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This dissertation reports on the recent discovery that calix[4]pyrrole not only functions as 

an anion receptor, but also has the ability to act as an ion pair receptor.  It was discovered 

that in the solid state large diffuse cations, such as Cs+ and imidazolium, will occupy the 

electron-rich cone-like cavity that is formed upon anion binding to the NH region of the 

calix[4]pyrrole core.  Also discussed are efforts devoted to improving the anion binding 

ability of calixpyrroles and fine-tuning their inherent selectivity.  This has been probed 

through a variety of structural modifications.  One of the most attractive of the 

modification strategies currently being explored involves expansion of the central binding 

cavity by using higher order β-fluorinated calix[n]pyrroles; n = 5, 6, and 8.  An 

advantage of β-fluorinated calix[4]pyrrole is that it shows enhanced anion binding 

affinities toward several anions compared to the parent calix[4]pyrrole.  Fluorinated 
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calixpyrroles have also shown an ability to extract anions from aqueous environments 

into organic media.  An alternative strategy has been to attach “straps” resulting in 

bicyclic systems, which further define the binding cavity achieving higher affinity and 

anion selectivity.  The binding interactions of calixpyrrole and it derivative have been 

quantified using analytical techniques, such as nuclear magnetic resonance spectroscopy 

and isothermal titration calorimetry.  The results of these latter studies will be discussed 

herein. 
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Chapter 1:  Introduction  

1.1 ANIONS  

Anions have significant importance in chemistry and the environment, comprising 

the electron rich half of all ionic compounds.  Their environmental study has gained 

additional importance in the last half century due to widespread deleterious effects.  For 

example nitrate, largely due to agricultural fertilizer runoff,1 is the most abundant 

chemical contaminant in the world’s ground water.2  While nitrates and nitrites are used 

as widespread preservatives in meats, they are also precursors in the formation of N-

nitroso compounds (NOC), a class of genotoxic compounds, most of which are animal 

carcinogens.3  Lastly, nitrate is known to cause Methemoglobinemia in infants.4  Other 

anions such as cyanide, chromate and pertechnetate, also found in drinking water sources, 

are detrimental to human health. 

Anions such as fluoride, chloride (present in cells at the 5-15 mM concentration 

level5), and phosphate play critical roles in a range of biological processes and in the 

progression of a variety of diseases, ranging from fluorosis to cystic fibrosis.6-8  Many 

diseases, including cyctic fibrosis, are believed to be caused by a disruption of anion flux 

across the cell membrane.9  Other diseases related to anion misregulation include: 

Bartter’s syndrome,10 Dent’s disease,11, 12 Pendred’s syndrome,11, 13 and osteopetrosis.14  

Phosphate anions are also found in the phosphate binding proteins, and within the 

backbone of DNA, playing important roles in biochemical signaling, information 

processing, and energy storage.15  Additionally, many enzyme substrate co-factors utilize 

ATP, a polyphosphate high energy source powering cellular metabolism.  In light of 

these issues, the synthesis and study of anion receptors has emerged as an attractive and 

growing field of supramolecular chemistry. 
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Compared to cations, anions have been much less studied in the field of 

supramolecular chemistry.  This likely reflects a number of reasons: 1) anions have 

different geometries and may be polyatomic (see Figure 1.1); they are thus able to 

delocalize charge over several atoms in some cases; 2) the ionic radii of anions are larger 

than isoelectronic cations resulting in a lower charge density/less electrostatic attraction 

than the correlated cations (see Table 1.1); 3) The pH range in which anions may be 

studied is limited by the basicity of the anion in question; 4) anions can be well-solvated 

in protic solvents and they have large hydration energies (see Table 1.1),16 making them 

more difficult to extract out of aqueous environments.  
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Figure 1.1.  Representative anions, classified by shape, found in the environment and the 
laboratory. 

 

Table 1.1. A comparison of the radii (r) and hydration energies (ΔGhyd) of selected 
isoelectronic anions and cations 

Anion R 
[Å] 

ΔGhyd 

[kJ/mol] 
Cation r 

[Å] 
ΔGhyd 

[kJ/mol] 
F- 1.19 -465 Na+ 1.16 -365 

Cl- 1.67 -340 K+ 1.52 -295 

Br- 1.82 -315 Rb+ 1.66 -275 

I- 2.06 -275 Cs+ 1.81 -250 
Data above retrieved from the literature.16 
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1.2 SUPRAMOLECULAR CHEMISTRY  

