting its partitioningoitihe liposomes due to
“low solubility” of individual molecules. Compound IB; with the shortest chain,
was the least active analog, as it may not be hydrophobic enougttitiorpanto the
membrane. Presumably, the most active analogitees not aggregate significantly
and is hydrophobic enough to efficiently partition into liposomes. Thedtechol's

alkyl chain length was not the only structural determinant embrane transport

158



function. As indicated in Figures 5.2c. tleatechol's substitution pattern is also
crucial for ion transport. Thus, the 3,4-dihydroxy analog4dMi-was completely

inactive in this anion transport assay.

Figure 4.2. Schematic representation of the anion transport assay (a). #ittdae
100 mM NaNQ@, 10 mM phosphate pH = 6.4, extravesicular 75 mM3@a, 10 mM
phosphate pH = 7°5b), pH = 6.3 (c and d). Solutions of the amphiphiles in MeOH
were injected at = 25 s (or just MeOH was injected in the casbelahk), ratio PC :
amphiphile = 10 : 1. Aqueous 10% Triton-X was injecteti=a#450 or 500 s.° The
extravesicular pH had to be basic to avoid precipitation and ensureligploibthe

long-chain analog IIR26.
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Why is the 2,3-catechol (I25) active while the 3,4-catechol (I187) is not?
To function as an anion transporter a given receptor should be abkeract with
both the anion and the phospholipid bilayer. Indeed, the anion-binding properties of
2,3-catechol (11125 and 3,4-catechol (1I27) analogs in DMSO-+ solution are
almost the same (see Table 3.1). Therefore, we hypothesize¢hthabbserved
difference in anion transport is defined by the different-agdiociation property of
these two receptors in the aqueous media. Experimental observaticcegarthat
3,4-catechol (11127) has a lower solubility in aqueous solution than does 2,3-catechol
(111- 25) and that the solubility of both compounds increases in basic solutiead Ba
on these qualitative observations, we conclude that, compared to tbaté;Bel
(111- 25), the 3,4-catechol (lIR7), similarly to the long alkyl chain analog 26, has a
stronger tendency to self-aggregate in the aqueous media. Thetleéoselubility of
individual molecules of these compounds that can partition into the bilaye
dramatically diminishes due to formation of water-soluble aggesgétdeed, in the
3,4-catechol derivative three amide groups are perfectly swtedeff-association,
while in 2,3-catechol strong intramolecular H-bonds “prevent” the-NEO groups
from intermolecular interactions (see Chapter 3). The propeftite ©@-methylated
analogs, reviewed in the previous chapter, are indirect evidensaipgport this
hypothesis. In brief, the 3,4-dimethoxy compound2Biself-associates in CD&I
while the 2,3-dimethoxy analog I8 does not. Moreover, |22 is an organogelator
while 11I-18 is not. It is likely that due to the intramolecular MedN H-bonds the
self-aggregation property of the analog 18-is diminished. Similarly, compared to

3,4-catechol (11127), the self-aggregation properties of 2,3-catechol ZB)-is
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diminished due to strong intramolecular OBIONH H-bonds.

4.1.2. Study of the anion selectivity.To determine the selectivity of the
observed anion transport we used different” Malts as external and internal
electrolytes, creating a concentration gradient for anions across phpgphaéyer.
Fluorescence measurements allowed us to monitor the increase in intravesttur
response to the imposed concentration gradients. (The dependence atidhenPpH
can be found in S1 4.1. The basics of liposomal assays have beenectunesietail in
the introductory Chapter 1). Surprisingly, alkalization of liposonégated by the
most active bis-catechol I1R5 was observed only when the extravesicular anion was
on the left of the intravesicular anion in the Hofmeister sequ&itg > I > NO; >
Br > CI > SQ7 (Figure 4.3)'' This experimental observation can be explained as
follows. Because of the difference in relative permeabilityptyh- and extravesicular
anions, the amphiphile-induced anion efflux exceeds anion influx. Axtaenmely
thin insulating layer, the biomembrane acts as a parallel-ptafescitor and allows
separation of charges. Therefore, the initial leakage of thatimegharge out of the
vesicles results in a rising positive electrical potentiddsmsnd a negative potential
outside of the liposomes. This transmembrane electrical poteotal not stabilize.
Instead, it reaches a maximum and then diminishes as the catioentf the anions
in intravesicular and extravesicular solutions slowly equilibraBsrmeation of
protons across the phospholipid bilayer is rapid on the experimenstiahe Thus,
protons are in equilibrium with the established electrical pateatid initially move

out of the vesicles against their own chemical gradient. Thislteation of H
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appears as acid efflux from the liposomes but does not alterahgntembrane
electrical potential because of the rather low concentrations @H{buffer in

solution as compared to the concentration of electrolytéamian.

Intravesicular: apr, b) NO3, ¢) CIO4
Extravesicular anions:
SQ*, Cl', Br,NOs, |, ClO4
b) C)

Figure 4.3.Anion transport assays. Extravesicular 100 mM Alzion™ (Anion” = CI,
Br, NOs, I, CIO,) or 75 mM NaSQ,, 10 mM phosphate pH = 7.15. Intravesicular
10 mM phosphate pH = 5.5, a) 100 mM NaBr, b) 100 mM NaN) 100 mM
NaClQ,. Solution of 11125 in MeOH (or MeOH in the case bfank) was injected at

t=25s, ratio PC : lIR5=10 : 1. Aqueous 10% Triton-X was injected at1400 s.
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Figure 4.4. Anion transport assay with intravesiculaiO , and set of electric circuit

diagrams to represent mechanistics of the transport process.
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Acid efflux is followed by the relatively slow acid influx wdfi, in turn,
reflects the dissipation of the electrical potential. The ratekis second process are
defined by the transport rates of extravesicular anions and aceordance with the
Hofmeister sequence. It is noteworthy that the time and pH wheennward and
outward “acid fluxes” achieved the same rat&étiddt = 0, pHmay) Were also anion
dependent. For instance, in the case of perchlorate as an intuéafesicion, the
transmembrane electric potential was lower and the intravesjgdlavas less basic
when the extravesicular anion was more permeable and anion exchasigaone
rapid. The mechanistics of the ion transport can be illustratexl st of electric
circuit diagrams (Figure 4.4).

In the case of strong electrolytes no change in intravesiptlavas observed
in the absence of the amphiphile because of the low permeabilityoofsaacross the
phospholipid bilayer. In contrast, when liposomes loaded with the salivebk acid
such as Naplwere exposed to an anion gradient, the intravesicular pH immlgdiate
rose as a result of the outward diffusion of the neutral acid HiiNo alternatives
should be considered. If'Hhermeation across the bilayer is rapid, even in the absence
of the receptor IIR25, then the observed intravesicular alkalization is accompanied by
the instantly established transmembrane electrical potemiiist stable and opposed
to the Ny chemical potential. The Hions equilibrate with this transmembrane
electrical potential but are unable to lower it due to rather doncentration of

H*/OH /buffer in the solution.
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Extravesicular anions:

s N80,%, ClI', Br, NO3, |, ClO,

Figure 4.5. Anion transport assay. Extravesicular 100 mM Aaion” (Anion” = N3,

Cl, Br, NGs, I, ClIOy) or 75 mM NaSQ,, 10 mM phosphate pH 7.15.
Intravesicular 100 mM Na®l 10 mM phosphate pH = 6.4. Solution of 2% in
MeOH (or MeOH in the case dilank) was injected at = 25 s, ratio PC : IIR5 =

10 : 1; aqueous 10% Triton-X was injected at 1400 s. Electric circuit diagrams
illustrating mechanistics of the ion transport process. 1 — wedi@lar NaM
(t=0-2559); 2a, 2b - extravesicular NaX (XN3) (t = 0 - 25 s); 3 — process
following the injection of 1125 in MeOH att = 25 s; 4 — endpoint of the ion
transport: intra and extravesicular solutions are identical. Erergvo alternatives to
consider: H transport across phospholipid bilayer is rapid even in the absence of the

amphiphile (2a) or there is no Hcharge transport/electric potential across

phospholipid bilayer until lIR5is introduced into solution (2b).
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Alternatively, there is no transmembrane electrical potetttine established
because Hdoes not permeate across the bilayer in the absence of the amephiphi
llI- 25. Efflux of HN3 happens on a millisecond time scale and shuts down at high
intravesicular pH. Transmembrane electrical potential ibksit@d instantaneously
on the millisecond time scale only during the next step when tept@ that
catalyzes proton/charge transport is introduced into the solution. éwldifi the
amphiphile 11125 allows slow influx of extravesicular anions. The anion exchange
across the phospholipid bilayer as the net effect is observed onrthie time scale.

The gradual decrease in intravesicular pH reflects changese ichemical gradients
of N3~ and Anion across the phospholipid bilayer. The experimental dependence of
Ratio on time can be described using first-order kinetics. Cittirggfusing equation

(4.1) allows extraction of the rate constarision, S

Ratio = Ratig — (Rati@ — Ratio ) * (exp Kanion* t) -1) / eXp Kanion* t) (4.1)

Ratigy and Ratio are values at the time of injection t = 0 and t =In our
calculations we ignored the initial drop in pH that was anion indepérashel most
likely not due to anion transport. Using anion transport r&igs, S, the turnover
numbersnanon S-, defined as the number of anions transported across the bilayer per
single liposome per second, and the permeability coeffici€htgm s, can be

calculated and compared to the literature (Table 4.1, see details in 81 4.2).

