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This thesis reports the synthesis and study of the molecular recognition properties of a
variety of synthetic organic receptors. An investigation into the ion-pair recognition properties
of calix[4]pyrrole derivatives has been carried” out with a numbér of organic salts.
Crystallographic studies revealed that the anion induced cavity of the calix[4]pyrrole derivatives
were able to accommodate cationic species within it. Proton NMR titrations were performed
with meso-octacalix[4]pyrrole and a variéty of organic chloride and bromide salts in
dichloromethane-d,. The results show that the chloride and bromide stability constants increase
with a change of cation (tetrabutylammonium < imidazolium < pyridinium). This effect was not
observed in DMSO-d¢/0.5% water solution.

Two cleft-like bis-indole anion receptors ha\_'e been synthesised and their anion binding
studies showed a high selectivity for fluoride in DMSO-water solutions. X-ray crystallography
showed that the receptors cavity is able to encapsulate the fluoride anion whereas the larger
chloride anion is too large and perches above the plane of the cavity. A series of 2,7-
functionalized indoles have been synthesized with appended amide and/or urea or thiourea
groups. Anion complexation studies show a marked difference in the mode of interaction of
carboxylates with indole-ureas vs indole-amides.

A number of simple receptors have been synthesised and investigated as potential sulfuric
acid extraction ligands for the hydrometallurgical extraction of nickel(Il) sulfate ‘by a dual-host
system. Liquid-liquid solvent extraction experiments showed that the dual-host systems
containing an isophthalamide based ligand extracted ~90% of nickel(II) sulfate at pH 4.9 which

corresponds well to pH values likely in nickel extraction circuits.
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Chapter 1 - Introduction

CHAPTER 1 - INTRODUCTION

1.1 SUPRAMOLECULAR CHEMSITRY

Supramolecular chemistry is the study of molecular systems that are reversibly
held together via intermolecular forces much weaker than a covalent bond. Jean Marie-
Lehn has described the field of supramolecular chemistry as “chemistry beyond the

991

molecule”™ and he also comments, “Beyond molecular chemistry based on the covalent
bond there lies the field of supramolecular chemistry, whose goal it is to gain control
over the intermolecular bond”.? '

A supermolecule can be considered as an organized systefn consisting of two or
more chemical species and the intermolecular interactions between them. “Generally the
system is described as the binding of a host (usually the larger component) with a guest
(which can be ionic or neutral in nature). The intermolecular forces between the

.components result in the formation of stable complexes both in solution and in solid

state.




Chapter 1 - Introduction

There are a number of intermolecular forces that contribute to the host/guest

complex stability. These include:

1. Electrostatic interactions (ion-ion, ion-dipole and dipole-dipole), which are the
Coulombic attraction between opposite charges (Figure 1.1). Bond energies are
in the range of 100 - 350 kJ mol™, 50 - 200 kJ mol™ and 5 - 50 kJ mol™ for ion-

ion, ion-dipole and dipole-dipole interactions respectively.

-0 @ )

Ion-Ion ~ Ion-Dipole Dipole-Dipole

Figure 1.1: Representations of the different types of electrostatic interactions

2. Hydrogen bonds are a particular type of dipole-dipole interaction in which a
hydrogen atom attached to an electronegative atom (or electron withdrawing
group) interacts with a neighbouring dipole on an adjacent molecule. These
interactions are highly directional with optimum interactions at a bond angle of

180°. These interactions have energies between 4 - 120 kJ mol™.

3. m-m stacking interactions. These occur between aromatic rings and have

energies between 1 - 50 kJ mol”. There are two general types of n-n stacking
interactions: face-to-face and edge-to-face, although a wide range of other
geometries have been observed. The edge-to-face interaction is more

favourable as the m-cloud of the face is electron riph and the o-skeleton of the

-edge is electron deficient. This interaction is driven by electrostatic

>

H

Face-to-face Edge-to-Face

interactions.

Figure 1.2: n-n stacking interactions - ‘
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4. Dispersion and induction forces (van der Waals forces) occur from the
polarization of an electron cloud by the proximity of an adjacent nucleus. The
individual bond -energies for these interaction are weak at <5 kJ mol” but

cumulatively they may contribute to a significant interaction.
~

5. Hydrophobic or solvatophobic effects. These effects are thermodynamically

driven and can be split into enthalpic and entropic terms.
7 '

1.2 ANION RECOGNITION

The importance of anions throughout the natural world is often overlooked.
Howe\;er anions are involved in important biochemical operations, such as the formation
of enzyme-substrate and enzyme-cofactor f:omplexes and interactions between proteins,
RNA and DNA. ‘Anions are therefore critical to the maintenance of life.

Compared to the design of receptors for cationic species designing synthetic
receptors for anion recognition is challenging as anions have a lower charge to radius
ratio compared to isoelectronic cations and as a result binding interactions are less
effective. Additionally anions have a wide rahge of geometries and require a higher

degree of receptor design in order for the anion to be selectively recognised by a

receptor. For these reasons the development of new anion receptors based on organic -

frameworks is currently an area attracting considerable research effort and as result of
the relative complexity required in design of an anion receptor a wide variety of systems
have been published in the last ten years with both macrocyclic and acyclic systems

functioning as effective and selective anion receptors.**
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1.3 NEUTRAL SYNTHETIC ANION RECEPTORS

1.3.1 ACYCLIC AMIDE AND SULFONAMIDE BASED RECEPTORS

Secondary amides are versatile and highly accessible hydrogen bond donors that
have been used in numerous synthetic receptors. In the biological arena, there are many
examples of proteins that émploy amide NH-anion interactions to bind negatively
charged guests. The first example of a synthetic amide containing receptor, published in
1986 by Pascal and co-workers, was a crytpand-like tris-amide that was shown to
interact with fluoride in DMSO-d,.” ‘

In 1993, Reinhoudt and co-workers described the synthesis and binding properties
of a series of tris-amides and tris-sulfonamides based upon the tren skeleton.® These
receptors proved to be selective for phosphate in acetonitrile solution and demonstrated,
arguably for the first time, that anion receptor systems need not be difficult to make but
rather that simple organic compounds could function as very effective receptors.
Stability constants were calculated by conductivity experiments and showed that
receptor 1.1f bound dihydrogenphosphate with the highest affinity (14 200 M) in
acetonitrile presumably due to the preorganisation of the receptor via n-w interactions

between the naphthyl groups.

N O o
Ay N Qb AN
R Ss \ SR
HN_O , 0 0O
T ) HN O
R
1.1a R = CH,Cl LR e A
1.1b R= (CH,),CH, Le R = 4-MeCeH
1.1c R= C¢H; 1.1f R= 2-naphthyl

1.1d R= 4-MeOC4Hs;

Four years later, in 1997, Crabtree and co-workers reported that simple
isophthalamide receptors e.g. 1.2 can bind anions in organic solution.” These receptors,
even simpler than Reinhoudt’s tren-based anion binders, were found to bind smaller

halides selectively in dichloromethane solution.

4
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1.2a Ar= Ph
1.2b Ar= p-(n-Bu)C¢H,

The X-ray crystal structure of the bromide complex of 1.2a shows the receptor
adopting the syn-syn conformation with the bromide anion coordinated to the amide
NH’s with N-Br distances of 3.44 and 3.64 A (Figure 1.3). The crystal structure also
reveals that the bromide anion is positioned above the plane of the central aryl ring.
Solution studies revealed that receptors 1.2a and 1.2b have high affinity for halide
anions and form complexes with exclusively 1:1 host/guest stoichiometry. Stability
constants for 1.2b were determined by '"H NMR titration studies and found to be 6.1 x
10* M for chloride, 7.1 x 10° M for bromide and 4.6 x 10> M for iodide in

dichloromethane-d,.

Figure 1.3: X-ray crystal structure of the bromide complex of 1.2

Almost contemporaneously, B.D. Smith and co-workers reported the use of
functionalized isophthalamide receptors for the coordination of anions.”  Smith
appended boronate groups to the peripheral aryl groups in order to form interactions
between the Lewis acidic boron with the carbonyl oxygens of the amides therefore ‘pre-
organising’ the receptor into the syn-syn conformation (preferable for anion
coordination) and presumably increasing the acidity of the NH group. Proton COSY and
NOE difference experiments indicated that the receptor did indeed adopt the desired syn-
syn conformation in DMSO-d,. NMR titration experiments in DMSO-d, at 295K
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showed that receptor 1.3 bound acetate with a stability constant of 2.1 x 10* M as

compared to 1.1 x 10> M! found with the non-preorganised receptor 1.2a and acetate.

; “NH HN” ; -
0-B B~0 '

1.3

Recently J.T. Davis, Gale, Quesada and co-workers have shown that appended
- hydroxy groups on the central aryl ring of an isophthalamide can pre-organise the
receptor into the syn-syn conformation and again presumably increase fhe acidity of the
amide NH groups, which increases the receptor’s ability to bind chloride (Figure 1.4)."
The preorganisation occurs due to intramolecular hydrogen bonds between the hydroxy

groups and carbonyl oxygen of the amides.