Supramolecular chemistry involves the study of noncovalent intermolecular 

interactions, which are generally weak and reversible in nature.17  These interactions 

involve either a single effect or a combination of interactions such as hydrogen bonding, 

electrostatic effects, hydrophobic forces, van der Waals forces, π-π interactions, cation-π 

or anion-π interactions, and metal-ligand interactions.  Of these, hydrogen bonds are 

probably the most important (see below).  These are generally directional in nature and 

when present singly or in multiples can support chemically significant associations (see 

Figure 1.2).  One of the most recognizable supramolecular systems is DNA, where two 

individual polymeric strands of nucleotides are entwined together as the result in part of 

hydrogen bonds. 
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Figure 1.2. Hydrogen bonding between carboxylic acids (left) and DNA base pairs 
cytosine and guanine (right), respectively. 
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1.2.1 HYDROGEN BONDING 

Hydrogen bonding is an electrostatic or dispersive interaction where a hydrogen 

atom is shared between two atoms/groups.  It can be generalized as a donor (X)–acceptor 

(Y) interaction: 

X–H⋅⋅⋅Y 

where X is usually an electronegative atom i.e. O or N, however C–H hydrogen bonds 

have also been observed (see Chapter 5).  Y on the other hand can be a variety of species.  

Most common in biology are N and O; however, Y can also be a negatively charged anion 

(A-) or even π-electron containing species.  Hydrogen bonding interactions (0.5-40 

kcal/mol) can be classified in terms of their energy.18  At the strong end (15-40 kcal/mol) 

are ensembles such as O–H⋅⋅⋅A- and [N⋅⋅⋅H⋅⋅⋅N]+, which have significant covalent 

character between both electronegative atoms and the shared H.  In the medium range (4-

15 kcal/mol) are the X–H⋅⋅⋅O or X–H⋅⋅⋅N, which are dominated by electrostatics.  Finally 

at the weak end (<4 kcal/mol) are hydrogen bonds of the X–H⋅⋅⋅π type, which are weakly 

electrostatic and dispersion-repulsion driven.  The distances, X–H and Y⋅⋅⋅H, also depends 

on strength of the hydrogen bond, and the distance from donor to acceptor, X⋅⋅⋅Y can 

range from 2.2-4.0 Å.  The location of the hydrogen depends on the electronegativity of 

the competing species.  Because of their non-covalent nature and their directionality, 

hydrogen bonds have been exploited in supramolecular chemistry where kinetics, 

reversibility, and orientation are critical.  Of importance to this dissertation is the 

hydrogen bond of N–H⋅⋅⋅A- type, where N–H is likely from a pyrrole containing 

macrocycle and A- is the anion of interest. 
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1.3 SYNTHETIC ANION RECEPTORS 

One of the goals of supramolecular chemistry is to understand the host-guest 

interactions of anions (guests) and supramolecules (hosts).  The ultimate challenge is to 

be able to selectively sequester, transform, and sense anionic species.  The potential 

practical benefits of being able to do this could help explain why synthetic anion receptor 

chemistry has emerged as one of the fastest growing disciplines in supramolecular 

chemistry in recent years.19-24   

Anion receptors can come in different forms.  In the neutral category are Lewis 

acids or proton donors and in the charged category there are transition metal, protonated 

nitrogen or heterocyclic species.  As a general rule, neutral receptor systems containing 

hydrogen bond donor groups often show better selectivities over charged receptors.  This 

can be attributed to the fact that they often possess more precisely oriented (i.e., 

directional) hydrogen bond donors than other systems.  These donors include neutral 

amides, thioamides, sulfonamides, ureas, thioureas, phenols, pyrroles, carbazoles, and 

indoles, as well as charged species, such as ammoniums, guanidiniums, pyridiniums, and 

imidazoliums (see Figure 1.3).  However, in many systems combinations of these motifs 

are used. 
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Figure 1.3. Hydrogen bond donors found in nature and used in supramolecular 
chemistry. 

 

1.3.1 HISTORY OF MACROCYCLIC ANION RECEPTORS 

Design, synthesis and characterization of anion receptors has been an ongoing 

challenge for supramolecular chemists since 1968, when the first anion–ligand interaction 

was reported by Park and Simmons. These researchers provided evidence for the 

existence of a complex between a bicyclic diammonium ligand 1•(2H+) (Figure 1.4) with 

chloride.25  This discovery was followed by the deliberate synthesis and study of a series 

of ammonium macrocycles (see Figure 1.4).20  

  

Figure 1.4. Polyamine macrocycles studied for their anion binding capabilities. 
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Anion receptors are now available for “a dime a dozen” and due to the vast 

number of receptors reported in the literature20, 22, 23, 26-36 the discussion here will be limited 

to calixpyrroles (see below) and systems that have been studied by microcalorimetric 

methods.  This choice reflects the research focus of the work described in the subsequent 

chapters of this dissertation. 