166



Table 4.1.Anion transport rate&anion, S*, turnover numbers per single liposome,

n, s*, and permeability coefficient®, cm s,

lon Kanion ST n, s P*10°, cm §'
*10°
Bis-catechol amphiphile
1125 SO” 0.61 20 1.0
Ccr 1.29 44 2.2
PC:1lI25=10:1 Br 4.40 150 7.3
NOs 11.3 384 19
I’ 36.2 1,231 60
ClO4 69.5 2,400 116
Pure phospholipid
bilayer: no transporter NOs’ 0.09 3 0.18
(blank experiment, 10l
MeOH)®
Pure phospholipid  NOs’ 0.05
bilayef (literature)
Valinomycin carrier**? K* 10,000
Na' 0.5
Potassium ion channel* K* 10°
Pure phospholipid bilaygr K 0.003
(literature) Na 0.001
Rb’ 0.0033

*Assuming there is one molecule of the natural transporter per liposome.
@ Experimental value obtained from the; N based liposomal assay depicted in
Figure 4.11 (N in, NOs™ out), see for detail Sl 4.3, Figure S4.6.
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4.2. Modeling of the lon Transport Kinetics.

4.2.1.Modeling of ion transport in the Ns-based assayThe mechanism of
anion exchange depicted in Figure 4.6 is based on the followsugnasions: 1) we
imply that H influx (3) is rapid and does not limit (or partially limit) the rafietioe
anion influx. To provide an experimental evidence, we might want to shatv t
addition of the H carrier, such as FCCP/*" does not influence (speed up) the
observed anion transport rates ig Nbased the assay. Similarly to other catechols,
known to “shuttle” H across phospholipid bilayer in the cells and cellular
organelle$>%? receptorill- 25 is expected to act as a proton transporter; 2) according
to the diagram, the rate is independent of the nature of intravesicular wealaici,

which can be confirmed experimentally (for instancez@BIO versus );

hydrolysis
equilibrium

diffusion
fast

HN,

dissociation
2
fast

H* o+ Ny

Figure 4.6.Mechanism of anion exchange in thg-Nased assay.
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3) the model neglects the influence of the electrical potentigh@ranion transport
rates Kanion. Negative outside and positive inside, the electrical field ieldped due

to fast net i efflux. The Kanion In Should exceedkanion out due to favored/opposed
transmembrane electrical potential (Figure 4.7). Similarly, tfusglel neglects the

influence of the osmosis.

kAnion Out

Kk

Anion In

Figure 4.7.Influence of the electrical field on the anion transport ratenith out of

the liposomeskanion in @aNdKanion out-

To qualitatively describe the transport, the dependence of theeasitalar
anion concentration, [Aniop] on time,f(t), has to be obtained. Giving the above

assumptions, the following description of the Anion flux can be derived:

[Anion] 5,,¢= constant

Anion flux = Anion influx — Anion efflux

St . . .
¢ dAnion]i, /dt = Kanion* ( [Anion]ou— [Anion];, )

d[Anion]i, / ([Anion]out — [Anion]in) = Kanion* dt ~ (4.2)

Figure 4.8.Schematic representation of the Anion flux.
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Integrating the left side of equation (4.2) from [Anigrd 0to [Anion], = [Anion];

and the right side frorh= 0to t =t the following expression fdft) is obtained:

[Anion]=f(t) = [Anion]ou* (EXPKanion * t) -1)/eXpkanior” t) (4.3)

We imply that there is a linear relation between experimentally detednparameter

Ratio and intravesicular concentration [Anian]

Ratio =k *[Anion]; +b (4.4)

Then coefficient& andb can be defined as following:

Ratio = Ratig when [Anion] = O (att = 0) thusb = Ratig

Ratio = Ratio when [Anion]} = [Anion]oy (att = ) and equation (4.4) can be

rewritten as following:

Ratio =k *[Anion] o, + Ratiq (4.5)

thusk = (Ratio —Rati@)/ [Anion]oy: and equation (4.4) can be rewritten as following:

Ratio = Ratig+ (Ratio — Rati@) * [Anion];, / [Anion]oy (4.6)

In combination, equations (4.6) and (4.2) gave the desired function (4.1),

which was used to fit the experimental data of Ratio on time dependence:
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Ratio = Ratig+ (Ratio — Rati@) * (exp (Kanion* t) — 1) / exp Kanion* t) 4.1

4.2.2.Modeling of the ion transport. The assay with intravesicularClO 4
anion. The experimental dependence of Ratio on time (Figure) 4has a
characteristic profile/shape. It is a noteworthy that this siepEmarkably similar to
the kinetic profile for a chemical reaction “A” “C” proceeding through the

formation of an intermediate “B”, as schematically shown below.

k1 k2

A B C, k >k

[A] 0 —_ _k1x t
: A=A et
3 =[Al,- [A] - [C]
i 0 Time‘

Figure 4.9.Kinetic profile for a chemical reaction “A” “C” proceeding through

the formation of an intermediate “B”.
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Using this analogously, the profile of Ratio on time dependenceyurd-b.8

also can be described qualitatively to obtain the kinetic parameters.

Figure 4.10.Kinetic profile of anion exchange in the perchloratédled liposomes.
[ClO4]n — concentration of perchlorate anion in liposomes. [Apieh¢oncentration

of the Anion in the liposomes[Anion]oy: = 0.1 M =constant X (t) =0.1- [ClO4],

- [Anion]n. (See also Figure 4£3and the description of the experiment for more

details).

For simplicity, we can assume that flux of perchlorate and Anion flux are independent
of each other: the rate of perchlorate flux does not influenceatbeof Anion flux
andvice versa We can also consider only perchlorate efflux, equation (4.6), because
[CIO4]out is close to zero. In contrast, we have to consider Anion flux sagsraof

influx and efflux, equation (4.2).
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[CIO4 ] = 0.1 * exp (Kcioa* 1) (4.6)

[Anion]i, = [Anion]ou:* (eXP Kanion * t) -1) / exp Kanion® t) 4.2)

A new functionX (t) can be defined as following:
Xt) =0.1-[CIO4 s - [Anion], =

= 01 = 01 * eXp (‘kC|O4.* t) = Ol* (eXp (kAnion* t) = 1)/eXp ((Anion* t) (43)

We imply that there is a linear relation between RatioXai:

Ratio =k * X (t) +b 4.7)

The coefficientk andb can be defined as following:

Ratio = Ratig whenX (t) = O (att = 0) thusb = Ratiqg

Ratio = Ratig whenX (t)=0 (att= )

Ratio = Rati@g.ax whenX (t) = Xnax (att = tmay and equation (4.7) can be rewritten as
following:

Ratignax =K * Xmax + Ratig (4.8)

thusk = (Ratignax— Rati@) / Xmax and equation (4.7) can be rewritten as following:

Ratio = Ratig+ (Ratignax— Rati@) / Xmax* X (t) (4.9)

where Ratigax — maximum in the experimental Ratio on time dependexigg,— to

be obtained usiny (t) dependence.
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OnceXmaxis obtained, equation (4.9) can be used to fit the experimental data se
to obtainkcos-andKkanion USing perchlorate-based assay. Therefore, as an alternative to

the N;' - based assay experimental traces in Figure @8 also be used to obtain

kAnion-
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4.3. Molecular Models of the Anion Transport.

4.3.1. Dependence of the anion transport rate on concentration of ¢hbis-
catechol. The dependence of the rakRpsz, on the concentration of bis-catechol IlI-
25revealeda non-linear relationship indicating that transport becomes niicie et

when this compound aggregates within the bilayer (Figure 4.11, Sl 4.3).

Figure 4.11.a) N& anion transport assay. Intravesicular 100 mM jdR mM
phosphate pH = 6.4. Extravesicular 100 mM,®a,, 10 mM phosphate pH = 6.4.
The combined data sets for two independent experimfd®. = 0.585 mM. A
solution of the amphiphile 1125 in MeOH was injected at= 25 s (just MeOH (20
pl) was injected in the case of blank). Aqueous 10% Triton-X ingected at

t = 800 s. b)Dependence of NDtransport rate on concentration of the amphiphile

11-25.
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We propose that H-bonding drives the self-association of the bidiohtec
amphiphiles in the phospholipid membranes. These aggregates providetimeaysa
for ion transport, thereby increasing the permeability of theydulégoward anions
(Figure 4.12). The amphiphilic structures of bis-catechol based apweptors,
which encode the ability to form a water-soluble phase, should exptielatively
low activity (ratio PC : amphiphile = 10 : 1). This low activity is likely beeaosly a
small fraction of potentially active molecules partitions ifite PC bilayer, while the
majority forms a water-soluble phase on its own (Figure 4.12). ttieeaanalogs
- 23, 1lI-24, 111-25, and lll-26 should have the same affinity toward the anion.
Nevertheless, a difference in transport properties of these anphiplas observed
(Figure 4.D). Therefore, the apparent relative activity is a combination leBat two
effects: i) the efficiency of partitioning into the membranag] &) the anion binding
properties. We imply that the compound with the long hydrophobic ¢han17)
forms a water-soluble phase (such as micelles or “midéleir-aggregates) and
cannot effectively partition into the liposomes due to the low sotylufi individual
molecules. In contrast, the compound with the short chain (n =nb} isydrophobic
enough (rather soluble in water) and does not interact with theshilagd thus is
strong enough to induce effective transmembrane ion exchange. CompleRadsl|
the most active among the five compounds that were evaluatedolulde enough
to partition into the liposomes and it is hydrophobic enough to intevdb the

bilayer and form ion-conducting aggregates.
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Figure 4.12. Schematic representation of the anion conducting aggregates and the

processes that might take place in the solution.