Bu. ’ .Bu Bu i Bu
NH HN Bu. .B : ’
Y“NH HN- Y NH HN
0] 6) -
HO OH : ~0 o~
1.4 1.5 1.6

Proton NMR titration experiments in CD,CN at 298K revealed that receptor 1.4
bound chloride most strongly with an stability constant of 5230 M, whereas a stability
constant of 195 M was obtained for the unfunctionalised cleft 1.5. Model compound
1.6 contains methoxy groups in the 4- and 6-positions and functions as a control. In this
system the intramolecular hydrogen bonds form between the amide NH groups and the
metHOXy oxygens and consequently the compound does not interact with chloride
(Figure 1.4). Most interestingly, it was shown that compound 1.4 functions as a highly
efficient chloride transport agent across EYPC lipid bilayers whilst the analogous
isophthalamide 1.5, and model compound 1.6 show no transport ability. Compound 1.4
seems to be the simplest synthetic lipid bilayer transport agent for chloride studied so

far. The origin of this ability is currently being investigated.

6
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Bu, . o) 0
Y“NH nn-BY Bu Bu
N N,
Q/ \Q H' \H
- : "O o
H.O O‘H | l

Figure 1.4: Hydrogen bonding interactions in 1.4 and 1.6

Thordarson et al. have studied the aggregaﬁon of pyromellitamide 1.7 and its
response to anions. It was found that compound 1.7 aggregates in non-polar solvent by
the formation of one-dimensional intermolecular hydrogen-bonding'networks.12 Upon
the introduction of anions the aggregation of 1.7 is disturbed. Proton NMR titration
experiments in dg-acetone at 300 K revealed that compoﬁnd 1.7 bound a range of anions
with 2:1 anion/receptor stoichiometry. Although compound 1.7 has two discrete binding
sites the anions were found to bind with negative cooperativity with the strength of

anion binding to 1.7 decreasing in the order CI' < CH,CO, <Br <NO; =I'.

0 o6 0
CsH,;” O HN NH 07 “CsH,,
’ .
CsH, ;. O HN NH 0. _CsH;
Yy
1.7

Prohens and co-workers have synthesized compounds.1.8a and 1.8b, simple

squaramido-based receptors and investigated their ability to coordinate carboxylate

anion in competitive solvents.” The amide NH groups of the squaramide form a more
open cleft (similar to ureas) than the isophthalamides. Receptors 1.8a and 1.8b therefore

adopt a more suitable geometry for the coordination of bidentate anions, such as

~ carboxylate anions, through two approximately linear hydrogen bonds. Proton NMR

titration experiments revealed association constants of 217 M and 1980 M for the

binding of acetate by 1.8a and 1.8b respectively in DMSO-d, at 295K.
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0] 0O

R\N N’R '
H H

1.8a R='Bu
1.8b R=Ph

A.P. Davis and co-workers have designed a number of acyclic receptors using the
steroid cholic acid as a scaffold upon which they appended sulfonamide and carbamate
amide groups.” The inflexibility of the fused ring system and the axial ‘con(formation of
the functional grohps in the 7a and 12a positions results in the formation of a

N
v

convergent hydrogen-bonding array, ideal for anion binding.

19bR =

Both the structural rigidity and the shape of the receptor result in the formation of
a relatively small, well defined binding site that shows selectivity for halide anions with
particularly high affinities observed for fluoride with receptor 1.9a ( 15400 M
association constants were determined by '"H NMR titration expefiments in CDCl; at
298K). In the case of compound 1.9b the association constant for fluoride was too high
to be determined howevgr, association constants for chloride and bromide were found to

be much higher than for compound 1.9a.
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1.3.2 MACROCYCLIC AMIDE RECEPTORS

Macrocyclic receptors often possess a higher degree of selectivity than acyclic
systems. Hamilton and Choi have described the synthesis and anion binding properties
of a family of cyclic triamides 1.10a and 1.10b."> These C, symmetric receptors were
found to be selective for oxo-anions such as tosylate with association constants of 2.6 x
10° M" and 2.1 x 10° M obtained for compounds 1.10a and 1.10b respectively in
CDCl,/2% diniethylsulfoxide at 296 K. Hamilton also studied the binding ability of an
acyclic analogue (1.11) and foﬁnd sigriificantly lower stability constants fof, the anion
complexes formed. For example, in the case of nitrate, a stability constant of 620 M
was calculated for compound 1.11 whereas a stability constant of 4.6 x 10°M" (K, = 2.1

x 10°M™") was found with compound 1.10a.

_

1.10a R= CO,Et
1.10b R= NHBoc 1.11

Interestingly, the NMR data led the authors to suggest that receptor 1.10b forms a
2:1 host/anion ‘sandwich’ complex at low concentrations of iodide (as evidenced by an
initial ﬁp—field shift of the NH resonances until ca. 0.5 equivalents of iodide) then
switching to. a 1:1 complex at higher concentrations of iodide (down-field shift of NH
resonances after ca 0.5 equivélents of iodide). Titrations with 1.10a and 1.10b in |
CDCly/2% DMSO-dg; mixture displayed complex binding behaviour, thus titration
experiments were conducted .in 100% DMSO-dg at 296K to simplify the equilibria

occurring in solution. All data for receptor 1.10b were fitted to a 1:1 binding model and

g
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again the macrocycle was found to be oxo-anion selective with the highest stability
constants being found with dihydrogen phosphate and hydrogen sulfate (1.5x 10*M"and
1.7% 10° M respectively).

Chmielewski and Jurczak have reported a series of extended tetra-amide
macrocycles containing two pyridine-2,6-dicarboxamide ‘caps’ linked via short aliphatic
chains.'*"” The macrocycles possess a well-defined cavity with all the amide NH groupé

directed inwards.

Proton NMR titrations in DMSO-d; at 298K were conducted in order to determine
the stability constants of receptors 1.12a, 1.12b and 1.12¢ with a range of anions, added
as their tetrabutylammonium salts. The strongest association constants were obtained
for the 20-membered macrocycle 1.12b with the most significant increase in affinity
between the macrocycles being observed in the binding of chloride. Enlargement from
the 18-membered macrocycle 1.12a to the 20-membered macrocycle 1.12b results in a
30-fold increase in the association constant for chloride (65 M for 1.12a against 1930
M) whereas further enlargement to the 24-membered macrocycle 1.12¢ results in the
reduction of the association constant by two orders of magnitude (1930 M against 18
M?).  This suggests that the 20-membered macrocycle 1.12b has good size
complementarity with the chloride anion. Although the 24-membered macrocycle 1.12¢
‘was désigned with a large enough cavity to accommodate two oxygen atoms from oxo-
anionic guests, the stability constants obtained were the lowest of the receptors tested.
This is evidence that the additional flexibility introduced into the macrocycle via the
longer aliphatic chain has a detrimental effect on the anion binding ability of the

* receptor.

10
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More recently the same authors have studied the anion binding ability of similar
macrocyclic systems based on isophthalamides.'”® The isophthalamide moieties were
introduced as previous studies have shown isophthalamide derivatives bind anions more

strongly than the analogous pyridine-2,6- dicarboxamides.'*?*

1.13an=1

0] 0
SASAN
n
' 1.13bn=2

. 1.13c¢n=3
o NWN o |

Stabilitybconstants were obtained for receptors 1.13a, 1.13b and 1.13¢ using
analogous conditions to those employed for receptors 1.12a, 1.12b and 1.12¢c. As with
the pyridine-2,6-dicarboxamide macrocycles, ‘the stability ~constants for the
isophthalamide macrocycles appear to be influenced by the size and flexibility of the
system with the higher constants observed in the 20-memebered receptor 1.13a with
notable decreases in the association constants with the 22- and 24-membered receptors
1.13b and 1.13c. The greatest decreases where observed in the stability constants
obtained with the carboxylate anions. In the case of acetate the constants decreased
from 3130 M for 1.13a to 552 M and 205 M™* for 1.13b and 1.13c respectively. In the
case of benzoate a constant of 601 M was calculated for 1.13a decreasing to 302 M
and 82 M for 1.13b and 1.13c respectively. Unexpectedly lower binding constants
were obtained for the isophthalafnide macrocycles (1.13a — 1.13¢) compared to the
pyridine-2,6-dicarboxamide macrocycles (1.12a — 1.12¢), a result rationalised in terms
of the competition between the formation of intramolecular hydrogen bonds (arising
from the preferred syn-anti conformation of the isophthalamide in solution) and

complexation of the anion (Scheme 1.1).

11
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S
Al

Scheme 1.1: Intramolecular hydrogen—bonding vs anion binding in 1.13a
Bowman-James and co-workers have designed polyamide cryptand-type systems
based on triamines, such as tren (e.g. 1.14) and trpn (e.g. 1.15), and shown that they bind
anions.” The crystal structure of the hydrochloric acid and fluoride complexes of 1.14
reveal that the anions are encapsulated within the cavity of the amidocryptand and Bound
to the six-amide NH groups. In contrast the hydrochloric acid structure of the expanded
trpn-based amidocryptand 1.15 shows the encapsulation of two chloride anions within

the cryptand, bridged by a water molecule. Each chloride is bound to the water

molecule as well as a protonated bridgehead amine and two hydrogen bonds from the

~

N N

s ()4 Hm&

/ /j
al

amides groups.