 

1.3.2 CALIXPYRROLES 

One of the more attractive neutral anion receptors is meso-

octamethylcalix[4]pyrrole (1, Figure 1.5), which along with its many derivatives are a 

well recognized class of anion receptors.  Calixpyrroles are structurally analogues to the 

more well known calixarenes,37-39 except that they contain pyrrole rings which are 

connected at the α-positions via an sp3-hybridized carbon.  These oligopyrrolic 

macrocycles have been known for over a century,40 and they are relatively easy to make 

and modify.  In fact, the simplest member of this family, 1, is now commercially 

available from Aldrich Chemical Co. (catalogue no. 579270).  Their synthesis has been 

refined by a number of research groups,41-44 and metal complexes of various deprotonated 

calixpyrroles have been reported by the late Floriani and co-workers.45-48  Despite this 

they were only recently discovered as a new class of neutral anion binding agents, with 

the first report on the topic appearing in 1996.49   

Efforts to enhance the anion binding affinities, as well as to modulate the 

selectivities of calix[4]pyrrole, have resulted in various structural modifications.  They 

have specifically inspired the synthesis of strapped calix[4]pyrroles (see below),50-52 

“deep cavity” calix[4]pyrroles,53-56 and calixpyrroles containing non-pyrrolic building 

blocks.57-64  Another attractive arena involves the use of expanded cavity systems.  The 
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first such system was a calix[5]pyrrole motif, which was prepared as a calix[5]pyrrole-

calix[5]arene pseudodimer using a template approach.65  Subsequently, Eichen and co-

workers synthesized a phenyl substituted calix[6]pyrrole; this first free standing higher 

order system showed an enhanced affinity for larger anions, such as I- and BF4
-.66, 67  

Shortly thereafter, Kohnke and co-workers reported the synthesis of calix[n]pyrroles (n = 

5, 6) prepared from the corresponding calix[n]furan analogues.68-70  More recently, our 

group found that higher order fluorinated calix[n]pyrroles (n = 4, 5, 6, and 8) could be 

prepared via the acid catalyzed condensation of 3,4-difluoropyrrole and acetone (see 

Chapter 4 for more details).71-75  
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Figure 1.5: meso-Octamethylcalix[4]pyrrole 1 and the interconversion between the 
limiting 1,3-alternate and cone conformations. 

Extensive computational work has demonstrated that calix[4]pyrrole 1 in its 

uncomplexed form is extremely flexible and is a species that interconverts rapidly 

between all possible conformations, while favoring on average the 1,3-alternate 

arrangement in the absence of anions (see Figure 1.5).56, 75-78  Additionally, several 

reviews and part of a monograph have been written about this class of receptors and the 

interested reader is directed there for further reading.23, 34, 79, 80 

Despite being known to bind anions there still remain a few issues dealing with 

selectivity, solvent and ion-pairing effects that are poorly understood.  The resolution of 



9 

these is one of the goals of this research project.  To provide appropriate context, a brief 

summary of prior anion binding studies is warranted.  As noted above, there have been 

several theoretical reports, which included anion binding.56, 75-78  However the first 

experimental report of affinity constants came from our group in the original report of 

1996.49  Here, NMR spectroscopy titration data in dichloromethane-d2 (DCM) using 

tetrabutylammonium (TBA) salts was reported, and the data is summarized in Table 1.2.  

Based on these results, it appeared that 1 had a greater preference for fluoride over 

chloride and other anions.  However, in a subsequent report from Phil Gale (a former 

postdoctoral researcher and collaborator of the Sessler group) and his group at the 

University of Southampton,55 revealed that when dimethysulfoxide-d6 (DMSO) was used 

as the solvent the selectivity for fluoride over chloride was diminished significantly (see 

Table 1.2).   

 

Table 1.2. Affinity constants (Ka) for anions and 1 in various solvents. 