We imply that on the experimental time scale the liposomeestable structures
and do not disassemble. In turn, there is an equilibrium between differers of
bis-catechol amphiphile in agueous solution that establishes itgbih vseveral
milliseconds following the injection of II25 as a diffusion-controlled process. At
first approximation the concentration of the amphiphile in the lipos@hesld be
proportional to the concentration of the “monomeric” bis-catechol gshpéiin
agueous solution. In turn, this concentration is unknown due to unknown degree of

self-aggregation in the aqueous media.
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Figure 4.12 can also provide insight as to why the methylatatba I11-15
might be inactive. Compounds 5 and IlI-25 have very similar anion-binding
properties in DMSO. To form ion-conducting aggregates, moleculéd- 86 self-
associate in the PC bilayer. The head groups df3ihteract with each other in the
plane perpendicular to the surface of the liposome to form a “hydioplaihway”.
Only OH groups are suited for this purpose. It is likely that tethghated analog IlI-

15 cannot provide the latter structure and is, therefore, an inactive anion transporter.

4.3.2.Mechanism of transport from the point of view of an anion. Eergy
profile for the bis-catechol assisted anion permeatiorAt a glance, amphiphile-
assisted membrane transport of the anion consists of at least/énts that are not
necessarily separable from each other: dehydration (atpedgtl) and translocation

across the biomembrane, as is schematically represented in Figure 4.13.

Figure 4.13. Permeation across phospholipid bilayer from the point of view of an

anion: 1. Dehydration 2. Translocation.
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Another way of thinking about the mechanism of transport would be tosesprthe
energy profile for anion permeation facilitated by the daitechol. For instance,

Figure 4.14 illustrates the anion permeation in thes€lective ion channel CFTR.

Figure 4.14. Energetics of permeation thought CFTR ion charndelvs ,

adapted from the reference 30.

This energy profile was derived based on the anion selecttuidyes in planar lipid
bilayer membrand’ 314 Some of the key findings are shown in Table 4.2. The
permeation through CFTR is described in terms of the two bamierbinding site
model. In brief, the permeating anions lose only a bit of watdregsenter the pore
and hence remain largely hydrated. Thus, the anion permeabilitiegecia the
expected order b Br > CI but the absolute values are very simiRy:-/Pci- = 1.2,

P, -/Pc- = 2.0. In turn, the anion conductances are also very sigyldge- = 1.2,

0 -/gc- = 2.0 but the selectivity is reversed: €IBr > I'. It is thought that weakly
hydrated anions are easier to permeate but also are morettikiggitly bind to the
channel. The affinity towards the “binding site” follows the sequehce Br > CI.

The CI anion (probably, yet strongly hydrated) is “excluded” from thieraction
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with the pore interior. This selectivity mechanism is thought to determinerth&dn

of CFTR as a Clffilter.

Table 4.2.Energetics of the anion transport in the presence of the compowinll-

comparison with the transport “througéid “into” a pore of CFTR Cthannel.

Il- 25 CFTR
Gryarl

Anion Kanion GS Panior! Ganion G (P) G (9) Ghiydn

el kJ*M* Pq, 19a 8 kJ*M* § kMt kJ*mol*
Slofa 0.5 -1.7
cr 1 0 1 1 0 0 358/ 0
Br 3.4 3.0 1.2 0.64 0.45 1.1 -332/26
NO; 8.8 5.4 1.4 0.75 0.83 -0.71 -327/31
I 28 8.3 2.0 0.18 1.71 4.2 297 /61

(0.4) (-2.3)

ClO; 54 9.9 (0.3) 0.2 (-3.0) -4.0 -271/87

8 _ calculated according to the formulas
G = 8.31*298*Inkanior/kci /1000 (4.10),
G =8.31*298*InPanio/Pci-/10000r
G =8.31*298*Inganior/9cl-/1000.

- permeability selectivity ratidPanio/Pci’ and relative conductan@@nio/gci in
CFTR CI channel are taken from the review 30.

- calculated according to the formulaGuyar= Grydraniony  Grydr(c-) USINg values

Ghyar taken from the reference’.

In turn, the profile for anion permeation mediated by the receptt5Ii

should illustrate the following experimental results obtained from N-based
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assay: anions that are easier to dehydrate are made moreapkrnby this
transporter. According to the estimates shown in Table 4.2, theveldsenanges in
the anion transport ratekafio/kci’) follow the trend in the Hofmeister sequence but
do not nearly reflect the absolute value of changes in hydration enerGyi).

An increase in the hydration energy for inorganic anionsGgyar), if
equivalent to the change in activation energy for the anion transpdgt J in the Ny
- based assay, should result in a more dramatic drop in the rdiansport rates
(Kanio'kc1) by compound 11125 andvice versa

For instance, according to the data in Table 4.2, the differenbgdiation
energy for Cland Br anion equals Gpygr = 26 kJ*mol'. This difference should
correspond to the rate incredsgiofkc = 3.7*1¢f, calculated using formula (4.10).
The experimentally observed rate increase using bis-catech®b, Ilhowever, is
much lower, being onlKkaniokci = 3.4, and this value corresponds toG = 3.0,
kJ*M™ which is much less than the change in the hydration enerd¥yyqr for CI
and Br anions.

For simplicity we can think that the energy profile for anionmpesation
contains only one barrier. At a glance, the hypothesis that peoméatilitated by
the transporter IIR5 does not require complete dehydration of the anions would be in
agreement with the data discussed above (values@f <  Gpyar). Therefore, we
can propose that dehydration of inorganic ions determines the actieagogy of
transport, but the anions have to be only partially dehydrated to lpasgh the
“transient pore”, which is schematically represented in Figui2. In addition, to

explain the experimental results, we also have to say thdggparent change in
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hydration energy” should be “proportional” to the absolute value of theatigdr
energy for a given anion: the change in hydration energy would la¢egfer the
stronger hydrated anion. This principle is schematically rdastl in Figure 4.15.
Assume that “apparent hydration energy”, which is equal to owasion energy,

G, for each anion is lower than actual hydration enerd¥yq., for the same
number of kJ mat. Given this assumption, the values ofG would be the same as

Ghyar regardless if we “dehydrated” given pair of anions fully or partially.
As illustrated in Figure 4.15, the same principle is behind thectpaty of

anion permeation into the CFTR Channel as follows from the data in Table 4.2.
How was this discrimination between inorganic anions achievedheynatural
transporter? According to the description above, within the mouth &@FI&® pore
only the outer hydration sphere for the small anions is replaced ugoacimn with
the channel (the anion’s inner sphere waters remain intact). dresréte relative
permeation of the anion of interest {Ghto the pore increases. Consider permeation
of an anion into a rigid cylinder of fixed diameter. To get into guse the weakly
hydrated iodide does not have to undergo dehydration. Bromide ion haallar sm
ionic radius than iodide, thus its hydration sphere will be bettenmeg and tighter
than for iodide. The radius of the hydrated iBn is, however, larger than that for the
iodide. Therefore, the Banion should undergo dehydration to get into the same pore
as [. The CI anion has a larger radius for its hydrated ion than doesarl,

therefore, Clwill undergo more substantial dehydration than will Br
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Change in G4,

Figure 4.15. Schematicrepresentation of the relations between thermodynamic
parameters. Dashed colored arrows represent the hydration en€igy:, for the
anionsCl’, Br, |'. Dashed black arrows indicate the change in the hydrationyenerg
Ghyar, for a given pair of anions. Solid colored arrows represent “apparent

hydration energies”, which are equal to the activation enerthedransport process,

G . Solid black arrows represent the change in activation energydiven pair of
anions, G . Solid red arrows represent “apparent change in hydration eneitygy”
difference between the hydration energ%uyqr, and activation energy of transport

(“apparent hydration energy”),G , for a given anion.
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Unassisted permeation of halides across the phospholipid bilaydokdsos
the same selectivity principle (Table 1.1). In this case, wghitthink of a transient
pore mechanism. The cost for permeation of the completely debgdxaton is too
high. Partial dehydration provides a more energetically favonahite. It requires
less energy to create a larger cavity in the phospholipid billiam to remove an
excess of the hydration sphere. Thus, permeation through the trgosiendf the
“fixed diameter” would follow the same rules as permeation thrdahg stable pore,
discussed above using CFTR as an example. In turn, more energy is reqaiesdeo
a larger cavity. Thus, even if we consider the transient potk ai“flexible
diameter”, the same principle takes place: the larger tmaeater of the hydrated ion,

the less permeable it becomes.