Z
zz T2
N jy
]
ZT

\ / A /
2T :z:z o

jani
z

o
<\ /gz
o
o: Z

1.14 115

Stability constants for 1.14 and 1.15 with different ahions (added as their
tetrabutylammonium salts) were obtained by 'H NMR titrations in DMSO-d. In both

12
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cases, a slow equilibrium was observed in the titrations with fluoride with stability
constants >10° M"'. The expansion of the cavity from receptor 1.14 to 1.15 results in a
significant change in the binding and selectivity for anions. In the smaller receptor,
1.14, chloride is bound much more strongly (3000 M) as compared to 1.15 (180 M)
whereas the receptor 1.15 has a much higher affinity for hydrogen sulfate with a stability
constant of 2700 M as compared to 68 M for 1.14. These findings may be due to the
size complementarity between the receptors and guests with 1.14 being an ideal size to
encapsulate chloride and 1.15 being ideal for hydrogen sulfate, as illustrated by the

crystal structures (Figure 1.5).

Figure 1.5: X-ray crystal structures of the chloride complex of 1.14 and the sulfate complex of

1.15 respectively

The authors have also synthesised 1.16, a tricyclic cryptand-like receptor, and have
studied its ability to bind anions.”® Proton NMR titration experiments in DMSO-d; at 23
°C revealed that compound 1.16 was selective for bifluoride (FHF') with an association
constant of 5500 M being calculated. Dihydrogenphosphate, azide and acetate were

also found to bind to 16 with stability constants of 740 M, 340 M and 100 M

respectively.

13
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Kubik and co-workers have developed a series of highly effective anio.n receptors
based upon cyclic pep’t.ides.”’24 Cyclic hexapeptide receptors such as 1.17 consist of
'alternately linked L-proline and 6-aminopicolinic acid subunits. A 1:1 binding
stoichometry for 1.17 and the sodium salt of benzenesulfonate was confirmed by a Job
plot but in the case of the halide and sulfate sodium salts 2:1 host/guest complexes were .
found. This was confirmed by electrospray r_nass spectrometry and in the case of iodide

a crystal structure of the 2:1 complex was obtained where the iodide was ‘sandwiched’

\
between two cyclic hexapeptide receptors.
|
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The formation of the 2:1 complexes observed in 1.17 lead the authors to design
and synthesise compound 1.18 where two cyclic hexapepﬁdes are covalently linked.
The new receptor binds anions in a 1:1 stoichiometry in methanol/water mixtures
efficiently, with high affinity and selectivity for sulfate being observed. Both "H NMR
titrations and by ITC experiments were conducted in 50% methanol/water at 298K and
stabilit}; constants (log K,) of 5.54 and 4.55 = 0.23 were found by 'H NMR and ITC
respectively for 1.18 with sulfate (added as Na,SO,).

15
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1.3.3 UREA AND THIOUREA BASED RECEPTORS

Ureas and thioureas posses;si, two parallel NH hydrogen bond donor groups and
have been shown in a wide variety of receptors to function as highly efficient binding -
sites for ‘Y-shaped’ anions such as carboxylates. Thioureas are more acidic than
analogous ureas and on this basis might be expected to form étronger complexes with
anions. However other effects can often mask or reverse this expecte‘d‘ trend.

There have been a number of reports of anions triggering the deprotonation neutral
NH groups in anion receptor systems. This is often due, in the case of fluoride, to the
formation of the stable HF, anion driving the deprotonation process.?>® Fabbrizzi and
co-workers have shown that this process can occur in urea systems containing electron-
withdrawing groups.” The interactions between a number of anions and the simple 1,2-
bis(4—nitrophenyl) urea 1.19 were investigated.®® Oxo-anions were found to bind to the
receptor with a 1:1 host/guest stoichiometry with the strehgth of the interaction

depending on the partial negative charge located on each oxygen atom of the anion.

NO
oL O
N N :
H H
1.19

Stability constants were determined for compound 1.19 by UV-vis
spectrophotometric titrations in acetonitrile at 25 °C and revealed that the association
constants increased ‘with the increasing basicity of the anion (CH,COO™ > CH;COO™ >
H,PO, > NO, > HSO, > NO;). Addition of fluoride appears to stabilise a strong 1:1
complex at low anion concentratioﬁ, however at higher anion conéentrations
deprotonation of the urea subunit occurs resulting in the formation of HFZ' (confirmed by
'H NMR). This process was aiso characterised by the formation of a new band at 475
nm in the UV-vis spectrum upon the additions of the fluoride anion and was clearly
present after the addition of two equivalents of fluoride.,

Gunnlaugsson and co-workers have studied several receptors containing a thiourea

31

group attached to an anthracence moiety.”’ These compounds were designed to behave
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as fluorescent PET (photo-induced electron transfer) sensors for the detection of anionic
species. Proton NMR titration experiments, conducted in DMSO-d;, confirmed that tﬁe
anions bind to the rec'eptofs through the two NH protons of the thiourea group and form
a 1:1 complex. The authors demonstrated that 1.20a-1.20d act as ideal PET sensorfs
(only fluorescent quantum yield affected upon additions of anions) with quenching of
the fluorescence being observed with the addition of fluoride, acetate and dihydrogen -
phosphate anions. Chloride and bromide did not induce any changes in the fluorescence

spectra.

NH NH NH
1.20aR=H 1.20c 1.20d

1.20b R = CF;

Yoon and co—workers have reported a series of moho— and bis-functionalised
anthracenes and described their colorimetric and ﬂﬁofeséent properties for the sensing of
both fluoride and pyrophosphate anions.* The authors appended either a phenylurea
and p-nitrophenylurea groups through the 1-position (for the mono-functionalised

derivatives 1.21a and 1.21b) and the 1- and 8-position (for the bis-functionalised

derivative 1.22a and 1.22b) of the anthracene.
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1.21aR=NO, 1.22a R = NO,
121bR=H 122bR=H

O£
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O

Fluorescent titration experiments with receptors 1.21b and 1.22b were carried out
in DMSO with a variety of anions, added as the tetrabutylammonium salts, in order to
compare the stability constants of fhe mono- and bis-functionalised feceptors. The
strongest anion binding was observed With the bis-functionalised receptor (1.22b) with
stability constants of 108,000, 9700 and 6000 M! calculated for fluoride, bromide and
~ pyrophosphate respectively. For compound 1.21b a much lower binding constant of
4000 M was found with fluoride as compared to the strong anion complexation
observed with 1.22b, illustrating that there is a cooperative binding effect in operation
with fhe two urea groups in receptors 1.22a and 1.22b. Temperature dependant 'H
NMR'experiments in DMF-d, also revealed fhat the anion complex stability was
enhanced by the formation of a hydrogen bond between the hydrogen atom in the 9-
position and both the fluoride and pyrophosphate guests in receptors 1.22a and 1.22b. .

Gale and co-workers have designed 23a, a bis-urea cleft based on o-
phenylenediamine, to selectively bind carboxylate anions.*®> The geometry of the -
receptors provides a convergent cleft appropriate for the binding of carboxylate anion
through four hydrogen bonds. = Stability constants of 3210, 1330 and 732 M were
calculated for acetate, benzoate and dihydrogen phosphate respectively after analysis of
data from 'H NMR titration experiments conducted in DMSO-dy/ 0.5% water at 298 K.
The crystal structure of the benzoate complex of compound 1.23a is shown in Figure 1.6
revealing that the receptor binds this carboxylate via four hydrogen bonds in the solid
state. The stability constants for compound 1.23a were" found to be greater than

constants obtained with N,N’-diphenylurea with a 2.5 fold increase observed for 23a
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with acetate compared to the diphenylurea (3210 M for 1.23a and 1261 M’ for
diphenylurea).*

R, R,

0 0
Y—NH HN—
Dat el SN
123aR,,R,=H

1.23b R] = H Rz = N02
1.23¢R,=CI,R,=H

The same authors appended electron-withdrawing groups onto both the central aryl
ring and peripheral aryl rings of the receptor in order to increase the acidity of the urea
NH groups.” Titration studies were conducted under the same conditions as for 1.23a
and enhanced stability constants were observed for both receptors 1.23b and 1.23c
compared to 1.23a. In the case of acetate the stability constant increased from 3210 M
for 1.23a, to 4020 M and 8080 M" for 1.23b and 1.23c¢ respectively. In the case of
dihydrogenphosphate there is a decrease in affinity from 732 M for 1.23a, to 666 M
for 1.23b but a large increase to 4720 M for 1.23¢. The authors proposed that the
dihydrogenphosphate anion interacted most strongly with the central NH groups thus
with the increased acidity of these NH groups in 1.23¢, due to the presence of the two

chloro-groups, stronger complexation is observed.

Figure 1.6: X-ray crystal structure of the benzoate complex of 1.23a
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Naphthalene and binaphthalene appended with thiourea groups (1.24 and 1.25
respectively) have been synthesised by Kondo ahd co-workers in order to investigate
potential cooperative binding between two thiourea groups in 1.25.*° This group found
that 1:1 complexes were formed between 1.25 and fluoride, acetate and dihydrogen

phosphate anion, which was confirmed by Job plots in acetonitrile and ESI-MS.

S=<NH s= =5
/ NH HN
n-Bu n-Bu n-Bu

1.24 : . L25

UV-vis spectroscopy titration experiments in acetonitrile solution were carried out
to ascertain the anion binding properties of the receptors with acetate, dihydrogen
phosphate, fluoride and chloride. The binding constants revealed that the presence of
the second thiourea group in 1.25 significantly improves the rec\eptor’s)affinitﬁl for
anions with respect to the mono-thiourea 1.24. The most significant differences were |
obtalned for titration with ﬂuonde and acetate where binding constants of 1.1 x 10° M"
and 2.1 x 10° M were eluadated for 1.25 and 3.7 x 10° and 7.7 x 10’ for compound
1.24 with acetate and fluoride respectively.