Anion  Ka(DCM)a Ka(DMSO)a Ka(MeCN)b Ka(MeCN)c 
 M-1 M-1 M-1 M-1 

Fluoride 17 170 1060 150 000 ~75 000d 
Chloride 350 1025 190 000 50 000 

aDetermined by NMR spectroscopic titrations using tetrabutylammonium salts.49, 55  
bDetermined by isothermal titration calorimetry (ITC) using potassium⊂cryptand[222] 
salts.81   cDetermined by calorimetry tetrabutylammonium salts.82  dDetermined by 
competition studies.82 

 

More recently, Franz Schmidtchen, while studying the interaction of 1 with 

various anions in acetonitrile by isothermal titration calorimetry (ITC), determined81 Ka 

values of 1.5 × 105 and 1.9 × 105 M-1 for the binding of potassium⊂cryptand[222] salts of 

fluoride and chloride, respectively.  In other work, Danil de Namor reported Ka values of 
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5.0 × 104 and 5.5 × 104 M-1 for the binding of TBA-Cl and tetramethylammonium 

chloride (TMA-Cl) to calixpyrrole 1, as derived from calorimetric measurements carried 

out in acetonitrile.82  This same group reported affinity constants for fluoride, derived by 

competition studies, in this same solvent that were ca. 1.5 orders of magnitude higher.  

Eichen and coworkers also reported a Ka of 6.8 × 103 M-1 when studying the interaction of 

1 with chloride in acetonitrile/chloroform (1:9 v/v) by NMR spectroscopy.67  

 

1.4 BINDING DETECTION METHODS  

As discussed above, many anion receptors, including calixpyrrole 1, have been 

studied with regard to their binding ability.  This ability is usually characterized in terms 

of affinity or association constants Ka.83, 84  Depending on the features of the host-guest 

system, measurements of Ka can be accomplished by using NMR, UV-Vis, or 

fluorescence spectroscopy, calorimetry, electrochemistry, extraction, as well as several 

other techniques.85  However, of relevance to this dissertation are NMR spectroscopic 

titrations and isothermal titration calorimetry (ITC), and these will be discussed in the 

ensuing sections. 

 

1.4.1 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY TITRATIONS 

As generally utilized, 1H NMR spectroscopic titrations monitor the effect that an 

added substrate (“guest”, G in Equation 1.1), a salt of an anion in the present instance, 

has on the chemical shift of one or more proton signals present in the spectrum of the 

receptor (“host”, H in Equation 1.1) being subject to titration.  Under conditions of fast 

exchange and for a simple, 1:1 binding equilibrium (see Equation 1.1), the change in the 
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chemical shift of the signal in question is directly proportional to the mole fraction of the 

host-guest complex (HG in Equation 1.1).  

H  +  G      HG       [1.1] 

Thus, by monitoring the change in the chemical shift as a function of added substrate, it is 

possible to construct binding profiles, from which apparent Ka values may be derived.  

Related methods, in particular the construction of so-called Job plots, allow the 

stoichiometry of the reaction to be determined, again in the case of clean, well-behaved 

equilibrium situations.  In practice, because of instrument limitations and those imposed 

by sample solubility, the effective Ka range for which NMR spectroscopy titrations can 

provide reliable values for 1:1 binding equilibria is ca. 10 < Ka < 104 M-1.  When care is 

exercised or suitably high signal-to-noise ratios are obtained, this range can be extended 

by an order of magnitude on either side.  One may also determine the ΔH of the binding 

event using NMR spectroscopy and a tedious Van’t Hoff measurements; however, high 

accuracy over a large temperature range is required.86 

 

1.4.2 ISOTHERMAL TITRATION CALORIMETRY (ITC) 

Isothermal titration calorimetry87 is an indispensible tool for chemists who want to 

obtain a direct measurement of heat evolved or consumed in a chemical process.  ITC has 

its roots in the realm of biochemistry and the study of protein or enzyme substrate 

interactions.  It was initially designed to be used with aqueous solutions, specifically 

buffered solutions; however, it has proved possible to run titrations in organic solvents 

ranging from methanol or dimethylsulfoxide to dichloromethane or toluene (see Chapter 

2 for more details).  Whether it is a small ligand binding to a large macromolecule (such 

as a protein) or it is two small entities participating in a host guest relationship, the use of 
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ITC is often advantageous.  One of the advantages of using ITC over other analytical 

methods (i.e., UV-Vis, fluorescence, NMR etc.) is that there is no need to follow a 

spectroscopic change such as a chemical shift in the NMR spectrum.  The use of ITC 

only requires a significant enthalpic effect to be associated with the putative interactions.  

Hence, when it can be applied successfully, ITC provides direct access to the enthalpy 

ΔH of the binding process.  In an ITC experiment one can obtain, not just ΔH, but also 

the free energy ΔG of binding as well.  The molar enthalpy is proportional to the amount 

of titrant injected into the sample cell and ΔG is determined from the slope at the 

inflection point of the resulting data, discussed in more detail below.  With ΔH and ΔG 

in hand the association constant Ka and molar entropy TΔS can be calculated using 

Equations 1.2 and 1.3, respectively. 