Figure 4.16.Energetics of the amphiphile-assisted anion transpiovis
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It is likely that the same rules are in place in the casessisted permeation
by bis-catechol I1125. The mechanism can be discussed as the passage of the partially
hydrated anion through a transient pore formed by the bis-cataghgotgates, and
the energy profile can be schematically represented as sinofigure 4.16. It is
important to note that the present description of the mechanism doeschate the
possibility that alternative mechanistic models/descriptions roh@ation process can

be applied to this system.
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4.4. Conclusion.

In conclusion, we have shown that bis-catechol based anion recepér Ill-
functions as membrane transporter. Although the closest struatataba of25, 2,3-
dimethoxy (11115 and 3,4-dihydroxy (Il27) compounds, have similar binding
affinity toward CI in DMSO, they we inactive in the anion transport assays. The
structure-activity relationships that would explain this diffeeeremain hypothetical
and require further investigation. The latter could include synth#tds study of
self-aggregation properties of bis-catechols in aqueous and orgad@, and
development of new liposomal assays.

In addition, the anion transport activity of BB is a function of
hydrophobicity. The amphiphilic structure of the analog28I-11I- 26 with alkyl
chain of different length encodes the ability to form a watarkdelphase. Compared
to the compounds with branched and unsaturated alkyl chains or faghlphiles,
the analogs with the linear alkyl groups are known to exhibitcager tendency to
form micelles or “micelle-like aggregates” in aqueous mé&tiehus, we suspected
bis-catechol 11125 to aggregate in aqueous media and therefore, we did not determine
the exact number of the molecules within the membrane-conductinggaggs using
common techniqu&®>>"

We propose that H-bonding drives self-association of the amphiphilein t
bilayer. These aggregates of molecules function as transient patlawe increase
membrane permeability toward anions. The ionic permeability in tesepce of

llI- 25 follows the Hofmeister sequence: anions that are easier yolrdéd are made
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more permeable by this transporter. The dependence of the ratehgdration
energy indicates that to pass through the membrane the anions mpattibiy
dehydrated. The analysis of pKa values suggests that at npttrah aqueous
solution the bis-catechol would exist as zwitterions (S13.1). léasonable that in a
non-polar environment of the bilayer this zwitterion becomes catiamic bends
anion. We also imply that similarly to other catectfof€ receptor 11125 transports

H* across bilayer and that"Hbermeation is extremely rapid on the time scale of the
anion transport experiments.

The selectivity of bis-catech@s in the ion transport assays was determined by
employing a newly devised methdd. Although the transport experiments look
logical and self-consistent, connections made between experigematsured
parameters and intravesicular concentration are rather empmicdl lack a
comprehensive description. For instance, why should the relationshyedmethe
experimentally determined parameter, “Ratio”, and the concemtratif the
transported Anion liposomes, [Anignpe linear? We also neglect the influence of
the electrical potential and osmosis phenomena on the transport rates.

Further study of the mechanism and selectivity of the receptdiated ion
transport requires knowledge of permeability coefficieRtssm $'. To validate the
permeability,P, obtained from N - based assay, a comparison with the literature data
would be helpful. Remarkably, tH&(NOs) in the “blank experiment” (addition of
MeOH) was only three times lower than that of reported valregdrmeation across
pure phospholipid bilayer (see Table 4.1). At the same time, peritieabibr the

halides and H across PC bilayer vary in the literature by several oradrs
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magnitude’® Therefore, presently, there is no agreement in the literetgerding

ion permeability coefficients and the “right” ways to compttent. It appears that

due to complexity of the ion transport one can only wish to obtanvény best
experimental estimate rather than “the only true value”. Anotveer to test the
method would be to study active transporters whose selectivityficiérey in the
biomembranes have been established by independent techniques. The naturally
occurring ionophore, valinomycin, whose activity and selectivity has imeensively
investigated in liposomes, using radioactive isotopes of alkali spetahd

electrochemically in planar lipid bilayer could potentially serve this purfdsé
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4.5. Why are these Results Important? Future Dines.

The finding that simple bis-catechol such as?2Bl-are anion-selective
membrane transporters suggests that a variety of the known compoighdsalso
initiate selective ion transport upon interaction with biomembran®es.observation
that small structural changes alter the activity indicabes this function can be
controlled on the molecular level. The newly devised liposomal adssgribed in
this thesis could serve in the search for new ion-selective naemlransporters and
new ways to regulate/study the ion selectivity/mechanism in phospholipidrbilaye

On the other hand, ion transport across biological membranes has strong
connections with the problems of ion sensing and separation. Selecttiregoand
transport of inorganic anions across bio- and synthetic membranegdnys of the
“supramolecular host” is a present-day challenge in organic strgmiror instance,
to the date there is no functional carrier-based MOCIO; -selective sensdf.

Synthetic transporters also help us to better understand how ngsteahs
move ions across the hydrophobic barrier presented by the biomembfases.
consider synthetic hydrophobic compound or an assembly of moleculdgdnisto
phospholipid bilayer that increase its permeability toward ionicispeBermeability
of some ions changes while permeability of other anions does noictusal
modifications on the molecular level alter activity and seldgtivihis is a model of a
primitive transmembrane transport system. Something initiatlyerasimple upon
interaction with phospholipid bilayer, the cell and its environment hakvexd into

ion channels and transporters the way they function in Nature. Seibendnion-
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selective membrane transporters could be used in biomedical/bioahesmidies of
membrane transport in the living cell and cellular orgahéls.

Lastly, the newly devised approach to study ion selectivity caappked to
investigate the function of the natural ion transporters such@<Clchannels and
valinomycin as an alternative to the existing liposome-basduhitpee that employs
radioactive isotope&'*®

Listed below are possible systems of interest and questiongntght be

addressed:

1. Structural modification of the bis-catechol amphiphile2BI-

a. Dependence of the anion transport activity on the structure of alkyl chain.
Identification of the most active 2,3-alkyl analog.

b. Is the catechol unit necessary?

c.Would a simple replacement of the amine group with “carbon” make bis-

catechol cation-selective transporters at neutral pH?

a. b. C. OYA*

HN

OH HO.

OH HO

Figure 4.17.Synthetic targets: a, b, c.
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2. In 2005 A. P. Davis reported a remarkable observation of contra-
Hofmeister anion extraction by cyclosteroidal receptors 38)1*® Using this
example, we propose to obtain receptor3Bl-We suggest to study the anion binding
and selectivity of this compound and compare them to the originaateshol (llI-

25) using classicatH NMR titration and liquid-liquid extraction techniqua&e also
suggest a comparative evaluation of these two compound36(@id 111-25) in the
newly devised anion transport assay. We do not necessarily expmartmme the
Hofmeister bias but to detect some attenuation in the relateskanio/ke due to

different anion affinity/selectivity and/or mechanism of the anion transport.

111-35 [1-36

Figure 4.18.Cyclosteroidal receptors 185 investigated by A. P. Davis. Compound

llI- 36 as cyclic analog of the bis-catechid 25.
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3. Although according to our findings the bis-catechol ligand appearee to
optimum for the chloride anion, it is definitely not an optimum for féagic ion
which coordination number is six. Number of TREN-based scaffolds efestt
hydrophobic and easy to obtdfhare shown below. Hypothetically, some of these
iron chelators might transfer Eeacross phospholipid bilayer. These synthetic
siderophores are not expected, however, to easily release the iderrinto the
aqueous media due to the very strong binding. In contrast, the same compounds
should bind anions such as” @éversibly in the agueous solution. It can be also
expected from some of these synthetic siderophores to transpahi®@h across
phospholipid bilayer. From the certain perspective these compounds &k fac
amphiphiles and remind Regens’ “molecular umbrelf33"Therefore, we might
expect the mechanism of ion transport for3N-and 111-38 to be someway similar to

the mechanism described for the molecular umbrella compounds aeckmliffrom

the one described for our amphiphilic bis-catechop8p>¢*?
Alk
O OH NH AK O oy
HO
" OH y 5 oﬁj\N OH
Alk © J/N OH HO N, 1
NH ® O OH j
~"NH o ®
\‘ NH NH™
NH K/N o
Os_NH Alk I
(@]
HO HN Alk
HO Alk °
/ OH
- O” °N -
lll-37 N lll-38 1§

Figure 4.19.Hydrophobic siderophores.
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From the some perspective the “antimicrobial agents without ansest
studied by R. Engel (Queens College, CUNY) can be describedpasmolecules.
They are also structurally similar to our bis-catechol aniomsparter [1125.
Therefore, it might be interesting to evaluate the anion bin@dind transport
properties of these compounds using clasdtédMR titration technique and newly

devised liposomal assay.

H
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/\/®N/\/OH
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@
HO/\/\/\/\N//T/\\%I@/\/\/\/\N/ /\/\\®N e _-OH
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Figure 4.20.Biologically active quaternary ammonium compounds.
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4.6. Supporting Information for Chapter 4.

4.6.1. Dependence of the HPTS response on pHhe original 0.1 mM
HPTS solution used to prepare Ndlled liposomes was diluted to achieve the same
fluorescence intensity as observed in the ion transport assay arestivaated to be
only 0.00025 mM in HPTS. Fluorescence of HPTS dye in this solution notgai
100 mM NaNQ@ and 10 mM sodium phosphate buffer was measured as function on
pH. Dependence of the Ratio and log Ratio on pH is shown in Fig. S8.r&fat's to
the ratio of HPTS fluorescence emissions at 510 gfh)(lwhere §is excitation at

460 nm (basic form of HPTS) angdd excitation at 403 nm (acidic form of HPTS).