Pfeffer and co-workers have described the use of a highly rigid [3]polynorbornane

as a scaffold on which to append electron deficient thiourea subunits.”’

0
=0
N Co,Me ¥N
d g o S
NH HN
s={ S
NH HN
/ R

1.26a R= C6H4CF3
1.26b R = C6H4N02
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The anion binding abilities of 1.26a and 1.26b were evaluated by 'H NMR
titration vtechniques in DMSO-d, with CH,COO', F, H,PO, and H,P,0.> (added as their
tetrabutylammonium salts). Additions of fluoride to the receptor resulted in a diétinctive
colour change attributed to deprotonation. This process was characterised by the loss of
the thiourea NH proton resonances and the appearance of the HF, resonance in the 'H
NMR during the titration. Analysis of the binding isotherms of receptors 1.26a and
1.26b with acetate revealed that the anions were strongly bound by béth 1.26a and 1.26b
in a 1:2 receptor-to-anion complex with each of the thiourea units binding to a single
acetate anion. Binding constants (log B, and log B, values) of 3.5(x0.1) and 2.4(=0.1)
were calculated for 1.26a and 3.5(:0.1).and.3.0(:0.1) for 1.26b with acetate. Titrations 1
with H,PO, were fitted to a 1:1 binding model and constants of 3.9(+0.1) and 3.6(:0.1) i
(log B values) were calculated for receptors 1.26a and 1.26b respectively.

Pyrophosphate was then investigated to evaluate the binding ability of 1.26a and 1.26b

pyrophosphate revealed the formation of a 2:1 receptor-to-anion stoichiometry in which
each anion terminus is accommodated by two urea groups of a single receptor.

- Extending their work on ‘cholapods’, A.P. Davis and co-workers have appended
urea and thiourea groups from the 7 and 12 positions of the steroid scaffold and
evaluated the ability of these receptors to bind chloride and bromide (added as their

tetraethylammonium salts).*®

_ _ R NO.

127aR=H,X=0 2 1.28aR=CF;, X=0
1.27bR=CF;,X=0 : 1.28bR=N0O,, X =0
1.27¢R=NO,,X=0 1.28¢R=NQ0,, X =8

127dR=NO,, X =S

with a dianion. Analysis of the titration curves for both 1.26a and 1.26b with
21
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NMR data was found to be consistent with the formation of predominantly 1:1
complexes of the receptors and anions. Stability constants were determined by Cram’s
e);trat:tion method in water-saturated chloroform at 30°C. Affinities for both chloride
and bromide anions increased through the series 1.27a-1.27d, reflecting the increase in
acidity of the NH groups due to the electron-withdrawing aryl substituents and the
change from urea to thiourea in 1.27d. In the case of chloride the association constant
for the ‘unsubstituted’ derivative 1.27a was calculated to be 1.62 x 107 M’!, with the
nitrophenyl substituted 1.27c the constant increased to 4.77 x 10° M and the constant
~increased further to 1.05 x 10° M! with the introduction of the thiourea (1.27d). The
addition of the nitrosulfonamide group in 1.28a-1.28¢ also enhances the anion binding
affinities with the largest constants being observed in the thiourea derivative 1.28¢ with
constants of 1.03 x 10" M’ and 2.59 x 10" M calculated for chloride and bromide
respectively.

A further detailed study of these ‘cholapod’ anion receptors was conducted where
the anion binding abiiity of several receptors with increasing numbers of hydrogen bond
donor groups was investiga‘ted.39 It was found that a combination of increasing numbers
of hydrogen bonding groups and increasing acidity of the NH groups via electron-
withdrawing substituents had a significant effect on the anion stability constants.
Receptor 1.29 was found to have the highest affinities for all the anions investigated
eXcept acetate where the previously studied 1.28b and 1.28c had higher affinities (2.6 x
10" M and 2.0 x 10" M respectively) when compared to 1.29 (1.3 x 10" M™). These
steroid based receptoré have also been studied as transport agents for ani[ons across
vesicle and cell membranes.*’ Electrochemical, NMR and fluorescence techniques were
employed and revealed that the ‘cholapod’ receptors act as mobile carriers and facilitate

the transport of chloride ions across vesicle membranes.
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Reinhoudt and co-workers have synthesised both-acyclic and cyclic receptors
containing multiple urea-binding sites (e.g. 1.30 and 1.31).* Anion binding studies were
conducted with these systems and a variety of putative anionié guests (added as their
tetrabutylammonium salts) using '"H NMR titratioﬁ experiments in DMSO-d. In the case
of the cleft-like receptors dihydrogen phosphate caused the largest shift in the NH group
" resonances of all the recept(')rs,however an association constant could not be obtained for -
1.30a due to the complexity of the binding processes in solution. Job plot analysis of
receptor 1.30b showed the formation of an exclusive 1:2 host/guest complex with
dihydrogen phosphate and an association constant of 5 x 10’ M2 was calculated. The
thiourea functionalised 1.30c cleft was also shown to bind dihydrogen phosphate with a

1:2 host/guest stoichiometry and chloride with 1:1 host/guest stoichiometry.

O _NH  HN__O '
(@] NH HN (0]
A SO

@2 | ::D @[NH HND

S S

NH HN
! O

. 1.30a X=0, R= C;H, R
1.30b X=0, R=Ph 1.31a R= Ph

1.30c X=S,R=Ph 1.31b R= CH,CH,

Macrocyclic receptors 1.31a and 1.31b were found to bind both dihydrogen

phosphate and chloride in exclusively 1:1 host/guest stoichiometries. Binding constants
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were calculated for 1.31a and 1.31b with dihydrogen phosphate and chloride and

revealed that dihydrogenphosphate was bound more strongly (2.5 x 10* M for 1.31a

and 4.0 x 10> M for 1.31b) than chloride (500 M™! for 1.31a and < 50 M for 1.31b).
Gale and co-workers have combined urea and amide groups intp a new

macrocyclic motif and studied the anion complexation properties of 1.32.>*
| B
O? NH ' HN ;O
NH HN
' N
o~ | N (6]
P

Stability constants with a’variety of anionic guests were elucidated by 'H NMR
titration techniques in both DMSO-dy/0.5% water and DMSO-dy/5% water at 298 K.
The macrocyclic receptor shows significant selectivity for carboxylate anions over
dihydrogen phosphate and chloride. Titrations in- DMSO-dy/0.5% water resulted in a
high stability constants for acetate (>10* M™) and benzoate (6430 M) therefore the
titrations were conducted in 5% water, a much more competitive media, and stability
constants of 5170 M’ and 1830 M’ were calculated for acetate and benzoate
respectively. Interestingly, a crystal structure of a carbonate complex was obtained from
a crystallisation with tetrabutylammonium fluoride (Figure 1.7). It was presumed that

)
carbonate was gained via the fixation of atmospheric CO, by the fluoride salt-

macrocycle solution.
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Figure 1.7: X-ray crystal structure of the carboate complex of 1.32

In 2000 Lee and Hong synthesised tris-thiourea macrocycles 1.33a and 1.33b and
studied their anion recognition properties by 'H NMR titration experiments in DMSO-d,
at 25 °C.** It was found that macrocycle 1.33a was selective for dihydrogen phosphate
(800 M) over acetate (320 M) and chloride (40 M"). In contrast macrocycle 1.33b
was found to be selective acetate (5300 M) over dihydrogen phosphate (1600 M) and
chloride (95 M™).

1.33aR=H
1.33b R= Et

Recently Tobe and co-workers have designed cryptand-like macrocycles based on
homobenzylic tripodal thiourea and compared their anion binding properties to a series

of acyclic tripod-type receptors.”
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S
- 1.35a R=n-Bu
1.34a R=Me _ 1.35b R=Bn
1.34b R= (CH7)2CH(CH3)2 1.35¢ R=Ph

The proton resonances in the 'H NMR spectra of cryptand-type receptor 1.34b in
various solvents were found to be very broad, possibly due to conformational changes
that are slow on the NMR timescale. Therefore the complexation of 1.34b with anionic
species was evaluated by 'H NMR titration experiments in CDCL,CDCI, at 373 .K.
Association constants of 116 M and 112 M were calculated for acetate and chloride
respectively and were found to be much lower than the tripodal receptor 1.35a under the
same condition (3030 M for acetate and 3700 M for chloride). This low binding
ability of 1.34b was attributed to strong intramolecular hydrogen bonds between the
thiourea groups. | Receptors 1.35a and 1.35¢ were then compared and the stability
constants (obtained from 'H NMR titrations in DMSO-dj at 303 K) revealed that 1.35a
has poor affinity towards all anionic species in DMSO solutions whereas 1.35¢ has high

affinity for dihydrogeh phosphate and acetate.