ΔG = –RTlnKa    [1.2] 

ΔG = ΔH – TΔS    [1.3] 

Optimal results are obtained when the c-value88, 89 is on the range of 5-50, 

however results outside this range are still acceptable for c-values ranging from 1-1000.  

The c-value is determined by Equation 1.4: 

c = n(Ka × [H])   [1.4] 

where n is a unitless stoichiometry factor, Ka is the association constant (units of M-1) and 

[H] is the concentration of the host in the titration cell (units of M).  For n = 1 (i.e., for a 

1:1 host to guest relationship), Equation 1.4 is reduced to c = Ka[H].  Simulated plots of 

titrations having varying c-values are shown in Figure 1.6.  
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Figure 1.6. Simulated binding isotherms with varying c-values. Y-axis: ΔH and x-axis: 
molar ratio (see Figure 1.7b). 

On one extreme, at high a c-value (due to high concentration or large Ka, Figure 

1.6a for example) the titrant is completely consumed in the initial injections yielding a 

very sharp curve where the determination of the Ka is not very accurate however this data 

yields a clear step height, or molar enthalpy, ΔH, of high accuracy.  On the other 

extreme, very low c-values, the sigmoidal character is lost and the plots can resemble 

hyperbolas and eventually appear linear (see Figures 1.6e and 1.6f).  In these instances 

reliable enthalpy values cannot be determined.  However if the stoichiometry is known to 

be 1:1 (i.e., by some other analytical method) then during the fitting process n can be 

fixed to 1, and in some cases Ka can be determined.88, 89  Ideally one would want data that 

resembles the curvature seen in Figures 1.6c or 1.6d, where reliable enthalpy, ΔH, and 

energy, ΔG (the slope at the inflection point), may be determined; unfortunately, due to 

solubility and differing affinities this is not always possible. 

In an ITC experiment one species (lets say the host, H) is filled into the sample 

cell, and the binding partner (the guest, G, with a concentration 10-20 times that of the 

cell concentration).  There is an additional cell adjacent to the sample cell, which is used 

for reference solvent, and these two cells are connected through a cell feedback circuit.  

The injections from syringe to cell are accomplished by an automated injection, 
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determined by the user on the computer control station.  The heat evolved or absorbed by 

the system is measured by the cell feedback power and plotted versus time (see Figure 

1.7a).  In the case of an exothermic interaction, less power is needed to heat the cell and 

therefore a negative peak is produced; the contrary is true for an endothermic process 

where positive signals are produced.  Between each injection and before the first this cell 

feedback power equilibrates at a set power level.  The data is then integrated, converted 

into enthalpy units and plotted versus mole ratio Figure 1.7b.  Since the dilution of the 

species can have its own heat trace, a background titration is run where the guest solution 

is titrated into pristine solvent, this is then subtracted from the titration data in Figure 

1.7b to produce a form of the data used for curve fitting analysis.  The simplest model is 

an “onesites” model, which employs the reaction depicted in Equation 1.1 above.  

Iterative nonlinear regression analysis using the method of least squares on an Origin 7.5 

platform allows minimization and provides outputs of ΔH, ΔS, Ka and n as discussed 

above (see Figure 1.7b inset).  Theoretically, for a 1:1 process n = 1.  However this value 

may be slightly below or above the value of 1 due to trace impurities or weighing errors.  

In these cases, adjustment of concentration is necessary to obtain reliable thermodynamic 

values.  It may also be that a y-translation is necessary, i.e. the whole data set is shifted 

up or down in the y-direction.  The results of such action may improve the quality of fit, 

without affecting ΔH or ΔG since the absolute step height or the slope at the inflection 

point, respectively, do not depend on the position along the y-axis. 
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a)        b) 

  

Figure 1.7. Exemplary ITC titration data. a) Raw data and b) Integrated molar enthalpy 
vs. molar ratio.   

Another advantage of using ITC is that one can obtain both the enthalpy ΔH and 

entropy ΔS, which can yield information about the supramolecular complex structure.  

Generally, ΔH results from specific interactions such as electrostatic, hydrogen bonding, 

or π-π interactions.  TΔS results, on the other hand, can give information on the structure 

and rigidity of the complex; i.e., favorable entropy generally signifies the release of 

solvent molecules during the titration. Alternatively, strongly opposing ΔH and ΔS 

indicates that there is a well-structured complex being formed.  So, while ITC does not 

provide any direct structural information, it can give insights into the nature of the 

complex being studied and the thermodynamics of its formation. 