Figure S4.1.Dependence of the Ratio and log Ratio on pH. Ratio refers to the rat
of HPTS fluorescence emissions at 510 ngf1§l where § is excitation at 460 nm

(basic form of HPTS) and is excitation at 403 nm (acidic form of HPTS).
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Origin 7.0 program curve fitting method was applied to create #st fit of
experimental data set and to obtain the polynomial equation thatibésst¢he

calibration curve:

pH = 5.26985 + 10.46661x-28.99327 47.56252% - 46.85351% + 28.61186% -

10.89064% + 2.51018% - 0.3202X + 0.01734% (S4.1)
10
pH Model: Poly
Equation: y = a0+al*x+a2*x"\2+...+a9*x"9
9 4 Weighting:

y No weighting

Chi"2/DoF =0.00056

RA2 = 0.99974

a0  5.26985 +0.07782
8 al  10.46661  +1.1912
a2 -28.99327  £6.10745
a3 47.56252 +14.60678
a4  -46.85351 +18.9619
a5 28.61186 +14.40877

[ a6  -10.89064 +6.58676
a7 2.51018 +1.78135
a8  -0.3202 +0.26241
a9 0.01734 +0.01622

6 -

S T T T T T T T T T 1

0 1 2 3 4

Ratio °

Figure S4.2.pH as function of the emission intensities ratio x. Calibratdiata set

(black squares) and best curve fit (red line) generated using Origin 7.0 program.
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4.6.2. Extraction of the anion transport parameters from the

experimental data.
Rate constants, ki's

zj \ Anion Koion . S n,s* P,cm

22 ’ | | ‘ *103 S_l

2ol llf Wil NeYa 0.61+0.01 20 1.0
o 1Ml L %‘M"“ " ol 1.29 +0.01 44 2.2
g 10] 4 t, I INWWW WMMMWWW"w Br’ 4.40 £ 0.07 150 7.3

wd L, NOs 11.3+0.1 384 19

2] W‘M HH"H“ B 36.2+0.8 1,231 60

1], I ‘W iy Cloy 69.5+ 1.9 2,400 116

B L T “w:‘ H it

o NLW ”ﬂ“ﬁ”ﬁm H ' WMWMM h b

0 200 400 60-([)-Ime' SOO 1000 1200 1400

Figure S4.3.Raw data of the Ratio on time dependence and obtained ion transport

rates lnion, S, turnover numbers and permeability coefficients.
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2.2

2.0

1.84

1.64

144

Ratio

y = P1-(P1-P2)*(exp(P3*x)-1)/exp(P3*x)

P1 2.07336 +0.02585
P2 0.6219 +0.00154
P3  0.06951 +0.0019
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Ratio
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Figure S4.4.Curve fitting of the experimental data sets with the equation:

where x =t - independent variable, y = Ratio - dependent variable, P1 m)RR8c=

y=P1l-(P2-Pl)*(exp (P3*x)-1)/exp (P3*Xx)

Ratio , P3 =Kanion - parameters to obtain.

Origin 7.0 program.

Red line is the best fit obtained using

(S4.2)



Turnover numbers), s*

Turnover number is defined as the number of ions transported acrasernii@aane
per liposome. Values far were obtained using the definition of the initial rate, ion
transport rateBanion, S* and the estimated volume of the liposome:

n= d[Anlon]m /dt* V|ip050me* Na = m0| L_l S_l * L * morl

Initial rate = anion influx
d[Anion]n /dt = Kanion [ANiON]out = Kanion* 0.1 = x* 10% M s™,

Where X :kAnion* 103

The diameter of the EYPC liposomes used in ion transport experimastsstimated
as d = 0.1 pm = Ibm (as diameter of the pore in the filter used for extrusicthef

liposomes). Thickness of the bilayer was estimated to be 3.0 ntl&3m.
V|iposome: 4/3 r3|ip050me: 4/3* 314* (05* 10_7' 3* 10_9)3 = 5? 10_22 m3 =
=5.710"L

n=x* 10%* (5.7* 10 * (6.02* 10%) = x* 34, §" again where x Ranjon * 10°

Permeability coefficientd, cm s!

RateKanion S andPanion, cm*s™ are related as following:
P = k *V/A whereV —volume of the liposome) —surface area of the liposome.

P = Kanion™ Tiposome/ 3 =Kanion * 0.5*10°/3,cm &
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4.6.3.Concentration dependence study.

Figure S4.5. Examples of the curve fitting of the experimental data seitsgus
equation (S4.2) where x - independent variable, y - dependent variable3PP3 -

parameters to obtain. Red line is the best fit obtained using Origin 7.0 program.
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Figure S4.6.Dependence of the NOanion transport ratenks. = P3— ko , s* on
concentration of the bis-catechol 85. Two independent experimerasandb. (ko =

0.00009 & - blank leakage at [IIR5] = 0 mM).
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5. Experimental Section.

5.1. Experimental Section for Chapter 2.

5.1.1.'H NMR. The'H NMR spectra were recorded at room temperature on
a Bruker DRX400 spectrometer at 400 MHz. Chemical shiftyegerted in ppm

relative to the TMS signal as an internal standard.

5.1.2.Ab initio calculations.

Table E1.1.Geometric parameters for urea and 1.1 @rea complex

Compound/ Symmetry  Theory N-C-N  C-N-H* H*H* H-N"N-H H-CI N-H"CI
urea(anti) MP2/TZ® 113.6 117.2 2.405 525
DFT® 114.0 117.0 2.455 55.2
G ab initio® 114.0 117.7 2.414 52.5
1:1 complex MP2/TZ8 112.4 113.0 2.078 0.0 2251 158.2
urea(syn): CI DFT® 113.7 1155 2.143 0.0 2288 156.8
Cs ab initio® 114.2 117.6 2.189 0.0 2.461 155.7

@ jterature data from the reference 90.

MP2/TZ = MP2/aug-cc-pVTZ, DFT = B3LYP/DZVP2 /H
*Present studgb initio (6-31G6*) . - B N\\
&Angle C-N-H and distance HH are indicated in the following diagra ﬁ?'i' | exn =0
Distances are given in angstroms. Angles arengivelegrees. | H N\
H
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The electronic structure calculations were carried out ugiagsoftware program,
HyperChem 7.0. Geometries were optimized usibgnitio method and the 6-31G*
basis set. To validate the performance of the method, the geopatameters for
optimized urea molecule and 1:1" Clurea complex were compared with the prior
theoretical studies. The data in the Table E2.1. indicate acceptable agreetween

parameters obtained in the present study wsmigitio (6-31G*) and the literature.

5.1.3.ESI-MS. Conditions of ESI-MS experiments were adjusted as following
to observe ion clusters. Mass spectra of the clusters forred @uyN*Cl" and
receptorsl-6 in CHCk were recorded using a JEOL AccuTOF ESI-MS. The GHCI
solution was injected into a 5-stage vacuum system throughillacatube using a
syringe pump with flow rate of 60-120 pL/h. The pressure in the chramizes 760
Pa, 200 Pa, 0.2 Pa, 5*1®a, and 7*10 Pa. In the sprayer, the sample solution was
combined with a nebulizing gast form a spray of liquid droplets. The flow rate of
N, was kept below 1 L/min. Both the sample and the nebulizing gasaveteAn
electric voltage of £ 2500 V was applied to the tip of the sprafaisters were led
from chamber to chamber through a pressure difference andcefesltd gradient.
The signal intensities of the observed clusters depended on thedayppltages on
orifices 1 and 2. Lower voltages on the orifices resulted insa feagmentation.
Voltages on the orifices were set to 0 V to support the gentheslitons possible,
while the ring lens voltage was varied over 0-10 V to improve seitgitincreasing
the temperature, flow rates of eithes dF the sample, or orifice voltages resulted in

fragmentation and decreasing intensity of the signals for thectigters”. In turn,
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the intensity of signals for CICHCIl; and Cl ' (CHCls), increased and, eventually,

became the only signals observed in negative MS.

U lon Guide

>i \-I Ornificez [Ei
¥ n—i ¥ Ill‘l—

RP T™P ™P

Desolvating Chamber

Figure E1.1.Principle of the ion sourceiCture is reprinted from the instrument

manua).
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5.2. Experimental Section for Chapter 3.

5.2.1. General experimental. NMR spectra were obtained using a Bruker
DRX-400 spectrometerrtH NMR spectra were recorded at 400.13 MHz af@
NMR spectra were recorded at 100.61 MHz. ESI-MS experiments dege with a
JEOL AccuTOF spectrometer. Chromatography was performed 66x2)0 mesh
silica gel from Baker. Thin layer chromatography was perfdrroe Kieselgel 60
F254 silica-coated glass plates. Deuterated solvents were purdhaseCambridge
Isotope Labs. Other chemicals and solvents were purchased famohAlFisher or

Fluka.

5.2.2.Synthesis of bis-catechol amphiphiles.