1.4 SYNTHETIC NEUTRAL RECEPTORS CONTAINING
AROMATIC NH AND OH DONOR GROUPS

1.4.1 PYRROLE BASED RECEPTORS

Sessler and co-workers have pioneered the use of the pyrrole NH hydrogen bond
donor group in both charged and neutral anion receptor systems.* In 1992 they reported
the anion binding abilities and fluoride selectivity of sapphyrin 1.36a, a pentapyrrolic

45,46

~ macrocycle. Fluorescence titration experiments carried out in methanol revealed that
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1:1 complexes formed between the diprotonated sapphyrin 1.36a and halide anions and
association constants 6f 2.8 x 10°, ~10%? and < 10> M were calculate with fluoride,
chloride and bromide respectively. Four years later Sessler reported the effective
bir_lding of phosphate by recéptor 1.36b. Phosphorus NMR titration experiments were
carried out in methanol-d, at ambient temperature and revealed that compound 1.36b
bound both phosphoric acid and phenylphosphonfc acid with affinity (1.8 x 10* and 1.3
x 10* M for H;PO, and C,H,PO, respectively).

1.36aR=H
1.36b R = CH,OH

Gale and co-workers have developed a number of receptors based on the 2,5-
dicafboxamidopyrrole skeleton where the combination of a pyrrole and amide groups

form convergent hydrogen-bonding arrays (e.g. 1.37a and 1.37b).7

SN T
O \ / (0] bi‘ o \ / e}

v O D

1.37a | 1375

Differencesiin the solubility of receptors 1.37a and 1.37b meant that their ability
to bind anions was assessed in different solvents (DMSO-d,/0.5% water for 1.37a and

CD,CN for 1.37b at 298 K). Both receptors proved to be selective for oxo-anions,
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however 1.37a bound dihydrogen phosphate most strongly (1450 M) whereas 1.37b
bound benzoate most strongly (2500 M™).

Continuing this work, Gale and co-workers have synthesised more acidic
diamidopyrrole derivatives 1.37¢ and 1.37d by including electron withdrawing nitro
groups on the peripheral phenyl rings and assessed their anion bmdmg ability compared
to the unfunctionalized 1.37a.® Proton NMR titrations were carried out in DMSO-
ds/0.5% water solutions at 298 K and revealed that the presence of the electron
‘withdrawing groups in receptors 1.37¢ and 1.37d improved the systems affinity for
anionic guests.- In the case of benzoate the association constants increased significantly
from 560 M (obtained for 1.37a under identical conditions) to 4150 M for 1.37¢ and
4200 M for 1.37d. Upon the addition of one equivalent fluoride to 1.37d the anion
appears to coordinate to the receptor. However upon further additions of ﬂuoﬁde
deprotonation occurs (as indicated by the evolution of a blue colour in solution due to
the deprotonated pyrrole). In the case of compound 1.37a fluoride was found to bind to

the receptor with a stability constant of 1245 M.

w O

1.37¢

Sessler, Gale and co-workers have further developed receptors based on the 2,5-

diamidopyrroles skeleton by appending 2-aminopyrrole groups (e.g. compound 1.38)

thus increasing the number of hydrogen-bonding groups, which was hoped to increase

the selectivity for oxo-anions compared to the previously studied 1.37a and 1.37b.%

28




Chapter 1 - Introduction

Proton NMR titration experiments were conducted in DMSO-dy/0.5% water at 298
K to investigate the solution phase anion complexation properties of 1.38 compared to
1.37a. The stability constants revealed that 1.38 showed enhanced selectivity for both
dihydrogen phosphate and benzoate compared to 1.37a however 1.38 was found to bind
dihydrogen phosphate with higher affinity (10300 M) than benzoate (5500 M), the
reverse selectivity observed for 1.37a.

Recently Sessler and co-workers have appended the 2-aminopyrroles subunit onto
a pyridine-2,6-dicarboxamide spacer group to afford two acyclic receptors (compound
1.39a and 1.39b).* '

O O
o) o)
\y O, o)
1% R R 9
R . R
1.39a R= Et

1.39b R= CH,CH,CH(CH3);3

Elucidvation of the solution phase anion complexation properties of receptors 1.39a
and 1.39b (determined by UV-vis spectrophotometric titrations in diﬂchloromethane at
298 K) revealed that 1.39b bound only acetate with a stability constant of 13900 M
whereas strong binding was observed for benzoate, acetate, NO,” and CN" with receptor
1.39a (43000, 19000, 13000 and 5600 Mm! respectively). ’

Gale and co-workers have also - investigated 5,5’-dicarboxamido-

50,51

dipyrrolylmethanes as anion receptors. These systems demonstrated a remarkable
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affinity and selectivity for dihydrogen phosphate in highly competitive solvent media
with stability constants of 234 M and 20 M being calculated (by '"H NMR titration
experiments at 298 K) for 1.40a and 1.40b respectively in DMSO-dy/25% water.
Receptors 1.40a and 1.40b were found to be unstable in solution therefore analogous
compounds containing two fnethyl groups attached to the meso-carbon were synthesised

(1.41a and 1.41b) in the hope they would display increased stability in solution.

. 1.40a R=Ph 1.41a R=Ph
1.40b R=n-Bu 1.41b R= n-Bu

The meso-substituted derivatives showed lower affinities for anion compared to
1.40a and 1.40b however 1.41a did display selectivity for dihydrogen phosphate over
other anions with constants of 1092 M for dihydrogen phosphate, 124 M for fluoride
and 41 M for benzoate calculated in DMSOdﬁ/S% water at 298 K.

Sessler, Ustynyuk and co-workers have incorporated dipyrromethane subunits into
2,6-diamidopyridinedipyrromethane hybrid macrocyclic systems.”® Initially 1.42 was
synthesised and the anion binding ability was elucidated by UV-vis spectroscopic
‘titrations in CH3CN” at 23 °C. Weak binding was observed for chloride, bromide,
cyanide and nitrate which was rationalised by the receptor forming a deep cavity that
favours the formation of well—orientéd, directional NH-anion hydrogen bonds.
Hydrogensulfate was found to bind strongly to the receptor in a 1:1 host/anion fashion in
acetonitrile (K, = 64,000 = 2600 M) presumably due"to the orientation of the hydrogen

bonding groups within the macrocycle being ideal for tetrahedral anions.
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1.42 1.43

The same authors went onto ‘fine tune’ the anion binding properties of the
pyridine-2,6—dicarboxamide-dipyrromethane-hybrid macrocyclic system and designed
receptor 1.43 after DFT calculations suggested it to be more suitable for hydrogensulfate
complexation.”® The receptor’s affinity for a2 number of anions was determined by UV-
vis spectroscopic titrations in CH,CN at.23 °C and revealed that bromide, nitrate and
chloride are not bound by compound 1.43. Acetate and dihydrogen phosphate bound
with a 1:1 stoichiometry with constants of 12600 = 450 M" and 29000 = 1900 M
respectively. An enhanced affinity and selectivity was observed for 1.43 with hydrogen
sulfate (108000 = 17000 M'") compared to 1.42.

Recently Kétayev, Sessler and co-workers have further developed the hybrid
macrocycle systems by ;replacing the pyridine-2,6-dicarboxamide moieties used in
receptors 1.42 and 1.43 with bipyrrole and dipyrromethane subunits (compounds 1.44
and 1.45).>* UV-vis spectroscopic titrations in acetonitrile at 23 °C showed that the
smaller macrocycle 1.44 bound hydrogensulfate with high affinity (2.7 x 10° M) -
similar to the previously studied receptors 1.42 and 1.43 whereas the larger bis-
dipyrromethane macrocycle 1.45 exhibited a different selectivity for anions with

chloride being selectively bound with high affinity (281000 M™). Interestingly titrations -

with hydrogensulfate resulted in the lowest association constant of all the anions

investigated with 1.45 (2100 M™).
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In 1996, Sessler and co-workers reported the anion complexation properties of
calix[4]pyrroles e.g. 1.46.° Compound 1.46 (meso-octamethylcalix[4]pyrrole) was
~ originally synthesised by Baeyer in 1886 *° and is arguably the simplest anion receptor to
synthesise as it is formed in one step via the acid catalysed condensation of pyrrole and
acetone. The macrocycle forms four hydrogen bonds to anionic guests and binding

fluoride and chloride strongly.

1.46

One approach to dramatically increase the affinity of calixpyrroles for anions is to
introduce a ‘strap’ across the macrocycle containing additional hydrogen bond donor
- groups. For example, Lee, Sessler and co-workers have recently reported the synthesis
of isophthalamide strapped calix[4]pyrroles. The authors studiéd the effect of varying
the length of the strap on the anion complexation properties of the macrocycle and used
isothermal titration calorimetry was employed to investigate the anion binding abilities
of receptors 1.47a — 1.47¢ (in CH,CN at 30 °C).”” Receptors 1.47a — 1.47¢ were found
to havé high binding affihities toward halide anions however they failed to show an

appreciable size-dependence selectivity based on the increase of strap length. This is
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illustrated in the case of chloride (the most strongly bound anion) Where association
constants of 3.89 x 10° M, 3.35 x 10° M and 3.24 x 10° M! were calculated for 1.47a,
1.47b and 1.47¢ respectively.