 

1.5 ITC IN SUPRAMOLECULAR CHEMISTRY  

In the field of supramolecular chemistry, ITC is relatively new technique.29, 86  The 

first examples involving microcalorimetric studies in supramolecular chemistry involved 

the inclusion complexes of cyclodextrins.90, 91  More recently, and during the time this 

dissertation work was being performed, ITC has been used to study a variety of 

supramolecular motifs, including, supramolecular polymers.92  Also, in the field of anion 
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binding (relevant to this dissertation) it has been used to study cyclopeptides,93, 94 pyrrole 

amides,95 amidoacridine-9-one,96 hyodeoxycholic acid,97 isothiouroniums,98 and 

tetrazoles.99  

The first use of ITC in anion binding field, and one that occupies most of the 

literature reports in the field until recently, involves positively charged guanidinium 

receptors.  This work was the product of the Schmidtchen group and appeared just over 

ten years ago.100  These researchers were studying the interactions between positively 

charged bis-guanidinium receptors (2, Figure 1.8) and the sulfate anion in methanol and 

dimethylsulfoxide.  They reported Ka’s on the order of 106 M-1. These recorded values are 

beyond the limit attainable by NMR spectroscopic analysis, as noted previously.  They 

found that binding event was highly entropy driven (–TΔS) with an unfavorable enthalpy.  

A year later, the Hamilton group reported binding of acetate by their charged 

guanidinium host (i.e., 3) using DMSO as the solvent.101  The same group reported a 

comparative study involving the dicarboxylate binding to bisurea 4 and bisguanidinium 

receptors.102  Interestingly, the urea binding was exothermic in nature and as well as 

entropy favored.  Hamilton and coworkers also showed that the association constants for 

the bisureas decreased as the titration temperature increased, something that is expected 

for an enthalpy-favored interaction.  In contrast, the effect of temperature had the 

opposite effect on the entropy favored bisguanidinium receptors.  However, it is 

important to point out that these systems were studied in two different solvent systems, 

namely DMSO for the bisureas and methanol for the bisguanidiniums.  While these 

systems were studied by both NMR spectroscopic and ITC methods, the data (or at least 

calculated Ka values) did not match in all cases.  

Since ITC studies involving supramolecular systems was initiated, there have 

been numerous reports involving ITC characterization of guanidium-anion interactions. It 
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is not possible to review these contributions here.  The interested reader is referred to 

several broad-based treatments of the anion recognition field27, 36, 103 for further details. 
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Figure 1.8. Bisguanidinium receptors 2 and 3 and bisurea receptor 4 studied by        
ITC.   

Our group’s work in the field of microcalorimetry started just before the candidate 

began his Ph.D. studies in 2003.  This first study involved strapped calixpyrrole systems, 

such as 5.  This was a collaborative project with the Lee group at Kangwon National 

University in Korea and involved the study of systems that displayed anion affinities too 

large to be determined by standard NMR spectroscopic analyses.50, 51  Subsequently 

several other reports from our group detailing the thermodynamics of anion binding with 

strapped calixpyrroles appeared.  As detailed in a recent review,104 a wide range of 

receptors have been generated.  Several of these display enhanced halide anion affinities 

(up to ca. 20x and 2000x improvements in Ka(Cl) and Ka(Br) values, respectively, relative to 

1, as determined by ITC in CH3CN).   
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Another class of systems studied by ITC methods in the Sessler group are hybrid 

calixpyrroles (i.e. compounds 6-13) studied by former graduate students Deqiang An and 

Won-Seob Cho.60-62, 105, 106  Many of these systems, including 6-10 were based on 

bipyrrole, either used as the sole pyrrolic precursor, or “mixed and matched” with various 

other heterocyclic species.60, 61, 105, 106  Other expanded calixpyrroles, such as 11-13, were 

produced from terpyrrole analogues.60  While these systems obviously warrant further 

study, on the basis of the anion recognition studies carried out to date (generally only in 