Step |
NH2
H,N COOH ﬁN
j OMe NH HN
(\N + 2 —» MeO
NH, L NH, ome CHXCl,
18 -9 -7
(\NHZ
H,N COOH ﬁN/ﬁ
Os _NH HN_ _O
j CDI
N + 2 _—
NH, K/NHZ OMe  cpcl,
OMe MeO OMe
OMe OMe
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R_ _O
Step |l (\NHZ \]/ (\H o
o NH HN —_— (@] NH HN (0]
CH,Cl,
7 7
7 = con - ) oMe),
(Me0)2T| Ve (MeO), | U Ve
-7 andlll- 11 -7 2,3 (OMe)
R = CH = 2 2,3-1
R = (CH).CHs o~ L3 2,3-3n
R = CHC(CHy)s N 114 2,3-5is0
R = (CH)CHs B L5 2,3-5n
R = CHCH(CH)CH,.C(CHy)s L L 1116 2,3-8is0
R = (CH)sCHs N N N 111574 2,3-9n
R = (CH)]_GCHg 1118 2,3-17n
l-11 3,4 (OMe)
R = CH e (18] 3,4-3n
R = (CH)/CHs A 20 3,4-5n
R = CHC(CH)s NS |21 3,4-9n
R = (CH)16CHs 1122 3,4-17n
Step 1l X /FJ;
e
(\N/KO (\H (@]
H
ﬁNﬁ BBry 0°C ﬁNﬁ
O _NH HN. O — 3 OnNH HN~©
CH,Cl,
(Moo, | Z2 owme), (HO) |  (OH)2
§ N
2,3-1 l-12 [1-23
2,3-5isdll- 14 [11- 24
2,3-5n llI-15 [11- 25
2,3-17nlll- 18 [11-26
2,3-3n  1lI-13 I-31
2,3-9n lI-17 I-32
3,4-5n 1lI-20 [-27
3,4-17nlll-22 [11-28

Figure E1.2.Syntheses of bis-catechols and methylated analogs.
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Step 1. Compound 11I-9. Compound 7, a known compound, was synthesized
following a literature procedureA solution of 2,3-dimethoxybenzoic acid BI{10.0

g, 55 mmol) and carbonyl diimidazole (CDI) (9.23 g, 55.9 mmol) inGiyCl, (500

mL) was refluxed for 2 h under N2. To this mixture was addegwise a solution of
tris(2-aminoethyl)amine 1IB (TREN) (4.3 mL, 27 mmol) and the reaction mixture
was refluxed overnight. The next day the reaction mixture was ctdolat and
washed with 4 M NaOH (1 L). The organic phase was separatezl] drier
anhydrous MgS@ and filtered. Removal of the solvent yielded 13.6 g of crude
material as a yellow oil. TLC antH NMR indicated the presence of 3 products:
mono-, di- and tri-substituted TREN derivatives. Chromatographylioa gel (ethyl
acetate, TEA 3% and GBH 1-10%) gave as a pale yellow oil (6.0 g, 12.7 mM,
46% vyield)."H NMR (CDCk) 8.23 (t,J = 2 Hz, 2H, NH), 7.58 (dJ = 8 Hz, 2H,
CH), 7.08 (ddJ, = J, = 8 Hz, 2H, CH), 6.99 (d] = 8 Hz, 2H, CH), 3.85 (s, 12H,
CHa), 3.55 (m, 4H, Ch), 2.77 (m, 6H, Ck), 2.65 (m, 2H, Ch), 2.02 (br. s, 2H,
NH,); ¥C NMR (CHCE) 165.8, 152.9, 147.9, 127.3, 124.7, 123.0, 115.6, 61.7,

57.7,56.4, 54.0, 40.4, 38.6.

Compound Ill- 29 was isolated as a side product (first spot on TLC) following the
procedure described abovel NMR (CDCkL) 8.23, (t,J = 4 Hz, 2H, NH), 7.67 (d,

2H, CH), 7.14 (ddJ, = J, = 8 Hz, 2H, CH), 7.05 (d] = 8 Hz, 2H, CH), 3.91 (s, 9H,
CHs), 3.92 (s, 9H, Ch), 3.66 (m, 6H, Ch), 2.94 (t,J = 4 Hz, 6H, CH); °C NMR
(CHCIl3) 165.9, 153.0, 148.0, 127.2, 124.6, 123.0, 115.7, 61.7, 56.4, 53.9, 38.3.

Mass calculated for £gH4:N400q: 638, found ESI-MS [M+H 639.2.
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Compound llI- 11. The same procedure as above, with 3,4-dimethoxybenzoic acid
[lI-10 and TREN 1118, gave 111 as pale yellow oil after chromatography (33%
yield). '"H NMR (CDCkL) 7.63 (t,J = 2.0, Hz, 2H, NH), 7.36 (s, 2H, CH), 7.22 (,

= 8.4 Hz, 2H, CH), 7.53 (d] = 8.8 Hz, 2H, CH), 3.78 (s, 12H, GH3.46 (m, 4H,
CH,), 2.95 (br s, 2H, Nb), 2.75 (m, 2H, Ch), 2.67 (m, 4H, Ck), 2.57 (m, 2H,
CHy); 3¢ NMR (CHCE) 167.9, 151.8, 149.0, 127.2, 120.2, 111.0, 110.4, 56.3,

56.2, 55.2, 54.0, 39.6, 38.6.

Compound llI- 30 was isolated as a side product (first spot on TLC) following the
procedure described abovel NMR (CH;OH) 7.19 (s, 2H, CH), 7.08 (d,= 8 Hz,

2H, CH), 6.44 (d,J = 8 Hz, 2H, CH), 3.68 (s, 6H, GH 3.66 (s, 6H, Ch), 3.42 (t,J

= 8 Hz, 6H, CH), 2.69 (t,J = 4 Hz 3H, CH); °C NMR (CHCE) 168.8, 152.2,
148.9, 126.5, 120.7, 111.0, 110.5, 55.3, 56.2, 35.6, 38.0. Mass calculated for

Cz3H4oN4oOg: 638, found ESI-MS [M"‘F!l 639.25.

Step II. Compound lll- 18, 2,3-17n.Stearoyl chloride (2.5 ml, 7.4 mmol) was added
dropwise to a solution of 119-3.04 g, 6.4 mmol) in 200 mL of GEl,. After stirring
overnight at rt the reaction mixture was washed with NaOlddover anhydrous
MgSO, and filtered. Evaporation of the solvent gave a yellow oil. Column
chromatography on silica gel (ethyl acetate, TEA 3% ang3dEH0-5%) yielded IlI-

18 as a colorless oil (1.8 g, 38%4H NMR (CDCkL) 8.21 (t,J = 4 Hz, 2H, NH),
7.56 (d,J = 8 Hz, 2H, CH), 7.05 (dd]; = J, = 8 Hz, 2H, CH), 6.98 (dJ = 8 Hz,

2H, CH), 6.84 (t, 1H, NH), 3.85 (s, 12H, @H3.54 (m, 4H, Ch), 3.34 (m, 2H,
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CHy), 2.74 (m, 6H, CH), 2.14 (t,J = 8.0 Hz, 2H, CH), 1.55 (m, 2H, Ch), 1.24 (m,

28H, CH), 0.86 (t,J = 8 Hz, 3H, CH); **C NMR (CHCL) 174.6, 168.0, 152.0,
149.1, 126.9, 120.3, 111.1, 110.3, 56.3, 56.2, 54.7, 54.3, 38.4, 37.8, 32.3, 30.5, 30.1,
29.9, 29.8, 29.7, 26.2, 23.1, 14.5. Mass calculated fsgN4O7: 740.5, found ESI-

MS [M+H"] 741.5.

Compound 111-12, 2,3-1. The same procedure as described above, using acetyl
chloride, gave 11112 as a colorless oifd NMR (CDCkL) 8.22 (br. s, 2H, NH), 7.52

(d,J = 7.6 Hz, 2H, CH), 6.13 (br. s, 1H, NH), 7.04 (dd; = J, = 8.0 Hz, 2H, CH),

7.00 (d,J = 8.0 Hz,2H, CH), 3.86 (s, 12H, C§}, 3.60 (m, 4H, Ck), 3.40 (m, 2H,

CH,), 2.76 (m, 6H, Ch), 1.97 (s, 3H, CH; °C NMR in CHCE 171.5, 166.1,
152.9, 147.9, 126.8, 124.7, 122.9, 115.7, 61.7, 56.4, 54.2, 54.1, 53.8, 37.9, 37.8, 23.0.
Mass calculated for £gH3sN4O7: 516.3, found ESI-MS [M+H 517.2, [M+Nd]

539.3.