1.47c n=3

Recently Lee and co-workers have shown that a binol-strapped calix[4]pyrrole
(1.48) can be used in the enantioselective recognition of carboxylafe anions.”® Both the
R- and S- enantiomers of the strapped calixpyrrole were isolated and characterised.
Detailed studieé of the enantioselectivety of the S enantiomer were carried by isothermal
titration calorimetry experiments in acetonitrile with the chiral anions (R)-2-
phenylbutyrate and (S)-2-phenylbutyrate. Stability constants were determined and
revealed that receptor (S)-1.48 shows selectivity for (S)-2-phenylbutyrate over (R)-2-
phenylbutyrate with an order of magnitude difference in the constants (K,(R) = 9.8 x 10°
M and K,(S)= 1.0 x 10° M), |
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In 2000 Kohnke and co-workers described the synthesis of meso-
octamethylcalix[6]pyrrole via the conversion of calix[6]furan into dodecaketone, that

was then treated with ammonium acetate to obtain calix[6]pyrrole 1.49.%%°

1.49

Association constants were - determined by Cram extraction methods, which
revealed that the macrocycle 1.49 formed a strong complex with chloride (12800 + 1300
M™). Proton NMR titration experiments conducted in CD,Cl, also revealed the size
dependence selectivity of the calix[n]pyrroles where bromide was found to bind
approximately seven times stronger to the larger calix[6]pyrrole compared to
calix[4]pyrrole (710 = 25 M for 1.49 against 10 M for 1.46).

Recently Cafeo, Kohnke and co-workers have continued work on expanded

calixpyrroles  and have reported the anion 'binding properties of two

- calix[2]benzo[4]pyrroles 1.50a and 1.50b.°"
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Elucidation of the stability constants (determined by 'H NMR titrations in CD,CI,
at 20 °C) showed that although chemically similar the two macrocycles have /
significantly different anion binding properties. Receptor 1.50b only bound fluoride and
acetate to an appreciable level (2246 = 132 M for fluoride and 597 = 236 M for
-acetate) whereas receptor 1.50a bound a number of anions with higher affinities. 1.50a
was found to have selectivity for fluoride with a constant of approximately 20000 M
estimated from competitive binding studies in the presence of 1.50b. This selectivity is

presumably due to good size comi)lementarity between 1.50b and the fluoride anion.
1.4.2 CARBAZOLE BASED RECEPTORS

Jurczak and co-workers havé described 1,8-diamino-3,6-dichlorocarbazole as a
building block for anidn receptor construction.”” Stability constants for receptors 1.51a
and 1.51b with various anions, added as tetrabutylammonium salts, were calculated by
"H NMR titration experiments in DMSO—dG/O.S% water and it was found that compound
1.51b bound anions more strongly with constants of 115 M and 8340 M for chloride
and benzoate respectively compared to 13 M and 1230 M with compound 1.51a with

chloride and acetate respectively.

R R
O)\NH H HN’QO .

1.51aR=ph C!
1.51b R=Pr

Cl

Sessler and co-workers have incorporated two carbazole subunits into expanded
calixpyrrole-type macrocycle 1.52.% Fluorescence titration experiments in
dichloromethane at 0.5 uM concentration of host revealed that compound 1.52 shows
selectivity for acetate (K, = 229000 M) over a number of other carboxylate-type anions

(benzoate, oxalate and succinate).
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Beer and co-workers have reported the anion binding ability of a number of
indolocarbazoles sensors (1.53a-1.53¢).* The highest association constants were
obtained with receptor 1.53¢ presumably due to the presence of the electron withdrawing
bromide groups increasing the acidity’ of the NH groups. UV-vis spectroscopic titrations
in acetone at 25 °C revealed that compound 1.53¢ bound benzoate most strongly (log K,
= 5.9) followed by phosphate (log K, = 5.3) then fluoride (log K, = 5.0) and chloride (log
K,=4.9), a trend observed in both 1.53a and 1.53b.

1.4.3 AROMATIC HYDROXY (OH) BASED RECEPTORS

In 2003, D.K. Smith showed that simple aromatic hydroxides can complex
chloride. anions.”® Smith compared stability constants (obtained from NMR competition
experiments in CD;CN) of phenol, 1.54, resorcinol, 1.55 and catechol, 1.56, with
chloride (added as its tetrabutylammonium salt) and found that 1.56 bound chloride with
greater affinity than 1.54 and 1.55 (1015 M for 1.56 against 125 M for 1.54 and 145
M for 1.56). |
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OH OH
i HO\©/OH ©/OH
1.54 1.55 1.56

Recently Smith and Winstanleyv have further explored aromatic hydroxides as
anion receptor by studying the effect of ortho substituents on the chloride binding
affinity of catechols 1.57a, 1.57b and 1.58.® Binding constants were elucidated by
proton NMR titrations in CD;CN:DMSO-d; (9:1) solutions and showed that 1.58 bound
“chloride with the highest affinity (235 M") presumably due to the additional hydrogen
bondlng provided the amide groups. Although amide groups are present in 1.57a and
1.57b it appeared that they were not involved in binding the anion and as results 1.57a
and 1.57b bound chloride with lower affinities (110 M for 1.57a and 115 M for
1.57b).

)\—R—JL 0

N—(CH,)s—N

OH HO N (CHde—q

_ OH HO
OH HO

1.57a R= (CH,)g OH HO
1.58b R= (CH,); 1.58

Row, Maitra and co-workers have linked two steroidal subunits to synthesise
macrocycle 1.59.° The fluoride binding properties of compound 1.59 were then

investigated by a '"H NMR titration experiment in CDCl, at 22 °C, which found that the

receptor bound fluoride with a 1:2 receptor/anion stoichiometry (a result confirmed by
Job plot analysis) and stability constants of K, = 1.8 (x0.1) x 10° M' and K, = 2.5
((0.35) x 10* M"! were found. '
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1.5 CHARGED SYNTHETIC ANION RECEPTORS

The incorporation of charged groups into receptors designed for anion recognition
allows for the receptors to bind the anion with both electrostatic interaction and
additional interactions dependent on the group and receptor design. In the case of
imidazolium groups, the cation can stabilise the anion complex with additional CH:--A”

typé hydrogen bonds.
1.5.1 IMIDAZOLIUM AND PYRIDINIUM BASED RECEPTORS

Kang and Kim have synthesised the fluorescent anion receptor compound 1.60

where two methylene bridged bis-imidazolium subunits are attached to a naphthalene

backbone through the 1- and 8-position.”®
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Molecular modelling showed that the receptor forms a convergent concave cavity
with all the imidazolium C(2)-H’s pointing inwards. Modelling studies led the authors
to suggest that the shape of the cavity was predisposed for the binding of halide anions.
Fluorescence titration experiments in 90:10 CH,CN:DMSO solﬁtions were carried out
with chloride, bromide and iodide anions (added as their tetrabutylammonium salts) and
stability constants were calculated that showed that compound 1.60 had highest affinity
for I (5000470 M) followed by Br (243+15 M) then CI (185x13M™).

- Yoon, Kim and co-workers have reported a highly effective flilorescent sensor for
dihydrogen . phosphate based on a 1,8-disubstituted-anthracene-dimer macrocycle

bridged by two imidazolium subunits (1.61).*

0
§9 §
)~/

1.61

Fluorescence titration experiments were conducted in 9:1 acetonitrile:DMSO
solutions in order to elucidate association constants for 1.61 with dihydrogenphosphate,
fluoride, chloride and bromide. The results confirmed that compound 1.61 selectively
binds to dihydrogenphosphate over the other anions tested with a stability constant
>1300000 M. Fluoride also bound to compound 1.61 with high affinity (340000 M™)
and competition studies of dihydrogenphosphate and fluoride with respect to compound
1.61 clearly showed that no interference to the dihydrogenphosphate binding occurred in .
the presence of fluoride.

Beer and 'co—wbrkers have shown how a number of tetrakis(imidazolium)
macrocyclic receptors, 1.62a-1.62d, can be used for anion binding.” Proton NMR
titration investigations revealed that the macrocycles bind halide anions strongly with
fluoride ‘being most strongly bound by 1.62b and 1.62¢ (>10° M" for both 1.62b and
1.62¢). Good size complementarity is seen for iodide with 1.62d as it gave the highest

stability constant (900 M) compared to the other receptors (370 M, 560 and 470 M for
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1.62a, 1.62b and 1.62c respectively). Benzoate anions were found to bind to the
receptor in a 1:2 host/anion stoichiometry a result rationalised by the relative size of the
benzoate anion compared with the spherical halides, thus the anion is only partially

bound within the cavity allowing a second anion to interact with the /cavity.

N N N
> 4 PFg < ? ]n 4 PFg [ {n‘
N _N N N
IS =
@ \/\/N\) @/\\\N}_\/I/\]}/NC@
1.62a - |
: 1.62bn=n'=1
1.62¢cn=1,n'=2
1.62d n=n'=2

Alcalde and co-workers have reported that.imidazolium-based heterophanes, such

as 1.63, are capable of anion recognition.”

Bu N+ N_ Bu
, I D 2pF I
N +N

Bu Bu

1.63

Proton NMR spectroscopy was employed in order to examine the anion-binding
behavior of receptor 1.63. Upon the addition of a number of anionic guests (added as
their tetrabutylammonium salts) to compound 1.63, significant changes in the C2 proton

resonance of the imidazolium ring were ‘observed in both CD;CN and DMSO-d;

40




Chapter 1 - Introduction

solutions. Proton NMR titration experimeﬁts in DMSO-d; were tﬁen carried oﬁt and
revealed that 1.63 binds acetate most strongly and with a 1:1 binding stoichiometry (K, =
359 + 42 M), | |

Steed and co-workers have also utilised a tripodal backbone to construct a number
of tri-pyridinium ‘venus ﬂytrap’ receptors (1.64a — 1.64¢) and investigated their anion

binding and sensing properties.””