CH3CN and using for the most part TBA anion salts) some preliminary conclusions can 

already be drawn.  First, expanding a calixpyrrole while maintaining a spherical shape 

serves to increase the relative affinity for larger halide anions, although the relatively 

charge dense anion, chloride, generally remains favored over bromide in an absolute 

sense.  Second, elongating the calixpyrrole skeleton, such that a more rectangular central 

cavity is produced, almost invariably favors carboxylate anions at the expense of halide 

anions.  This is particularly true in systems, such as the bisthiophene calixbipyrrole 

receptor 9.  
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Also studied has been a TTF-functionalized calix[4]pyrrole 14 produced in 

collaboration with Jan Jeppesen.107  This system showed enhanced affinity towards anions 

as determined by ITC titrations in 1,2-dichloroethane.  It has also been studied as an 

electron rich host for spherical and flat electron deficient guests.108  Despite all of the 

different receptors synthesized and studied for their anion binding ability, there has not 

been a detailed study of the basic solute, solvent, and counter cation effects involving the 

interactions of the original meso-octamethylcalixpyrrole 1.  Some of these effects have, 

however, been the subject of theoretical studies.75, 77 
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Chapter 2: Calix[4]pyrrole-Anion-Cation Interactions  

(Taken in part from Sessler, J. L.; Gross, D. E.; Cho, W.-S.; Lynch, V. M.; Schmidtchen, F. P.; Bates, G. 
W.; Light, M. E.; Gale, P. A. J. Am. Chem. Soc. 2006, 128, 12281-12288.) 

2.1 INTRODUCTION 

In spite of the considerable amount of experimental55, 67, 81, 109 and theoretical56, 75-78 

work devoted to understanding the anion binding behavior of calixpyrroles (i.e., meso-

octamethylcalix[4]pyrrole 1, see Figure 2.1) there remain a number of issues that are not 

fully resolved, including those associated with solute, solvent, and counter cation effects.  

Much of the problem reflects the fact that, to date, many of the anion binding studies 

involving calixpyrroles have relied on the use of anions in the form of their 

tetrabutylammonium (TBA) salts55, 67, 109 and have been predicated on the tacit assumption 

that the anion (A-) behaves as a free species (cf. Equation 2.1 and Figure 2.1).  Recently, 

however, we have discovered that calixpyrrole can act as an ion-pair receptor, 

particularly in the solid state, as the result of π-stacking interactions involving large 

diffuse cations and the “walls” of the electron rich calix[4]pyrrole cavity (see Chapter 3 

of this dissertation for an in depth discussion).110-112  Such findings, coupled with apparent 

disparities in solution phase anion binding data (see Chapter 1),81 have led us to consider 

that solvation and ion pairing effects, illustrated in Equation 2.2, may be more important 

than hitherto appreciated.  In this chapter the results of a detailed study of the effect of 

solvent and counter cation (represented by C+ in Equation 2.2) on the binding of various 

anions to calix[4]pyrrole 1, as well as further solid state structural analyses of the 

resulting chloride complexes are discussed.   
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Figure 2.1. Anion binding to calix[4]pyrrole 1 (structural representation of Equation 1). 

 

1 + A-   →   [1-A]- ��        [2.1] 

[1]solv + [A- C+]solv   →   [1-A]- C+
solv     [2.2] 

 

The apparent disparities in solution phase anion binding data alluded to above 

reflect the fact that different groups, in particular those here at The University of Texas at 

Austin (UT) and the Technische Universität München (TU), had obtained seemingly 

different Ka values when studying the anion binding behavior of calix[4]pyrrole 1. 

Examination of the findings from these two groups and others led to the conclusion that 

there may be a strong dependence on the solvent and that both this and the choice of 

counter cation could play important roles in regulating the selectivity and strength of the 

binding interaction of 1 with anionic guests.  However, because the various studies 

involved the use of (often) different solvents, chloride anion sources, and analysis 

methods, this conclusion was far from established.  Moreover, the work in question, 

completed before this dissertation project was initiated, was carried out by different 

investigators.  This could be a source of potential error or bias.  Thus, first and foremost it 

was felt necessary to corroborate the measurement methods and to eliminate any 

concerns associated with the choice of experimental venue.  Towards this end, a 

collaborative study involving the UT, TU, and Southampton groups was launched.  The 

candidate helped to solidify this collaboration by visiting the TU in Munich on two 
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separate occasions to work with and under the guidance of Prof. Franz Schmidtchen, an 

expert in the field of microcalorimetry of supramolecular interactions.  As detailed 

further below, we have chosen a variety of solvents with a range of polarities and 

dielectric constants, namely acetonitrile, dimethylsulfoxide, dimethylformamide, 

nitromethane, 1,2-dichloroethane, chloroform, and dichloromethane, and have explored 

anion binding in solution using both ITC and NMR spectroscopy titrations, in addition to 

X-ray crystallography in the solid state.  