Compound llI-13, 2,3-3n. The same procedure as described above, using butyryl
chloride, gavel3 as a colorless oil'f NMR (CDCk) 8.20 (br. t..J = 4 Hz, 2H,

NH), 7.57 (d,J = 8 Hz, 2H, CH), 7.07 (dd,J; = J, = 8 Hz, 2H, CH), 7.00 (d) = 8

Hz, 2H, CH), 6.8 (br. s, 1H, NH), 3.87 (s, 12H, §H3.57 (m, 4H, Ch), 3.35 (m,

2H, CHb), 2.75 (m, 6H, Ch), 2.13 (t,J = 8 Hz, 2H, CH), 1.59 (m, 2H, Ck), 0.86 (t,

3H, CHp); °C NMR in CHCE  174.1, 165.9, 152.9, 147.8, 126.9, 124.7, 122.9,
115.7, 61.7, 56.4, 54.0, 53.8, 38.5, 37.9, 37.6, 19.6, 14.2. Mass calculated for

CogHagN4O7: 544.3.
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Compound llI- 15, 2,3-5n.The same procedure as described above, using hexanoic
anhydride, provided IIE5 as a colorless oitH NMR (CDCL) 8.26 (br. s, 2H, NH),

7.61 (d,J = 8 Hz, 2H, CH), 7.11 (ddl;= J, = 8 Hz,2H, CH), 7.03 (dJ = 8 Hz, 2H,

CH), 6.75 (br. s, 1H, NH), 3.90 (s, 12H, @H3.60 (m, 4H, Ch), 3.40 (m, 2H, Ch),

2.79 (m, 6H, CH), 2.18 (t,J = 8 Hz, 2H, CH), 1.60 (m, 2H, Ck), 1.25 (m, 4H,

CH,), 0.88 (t,J = 8 Hz, 3H, CH); 3C NMR (CHCE) 174.4, 166.1, 152.9, 147.9,
126.8, 124.7, 123.0, 115.7, 61.7, 56.4, 54.1, 53.9, 37.8, 37.7, 36.6, 32.0, 25.9, 22.9,
14.4. Mass calculated fors§44N4O7: 572.3, found ESI-MS [M+H 573.3, [M+N4]

595.4.

Compound IlI- 16, 2,3-8iso.The same procedure as described above, using 3,5,5-
trimethylhexanoil cloride, provided 106 as a colorless oitH NMR (CDCk) 8.22

(br. t,J = 4 Hz, 2H, NH), 7.61 (dJ = 8 Hz, 2H, CH), 7.10 (ddl;= J, = 8 Hz, 2H,

CH), 7.01 (dJ = 8 Hz, 2H, CH), 6.70 (br. s, 1H, NH), 3.90 (s, 12H,318.56 (m,

4H, CH), 3.35 (m, 2H, Ch), 2.75 (m, 6H, Ch), 1.96 (m, 3H, Ckl CH), 0.90 (m,

14H, CH, 4CH); 3¢ NMR (CHCE) 173.5, 165.9, 152.9, 147.8, 126.9, 124.8,
123.0, 115.7, 61.7, 56.5, 53.9, 53.6, 51.0, 46.3, 38.6, 37.8, 37.5, 31.4, 30.4, 27.5, 22.8.

Mass calculated for $gHsoN4O7: 614.3.

Compound IlI-17, 2,3-9n. The same procedure as described above, using decanoyl
chloride, provided 11117 as a colorless oifH NMR (CDCkL) 8.21 (br. tJ = 8 Hz,
2H, NH), 7.57 (dJ = 8 Hz, 2H, CH), 7.08 (ddj; = J, = 8 Hz,2H, CH), 6.78 (dJ =

8 Hz, 2H, CH), 6.77 (br. s, 1H, NH), 3.87 (s, 12H,4513.56 (m, 4H, Ch), 3.35 (m,
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2H, CH), 2.74 (m, 6H, Ch), 2.15 (t,J = 8 Hz, 2H, CH), 1.56 (m, 2H, Ch), 1.25
(m, 12H, CH), 0.87 (t,J = 8 Hz, 3H, CH); *C NMR (CHCE) 174.3, 165.9, 152.9,
147.8, 126.9, 124.7, 123.0, 115.6, 61.7, 56.4, 54.0, 53.8, 37.9, 37.6, 36.6, 32.3, 30.0,

29.9, 29.8, 29.7, 26.3, 23.1, 14.5. Mass calculated $itsgN,O7: 628.3.

Compound llI-14, 2,3-5is0.The same procedure as above, using tert-butyl-acetyl
chloride, provided 11114 as a colorless oil. 1H NMR (GDD) 7.32 (d,J= 7.6 Hz,

2H, CH), 7.14 (d)) =6.4 Hz 2H, CH), 7.10 (ddJ;= J, = 7.6 Hz, 2H, CH), 3.88 (s,
6H, CHy), 3.86 (s, 6H, Ch), 3.54 (t,J = 6.0 Hz, 4H, CH), 3.34 (m, 2H, H), 2.83 (t,

J = 6.0 Hz, 4H, CH), 2.76 (t,J = 6.0 Hz, 2H, CH), 2.05 (s, 2H, Ch), 0.99 (s, 9H,
CHs); °C NMR (CD:OD) 173.9, 167.3, 153.2, 147.7, 127.8, 124.4, 121.5, 115.6,
60.9, 55.5, 53.3, 53.1, 49.5, 37.8, 37.3, 30.6, 29.2. Mass calculateghiftasNGOy:

572.3, found ESI-MS [M+H] 574.4, [M+N4] 596.4.

Compound IlI- 19, 3,4-3n. The same procedure, using butyryl chloride andL1l]-
yielded 111-19 as a colorless oitH NMR (CDCE)) ; *C NMR (CHCE) 174.4,
168.1, 152.0, 149.1, 126.9, 120.4, 111.1, 110.4, 56.3, 56.2, 54.6, 54.3, 38.5, 38.3,

37.7, 19.4, 14.2, Mass calculated fogygN4,O;: 544.3.

Compound llI- 20, 3,4-5n.The same procedure, using hexanoic anhydride arid JII-
yielded 111-20 as a colorless oitH NMR (CDCk)) 7.40 (s, 2H, CH), 7.24 (d,= 4
Hz, 2H, CH), 7.13 (br. s, 2H, NH), 6.60 (br. s, 1H, NH), 6.52](d,8 Hz, 2H, CH),

3.82 (s, 6H, Ch), 3.80 (s, 6H, Ch), 3.51 (m, 4H, Ch), 3.32 (m, 2H, Ch), 2.67 (m,
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4H, CHp), 2.59 (m, 2H, Ch), 1.86 (t,J = 8 Hz, 2H, CH), 1.36 (m, 2H, Ch), 1.26

(m, 2H, CH), 1.14 (m, 2H, Ch), 0.78 (t,J = 8 Hz, 3H, CH); *C NMR (CHC})

174.6, 168.0, 152.0, 149.1, 126.9, 120.3, 111.1, 110.3, 56.3, 56.2, 54.8, 54.3, 38.4,
37.7, 36.6, 31.9, 25.7, 22.8, 14.3. Mass calculated Jgt.N,O7: 572.3, found ESI-

MS [M+H*] 573.3.

Compound llI- 22, 3,4-17n. The same procedure, using stearoyl chloride antill]l-
yielded 111-22 as a white solid*H NMR (CHCkL) 7.45 (s, 2H, CH), 7.26 (d,= 8.8
Hz, 2H, CH), 7.00 (t) = 5.2 Hz, 2H, NH), 6.55 (d] = 8.0 Hz, 2H, CH), 6.52 (] =
5.0 Hz, 1H, NH), 3.89 (s, 6H, GH 3.86 (s, 6H, Ch), 3.57 (m, 4H, Ch), 3.38 (m,
2H, CH), 2.74 (m, 4H, Ch), 2.65 (m, 2H, Ch), 1.90 (t,J = 8.0 Hz, 2H, CH), 1.43
(m, 2H, CH), 1.31 (m, 28H, Ch), 0.91 (t,J = 8.0 Hz, 3H, Ch); :°C NMR (CHC})
174.5, 167.9, 152.0, 149.2, 127.0, 120.2, 111.1, 110.3, 56.3, 56.2, 54.9, 54.3, 38.4,
37.8, 36.8, 32.3, 30.1, 30.0, 29.9, 29.8, 26.1, 23.1, 14.6. Mass calculated for

CaoH44N4O7: 740.5, found ESI-MS [M+H 741.6.

Step lll. Demethylation. General Procedure.Under nitrogen, a solution dD-
methylated precursor (200 mg) dissolved in dry,Cl(200 mL) was cooled to .
To this mixture was added dropwise a 0.1 M solution of;B&8pout 30 equiv) in dry
CH.Cl,. The reaction mixture was left overnight so as to warm sléovly. During
and after addition of BBrthe reaction mixture was kept under the efficienfldlv to
facilitate removal of water-reactive volatiles and proteoinfrair and moisture. The

next day,"H NMR was used to monitor the reaction’s progress. If necesk@myore
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equiv of BBg was added and the reaction mixture was left to stir for core wmhay.
When the reaction was judged to be complete, dry MeOH (500 mL)addsd
dropwise to the reaction mixture af®. The solution was then allowed to warm to rt
overnight. The reaction mixture was carefully concentrateccuq initially at a low
temperature to remove volatile boron complexes and then’a &remove MeOH.
Addition and removal of MeOH was repeated (ice batfC,0N, flow) twice more.
After the final concentration the desired bis-catechol productisadBr salt, was

collected as a brown hygroscopic powder in quantitative yield.