2

|
| R.\H N N-R 1.64aR=H
N |
, 2 1.64b R= Bn

N 3PFe - 1.64cR= v

NH
|

HNT N OOO

I
R

Receptors 1.64a and 1.64b showed similar anion binding behaviour with both
receptors binding chloride most strongly (constants of >100,000 M calculated for both
receptors). In the case of compound 1.64b reduced affinities were observed for both
bromide and acetate (3953 M and 2511 M respectively) compared to 1.64a (13800 M
"'and 10500 M respectively) which was attributed to the increased steric bulk provided
by the benzyl groups. For compound 1.64c chloride is bound stronger than bromide
(similar to 1.64a and 1.64b) however the affinities for halides are greatly reduced
compared to 1.64a and 1.64b (5370 M for chloride and 486 M™! for bromide). Receptor
1.64c¢ was highly selective for acetate with the stability constant being almost an order of
magnitude higher than the chloride constant (49000 M‘l against 5370 M'). Variable
temperature 'H NMR experiments were carried out and showed that compound 1.64¢
selectively binds acetate over the spherical halide anions due to mixtures of conformers
being adopted in solution through anthracene-anthracene mutual interactions. Further
evidence of the conformational behaviour of compound 1.64c and its selectivity for

acetate over other anions was provided by UV spectroscopy and fluorescence studies.
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Shinoda and co-workers have reported the one-step synthesis and anion binding
properties of macrocycle 1.65.7 Proton NMR titration experiments (in D,0) were used
to determine the binding properties of 1.65 for tricarboxylate anions and revealed that

the tricarboxylate 1.66 was bound with the highest affinity (log K, = 5.1).

co H
= ~ HO,C 2
/ N\

C02H
1.65 1.66

" 1.5.2 GUANIDINIUM BASED RECEPTORS

Guanidinium groups may be regarded as charged analogues of ureas in that they
have two parallel NH groups and as a cbnsequence often. show high affinities for
oxyanionic species éuch as carboxyfates binding these anions by a combination of
‘ hydrogen bonding and electrostatic interactions. Guanidiniurﬁ—carboxylate and
phosphate interactions occur in many biological systems, as a guanidinium group is
present in the amino acid arginine. .

Schmidtchen and .co-workers have described the binding of benzoate to the
guanidinium based receptors 1.67a and 1.67b.” ITC titrations were carried with the

iodide salts of 1.67a and 1.67b in acetonitrile at 30 °C with benzoate (added as its

tetracthylammonium salt) and binding constants of 280,000 M and 203,000 M were -

calculated for 1.67a and 1.67b respectively. Receptor 1.67a was investigated further
where ITC titration experiments (under identical conditions to previous titration) were
carried with 1.67a and a variety of counter anions. It was found thaf the change in
counter anion had significant effects upon the binding constant of benzoate observed, for

example with the tetrafluoroborate anion a binding constant of 414,000 M’ was

calculated compared to a binding of 38,000 M with chloride.
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N
Rm/(\ , /j.\\\th 1.67a R'= R%= CH,CH=CH,
N i

N7 R, 1.67bRl=H, R%= CH,0SiBuPh,

X=CI, Br, I, BF,, PF¢

For several years Schmuck has investigated the binding affinities of guanidiﬁium
salts appended to hydrogen bdnding pyrrole-containing motifs and has shown how
carboxylate anion binding is enhanced by the hybrid receptors. In 1999 Schmuck
reported the binding ability of 1.68a with various carboxylate anions in highly
competitive media.”® Proton NMR titration in DMSO-dy/40% H,O at 25 °C revealed
that 1.68a formed stronger complexes with acetate and Ac-L-Phe anions with binding .

- constants of 2790 M! and 1700 M respectively.

A NH,
U HNﬁa
\ /

1.68a A= picrate

Schmuck then investigated a series of guanidinium appended pyrrole receptors and
found that 1.68b bound Ac-L-Ala-O" more strongly than 1.68a (1610 M and 770 M
respectively).”” The binding ability of 1.68b was then assessed with a range of
carboxylate anions by '"H NMR titrations in DMSO-d,/40% H,O at 25 °C and showed
that compound 1.685 formed stronger complexes with the anions than 1.68a. High
affinities were observed for 2-pyrr61e—COO‘ and acetate (5275 M and 3380 M"). A
‘notable result was that compound 1.68b displayed enantioselectivity in the case of Ac-
Ala-O anions where a higher affinity was .ob_ser‘ved for the L-enantiomer over the D-

enantiomer (1610 M vs. 930 M),

H,NNOC A" NH,

+
NH HN

H NH,

R\
1.68b A= picrate
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In 2005 Schmuck and Schwegmann reported the study of a tripodal ‘molecular
flytrap’ 1.69 where the pyrrole-guanidinium moieties were appended to a triamide
backbone.” The receptor was designed to bind tricarboxylate anions and UV and
fluorescence titfation experiments in water showed that 1.69 bound citrate and

trimesoate with association constants >10° M,

NH,
H,N—4&
: NH 3 CF,COy
O .
— : o
HN 0
2 _ HNJ\ﬂ)_’( NH,
07 N 7 v
H NH,
NH
x>0
\NH
HN—
N © 1.69
NH2 ¢

Recently de Mendoza and co-workers have reported the complexation of nitrate to

an acyclic cleft and a series of macrocycles based on guanidinium.”

I
S

gee
HN

, | .
REH ° .

. S S_ . @ PF,

@[ PE, D NH

NH . HN )\NH HN/&

0 0
O)\ITIH HITI/J%O 1 7\1[\'15 4
./1an=
nBu  nBu 1.71b n=>5

L.70 : 171cn=6

Association constants were calculated by ITC titrations in acetonitrile at 303 K and

it was found that the macrocyclic receptors bound the nitrate anion more strongly than
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the acyclic system. The constants obtained for the macrocycles 1.71a-1.71¢ revealed a
size dependence on the binding of nitrate with the largest macrocycle 1.71c giving rise
to the highest association constant of 73.7 x 10> M, an order of magnitude greater than

the smallest macrocycle 1.71a (7.26 x 10° M),
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1.6 AIMS OF THIS THESIS

The examples discussed in this introductory chapter provide a broad overview of
the uses of synthetic organic receptors in the binding and sensing of anionic species and
some recent advances in anion receptor chemistry. ‘As the understanding of the
processes and factors that influence the effective binding of anions improves there is
increasing impetus to apply this knowledge to solve real-world problems.

The thesis discusses the synthesis, characterisation and molecular recognition of
simple macrocyclic and acyclic systems and has been divided into the following
subsections:

* Investigation into the ion-pair recognition behaviour of both meso-
octamethylcalix[4]pyrrole and N-confused octamethylcalix[4]pyrrole in the solid
state and in solution.

« A series of new indole based receptors have been synthesised and their anion
recognition properties have been investigated in solution and in the solid state.

* The developmeht of receptors with appended protonatable groups for the use as

sulfuric acid receptors in the hydrometallurgical “extraction of nickel(II)sulfate

via a dual host strategy.
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CHAPTER 2 - ION-PAIR RECOGNTION PROPERTIES OF
CALIX[4]PYRROLE DERIVATIVES: SOLID STATE AND
SOLUTION STUDIES

2.1 INTRODUCTION

2.1.1 DITOPIC RECEPTORS FOR ORGANIC SALTS

Within the field of supramolecular chemistry an emerging area of interest.is the
recognition of ion-pairs, in which a host binds both cationic and anionic guests
simul_taneously.3'5 In certain instances receptors designed for this purpose may exhibit
allosteric behaviour, where the binding of one ionic species induces conformati?nal
and/or electrostatic changes to the receptor that facilitates the co-ordination of the
counter ion, resulting in higher association constants for the ion pair than for the single

ionic species.”

47




Chapter 2 ~ Ion-pair recognition properties of calix[4 Jpyrrole derivatives

In 2001 Pochini and co-workers described the synthesis of new recéptors based on
extended calix[4]arene (e.g. 2.1a and 2.1b) and upon the binding of a number of v

_tetramethylammonium salts a positive allosteric effect was observed with 2.1a.%°

OR ,
OR PR RO ;

In the case of 2.1a the receptor was designed to bind the ioh-pair via the
encapsulation of the tetramethylammonium cation within a ‘cage-like’ structure induced
by the binding of the anion to the pendent hydroxy groups (Figure 2.1). A ROESY
NMR experiment with 2.1a and TMA tosylate provided evidence for the fofmation of

~the anion induced ‘cage-like’ structure and . the encapsulation of the
tetramethylammonium cation. Association constants for the 1:1 complexation of 2.1a
with a number of tetramethylammonium salts were calculated from 'H NMR titrations in
CDCl, at 300 K and revealed that 2.1a had strong ziffinity for TMA acetate (K, = 10,000
M™). The stability of the complexes were found to be strongly dependent on the polarity

of the solvent system where additions of polar solvent, such as CD,OD and DMSO-d;, to
the chloroform solutions resulted in the release of the cation from the cavity. It was
believed that competitive binding between the solvent and anion molecules to the
hydroxy groups disrupted the anion-indﬁced formation of the ‘cage-like’ structure and
therefore the binding of the cation was unable to occur. Titration studies with 2.1b
showed that in the absence of hydrogen-bond donor groups the anion-induced cage was

not formed and little evidence of cation binding was observed, a result providing

additional evidence for the positive anion-induced allosteric effect observed in 2.1a.
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CH,

o
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Figure 2.1: Proposed ion-pair binding of TMA tosylate in 2.1a.

Atwood and Szumna have described a series of molecular capsules based on a
modified resocin[4]arene scaffold for the encapsulating of tetramethylammonium halide
salts.* Initially 2.2a was synthesised and was found to encapsulate the TMA cation

within a cavity through multiple CH-m interactions.

2.2a Rl = CH3, R2 =Et
22bR, =Ph,R,=i-Bu
22cR, =Ph, R, = Et

An X-ray crystal structure of the TMACI complex of 2.2a obtained from a

chloroform/nitrobenzene solution revealed that the chloride anion was bound by the four
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amide NH groups, however the x-ray crystal structure obtained from more polar solvents
showed that the chloride anion was not bound to the amide groups presumably due to

competing interactions from the polar solvent molecules (Figure 2.2).

Figure 2. 2: Crystal structure TMACI complex of 2.2a crystallised from CHCl;:nitrbenzene and
CHCl;:MeOH respectively.

The same authors then synthesised receptors 2.2b and 2.2¢ as it was hoped that the
inclusion of the phenyl amide groups would encapsulate and isolate the anion away from
the polar solvent media.** The structural modification was shown to improve the stability
of both TMACI and TMABr complexes of 2.2b in the presence of high methanol
concentrations and the crystal structure of the TMACI complex of 2.2¢ revealed that the
presence of the phenyl groups shield the anion from the surrounding solvent media

(Figure 2.3).

Figure 2.3: Crystal Structure of the TMACI complex of 2.2¢.
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Smith and co-workers have reported the binding of alkylammonium contact ion-
pairs with 2.3, an azo-crown strapped with an isophthalamide moiety.® Association
constants for a number of alkylammonium salts were calculated by "H NMR titration in
CD.Clg,:DMSO-a’6 85:15 solutions at 295 K and revealed that n-propylammonium
chloride was bound with the highest affinity (K, = 2.0 x 10° M"). The selectivity was
attributed to the deep penetration of the ammonium cation into the receptor cav1ty
coupled with the predisposed selective of the isophthalamide group for the chlorlde

anion.

t-Bu

(O o
N N
23

In 2003 Mandolini, Rissanen and co-workers reported the recognition of
quaternary ammonium chloride salts with the uranyl-salophen based receptors 2.4a and
2.4b.* Binding constants were calculated by '"H NMR titration in CDCI, at 25 °C and
revealed that 2.4b bound TMACI over two times greater than 2.4a (28,000 = 2000 M
and 13,600 = 2000 M respectively) attributed to the polarizability of the naphthalene

providing stronger cation- interactions.
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.4b

’The same authors have recently shown that 2.4a and 2.4b binds to more complex

organic salts such as NMPI and NmiQL®

O 0
~ + I
- ZNN

'NMPI - NMiQI

Binding constants calculat_edv by '"H NMR titration in CDCl, at 25 °C again
revealed that the presence of the naphthalene groups in 2.4b increased the affinity for the
salts compared to 2.4a. In the case of NMPI, 2.4b bound the salt approximately four
times higher than 2.4a (500 M and 130 M respectively) and with the more aromatic
cation, NmiQI, a binding constant of 800 M was obtained with 2.4b, approximately a

seven-fold increase to that achieved with 2.4a (110 M“).
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2.2 ION-PAIR RECOGNITION PROPERTIES OF MESO-
OCTAMETHYL CALIX[4]PYRROLE

Meso-octamethylcalix|[4]pyrrole, 2.5, was originally synthesised by Baeyer in
1886 and is arguably the simplest anion receptor to synthesise as it is formed in high
yields in one step via the acid catalysed condensation of pyrrole and acetone.” In 1996
Sessler and co-workers found that the macrocycle bound anionic guests with a 1:1
stoichiometry via four hydrogen bond interactions and had high affinities for fluoride

and chloride anions in CD,Cl, solutions.>

2.5

X-ray crystal structures of 2.5 revealed that the receptor adopted a 1,3-alternate
conformation in the absence of anionic guestsin the solid state and, in the presence of an
anionic guest 2.5, adopted a cone-like conformation to accommodate the anion and to

maximise the hydrogen bond interactions between host and guest (Figure 2.4).

Figure 2.4: Anion induced conformation change with 2.5 in the solid state.

The anion-induced change in conformation also results in the formation of an
electron rich cavity at the ‘base’ of the cone. However, the electron rich cup has not yet

been shown to serve as a receptor for cationic guests but the possibility that 2.5 could
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function as an ion-pair receptor led us to study_fufther 2.5 in both the solid state and ini
solution. Initially crystallographic studies were -carried out, as any potential ditpoic
behaviour w:)uld»be most strongly manifested in the solid state. These studies were
followed by solution studies in .order to ascertain if the io.n-pair recognition occurs in

solution and is not a phenomena observed only in the solid state.

2.2.1 TETRAALKYLAMMONIUM SALT COMPLEXES

~ X-ray quality crystals of all complexes were prepared by the slow evaporation of
dichloromethane solutions of 2.5 in the -preSénce of tetramethylammonium fluoride
(TMAF), tetramethylammonium chloride (TMACI), tetramethylammonium bromidé
(TMABr), tetracthylammonium fluoride (TEAF), tetraethylammonium chloride
(TEACI) and tetraethylammonium bromide (TEABr).

R
+NaR X
R™ "R

TMAF-R=Me, X=F
- TMAC!-R=Me, X=Cl

TMABr - R = Me, X = Br
. TEAF-R=Et, X=F

TEACI-R=FEt, X =Cl

TEABr - R=Et, X = Br

Complexes 2.5TMAF, 2.5TMACI and 2.5-TMABr were found to be
isostructural. In all three complexes the anions were bound by all four hydrogen bonds
from the pyrrole NH’s. The fluoride complex had the shortest hydrogen ’bond distance
with a N--F distance of 2.808 A, followed by chloride (N--Cl distances of 3.288-3.299
A) and the bromide vcomplex had the longest hydrogen bond distance with N:-Br
distances of 3.448-3.449 A. In all three ‘crysta'l structures the tetramethylammonium
cations were found to be disordered but interestingly were included in the anion induced

‘cup’ with one methyl group pointing directly into the electron rich cavity (Figure 2.5).
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The cation inclusion is illustrated in the space filling representation of the crystal

structures (Figure 2.6).

Figure 2.5: Crystal structures of complexes 2.5-TMAF, 2.5-TMACI and 2.5-TMABEr respectively
(hydrogens omitted for clarity).

Figure 2.6: Space filling representation of complexes 2.5 TMAF, 2.5-TMACI and 2.5-TMABr
respectively.

Complexes 2.5-TEAF, 2.5-TEACI and 2.5-TEABr were found to be isostrucutral
with all three anions again being bound by four pyrrole NH hydrogen bonds with a N---F
distance of 2.748(2) A, N---Cl distances of 3.2574(18)-3.3411(18) A and N--Br distances
of 3.408(3)-3.462(3) A. In all cases the tetraethylammonium cation was found to be
included in the electron rich cavity of the calix[4]pyrrole with two of the CH, groups of
the ethyl chain pointing into the anion induced cavity. The inclusion is illustrated in the

space filling representations of the crystal structures (Figure 2.8).
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Figure 2.7: Crystal structures of complexes 2.5 TEAF, 2.5-TEACI and 2.5-TEABTr respectively
(hydrogens omitted for clarity).

Figure 2.8: Space filling representation of complexes 2.5-TEAF, 2.5 TEACI and 2.5-TEABr.

The extent of the inclusion of the cation within the anion induced cavity can be
assessed to some degree by the distance between the central nitrogen atom of the cation
and a centroid of the macrocycle (defined by the four nitrogens of the calix|[4]pyrrole),
which is shown in Figure 2.9. In the case of the alkylammonium chloride salts the
distance increases with the increase of the size of the cation with distance of 3.906,

4.361 and 4.445 A for the TMA, TEA and TBA cations respectively.
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Figure 2.9: Structures of 2.5-TMACI, 2.5-TEACI and 2.5-TBACI respectively showing distance from
cation N atom to a centroid of 2.5 (chloride and hydrogens omitted for clarity).

2.2.2 SOLUTION STUDIES

The solid-state results prompted the study of the behaviour of calix[4|pyrrole in
solution.  Jonathan Sessler from the University of Texas at Austin and Franz
Schimdtchen from Technische Universitit Miinchen conducted 'H NMR and ITC
titration experiments of meso-octamethylcalix|4]pyrrole, 2.5, with a variety of
alkylammonium chloride salts.** Their results showed that when applying a simple 1:1
binding model to the data obtained from the titration experiments the association

constants were greatly influenced by both the cation and solvent used in the experiments
(Table 2.1).

Table 2.1: Stability constants (M"') of 2.5 with a number of organic chloride salts in both

dichloromethane-d, and dimethylsulfoxide-d/0.5% water solutions at 298 K.

Organic Salt DCM DMSO MeCN
TBACI 430 2200 25000
TEACI 3700 2300 22000
TPACI 660 - -

The result of the 'H NMR titrations in both CD,CN and DMSO-d, revealed that
there were insignificant differences between the chloride association constants with the
different cations. However the constants obtained from dichloromethane showed that

the chloride association constants were greatly affected by the counter cation present.
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