Compound Ill- 26.'H NMR (DMSO-d) 12.04 (s, 2H, OH), 9.58 (s, 1H;N), 9.31

(s, 2H, OH), 8.91 (t)= 2 Hz, 2H, NH), 8.17 (tJ = 2 Hz, 1H, NH), 7.23 (d] = 8 Hz,

2H, CH), 6.94 (dJ = 8 Hz, 2H, CH), 6.70 (ddy = J, = 8 Hz, 2H, CH), 3.69 (m, 4H,

CH,), 3.46 (m, 8H, Ck), 2.07 (t,J = 4 Hz, 2H, CH), 1.42 (m, 2H, Ch), 1.23 (s,

28H, CH), 0.85 (t,J = 8 Hz, 3H, CH); 3C NMR in DMSO 174.6, 171.0, 149.9,
147.1, 119.9, 119.0, 118.6, 116.1, 53.0, 52.4, 36.0, 34.8, 34.6, 32.2, 29.9, 29.8, 29.7,
29.6, 25.8, 23.0, 14.8. Mass calculated fgsHg:N,O;": 685.5, found ESI-MS [M

685.4.

Compound Ill-23.*H NMR (CD;OD)  7.21 (d, 2H,J = 8.4 Hz, CH), 6.96 (d, 2H]

= 7.6 Hz, CH), 6.72 (dd, 2H); = J, = 8.0 Hz,CH), 3.87 (m, 4H, Ch), 3.65 (m, 6H,

CH,), 3.58 (m, 2H, Ch), 1.95 (s, 3H, Ch); *C NMR in CD,OD 174.4, 171.7,

148.7, 146.3, 119.1, 118.9, 118.6, 115.5, 54.8, 54.7, 35.1, 35.0, 21.4. Mass calculated

for C22H29N407+: 461.2, found ESI-MS [|\+/] 462.2.
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Compound Ill- 25.*H NMR (CD;OD) 7.23 (d,J= 8.0 Hz, 2H, CH), 6.97 (d] =

7.6 Hz, 2H, CH), 6.72 (dd, 2H; = J, = 8.0 Hz, CH), 3.87 (m, 4H, C} 3.66 (m,

6H, CH), 3.57 (m, 2H, Ch), 2.14 (tJ = 7.6, H, CH), 1.25 (m, 6H, Ch), 0.88 (t,J

=7.2, 3H, CH); ¥C NMR in CD:OD 177.6, 171.7, 148.8, 146.3, 119.0, 118.9,
118.6, 115.6, 55.3, 54.5, 35.4, 35.3, 35.0, 31.5, 25.0, 22.4, 13.3. Mass calculated for

CzeH37N407+: 517.3, found ESI-MS [l\?] 518.3.

Compound Ill- 24. *H NMR (CDsOD) 7.23 (d,J = 8.0 Hz, 2H, CH), 6.97 (d] =
7.6 Hz, 2H, CH), 6.72 (ddl = J, = 8.0 Hz, 2H, CH), 3.87 (m, 4H, GH 3.66 (m,
6H, CHp), 3.58 (m, 2H, Ch), 2.00 (s, 2H, Ch), 0.905 (s, 9H, CH; °C NMR in
CDsOD 176.2, 171.7, 148.9, 146.3, 119.0, 118.9, 118.5, 115.6, 55.6, 54.5, 35.3,
34.9, 30.6, 29.1. Mass calculated fogldsN4O;": 517.3, found ESI-MS [M 518.2,

[M*-H"+Na'] 540.3.

Compound Ill- 27. 1H NMR (CD;OD)  7.28 (s, 2H, CH), 7.18 (d,= 8.3 Hz, 2H,

CH), 6.73 (dJ = 8.4 Hz, 2H, CH), 3.73 (m, 4H, GH 3.55 (m, 6H, Ch), 3.49 (m,

2H, CHp), 2.09 (t,J = 7.6 Hz, 2H, CH), 1.39 (m, 2H, Ch), 1.15 (m, 4H, Ch), 0.82

(t, J= 7.0 Hz, 3H, CH); °C NMR in CD,OD 177.3, 170.5, 149.7, 145.3, 124.6,
120.3, 115.0, 114.8, 54.9, 54.7, 35.6, 35.5, 35.0, 31.5, 25.0, 22.4, 13.3. Mass

calculated for GgHs/N4O;": 517.3, found ESI-MS [M 517.3.

Compound I1l- 28. 'H NMR (DMSO-&) 9.60 (br. s, 3H, KH, 20H), 9.13 (br. s,

2H, OH), 8.44 (t)= 5.6 Hz, 2H, NH), 8.13 (] = 5.2 Hz, 1H, NH), 7.28 (s, 2H, CH),
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7.18 (d,J = 8.0 Hz, 2H, CH), 6.76 (dl= 8.0 Hz, 2H, CH), 3.60 (m, 4H, G 3.41

(m, 4H, CH), 3.33 (m, 2H, Ch), 2.08 (t,J = 4.0 Hz, 2H, CH), 1.45 (m, 2H, Ch),

1.27 (s, 28H, Cbh), 0.85 (t,J = 7.2 Hz,3H, CHy); **C NMR in MeOH 177.3, 170.5,

149.7, 145.3, 124.6, 120.4, 115.0, 114.8, 54.9, 54.7, 35.7, 35.5, 34.9, 32.1, 29.8, 29.7,
29.5, 29.4, 25.4, 22.8, 13.8. Mass calculated fgHEN.O;": 685.5, found ESI-MS

[M*] 685.4.

Compoundll-31.*"H NMR (CD;0OD) 7.22 (d, 2H,J = 8 Hz, CH), 6.97 (d, 2H] =
8 Hz, CH), 6.71 (dd, 2H]; = J, = 8 Hz,CH), 3.86 (m, 4H, Ch), 3.64 (m, 6H, CH),
3.58 (m, 2H, Ch)), 2.13 (t,J = 8 Hz, 2H, CH), 1.44 (m, 2H, Ch), 0.83 (t,J = 4 Hz,
3H, CHp); ®*C NMR in CD;OD 177.3, 171.7, 148.8, 146.3, 119.0, 118.8, 118.5,
115.5, 55.2, 54.4, 37.4, 35.2, 35.0, 18.7, 13.0. Mass calculated,ddg4O;":

489.2.

Compound I1-32.'H NMR (CD;0D) 7.19 (d,J = 8.0 Hz, 2H, CH), 6.93 (d] =

7.6 Hz, 2H, CH), 6.68 (dd, 2H; = J, = 4.0 Hz, CH), 3.87 (m, 4H, G| 3.63 (m,

6H, CHp), 3.55 (m, 2H, Ch), 2.11 (t,J = 7.6 Hz, H, CH), 1.38 (m., 2H, Ch), 1.25

(m, 2H), 0.88 (tJ = 4.0 Hz, 3H, CH); ®*C NMR in CD;OD 177.5, 171.7, 148.8,
146.3, 119.0, 118.8, 118.5, 115.5, 55.3, 54.4, 35.5, 35.3, 34.9, 32.0, 29.6, 29.4, 29.3,

25.3, 22.7, 13.4. Mass calculated fogds/N,O;": 576.3.
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5.2.3.'H NMR spectra of compounds
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5.3. Experimental Section for Chapter 4.

5.3.1. General experimental. The chemicals and solvents were purchased
from Aldrich, Fisher or Fluka. Phospholipids used to prepare liposomes we
purchased from Avanti Polar Lipids. Size-exclusion chromatographypemsrmed
using Sephadex G-25. Liposome fluorimetric assays were recordedaussitachi F-

4500 spectrophotometer.

5.3.2. Preparation of liposomes. A stock solution of egg-yolk
phosphatidylcholine (EYPC) in CHEI(60 mg in 3 mL) was evaporated under
reduced pressure to produce a thin film that was dni@dcuofor 2 h. This lipid film
was hydrated with 1 mL of 10 mM sodium phosphate containing diffes@fitim
salts and 0.1 mM HPTS. Freeze/thaw cycles were repeateasatlO times until no
solid particles were visible. The frozen solution was warmed{863C before every
freeze cycle. The mixture was also placed on a vortexenestior 1 min to facilitate
hydration. The cloudy solution was extruded through a 100 nm polycarbonate
membrane at least 20 times until the solution was transparerst.sbhition was
passed down a Sephadex G-25 column (11 cm x 1 cm) to remove extraresicul
HPTS dye. The eluant was identical to the solution used to hyitheateYPC films
except that it was free of HPTS. The 2.5-3.0 mL of solution isoldétom gel
filtration was 26-32 mM in lipid, assuming all EYPC was incorpedainto the
liposomes. Each stock solution of liposomes was used that same dagyfoon

transport assays.
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5.3.3.lon transport assays.This procedure describes the typical ion transport

assay as depicted in Fig. 2 of the paper. A 40 pL aliquot of dok sblution of
EYPC liposomes was added to a cuvette containing 2 mL of amoloftisalt NaX

and 10 mM phosphate buffer to give a 0.52 — 0.63 mM solution of phospholipid. The
fluorescence of intravesicular HPTS was monitored by examtait both 403 nm and

460 nm and the emission at 510 nm was recorded. Some time withirstli®0 s of

the experiment, a 10-pL aliquot of a 12.5 mM solution of amphiphilesnjeted to

give a solution that was 0.0625 mM in amphiphile. At the end of the experiment, 10%

agueous Triton-X was injected to lyse the liposomes.
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