 

2.2 CALIXPYRROLE-CHLORIDE STUDIES 

2.2.1 ITC VS NMR SPECTROSCOPY  

The first key question to be addressed was whether Ka values determined by NMR 

spectroscopy and ITC (methods discussed in detail in Chapter 1) could be compared and, 

if so, under what conditions.  Such studies were viewed as being of critical, predicative 

importance since the apparent disparity between the previous findings (vide supra) could 

easily be rationalized in terms of differences in the measurement methods.  While under 

ideal conditions, including those where Equation 2.1 provides a reasonable 

approximation of the binding equilibrium, these two methods should give rise to the same 

Ka value, and it is to be appreciated that they sample different aspects of the processes 

occurring in solution. 

Given the differences in measurement methods (see Chapter 1), a first goal of 

these studies was to determine if conditions could be found where both NMR 

spectroscopy and ITC gave concordant Ka values for the binding of an anion (as an 

appropriately chosen salt) to calix[4]pyrrole 1.  This required finding a set of solvent(s) 

and salt(s), where the Ka value(s) fell within the ca. 102 – 104 M-1 range, accessible to both 
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NMR spectroscopy and ITC analyses.  After some preliminary screening experiments, it 

was found that such conditions are met when calix[4]pyrrole 1 is studied in nitromethane 

and either tetraethylammonium chloride (TEA-Cl) or tetrabutylammonium chloride 

(TBA-Cl) are used as the anion source.  Here, as can be seen by an inspection of the Ka 

values listed in Table 2.1, there is no appreciable difference in the results obtained using 

NMR spectroscopy and ITC.  The data in these cases fits a 1:1 stoichiometry model very 

cleanly (see Figure 2.2), with no difference in affinity being observed for the TEA and 

TBA salts.   

 

 Table 2.1. Results of titrations of calixpyrrole 1 carried out in acetonitrile and 
nitromethane at 298 K (calorimetry) or 295 K (NMR). 

Solvent Guest Na ΔH 
(kcal/mol) 

TΔS 
(kcal/mol) 

ΔG 
(kcal/mol) 

Ka(ITC) 
(M–1) 

Ka(NMR) 
(M–1) 

TEA–
Cl 5 –10.10  

± 0.94 
–3.07  
± 0.73 

–7.19  
± 0.12 

1.9 ±  
0.4 ×105 2.2 ×105 

CH3CN TBA–
Cl 5 –10.16  

± 0.20 
–2.91  
± 0.26 

–7.29  
± 0.06 

2.2 ±  
0.2 ×105 2.5 ×105 

TEA–
Cl 6 –7.54  

± 1.05 
–1.83  
± 0.88 

–5.84  
± 0.22 

2.0 ±  
0.7 ×104 1.9 ×104 

CH3NO2 TBA–
Cl 4 –7.49  

± 0.99 
–1.80  
± 0.80 

–5.68  
± 0.20 

1.6 ±  
0.5 ×104 2.4 ×104 

aN = number of independent calorimetric experiments. 
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Figure 2.2. ITC titration plots for the interaction of 1 with tetrabutylammonium (left) 
and tetraethylammonium (right) chloride in nitromethane.  

A clean fit to a 1:1 model was also seen when analogous measurements were 

carried out in acetonitrile (see Figure 2.3).  While in this case the high Ka values in 

question required extra care in carrying out the NMR spectroscopy titrations, to the extent 

that the resulting values may be considered reliable, a good concordance is again seen 

between NMR spectroscopy and ITC (Table 2.1).  Further, these studies reveal that the 

choice of cation again has little if any effect on the derived Ka value in this solvent.  On 

the other hand, an appreciable difference is observed between the solvents, with the Ka 

values determined in nitromethane being ca. 10-fold lower than those recorded in 

acetonitrile.  On the basis of the ITC analyses, this order of magnitude change in overall 

affinity is ascribed almost exclusively to differences in the enthalpy of binding.  
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Figure 2.3. ITC titration plots for the interaction of 1 with tetrabutylammonium (left) 
and tetraethylammonium (right) chloride in acetonitrile.  

 

2.2.2 DEPENDENCE ON SOLVENT 

An interesting result from the above studies is the difference in Ka observed upon 

switching between acetonitrile and nitromethane.  This difference is roughly an order of 

magnitude and seen in spite of the fact that these two solvents have nearly identical 

dielectric constants (ε = 36.05 and 36.48, respectively, at 298 K).113  This disparity 

prompted us to study the chloride binding of 1 in a range of solvents.  These studies were 

also motivated by the fact that another simple explanation for the initial discrepancy 

between the previously reported data49, 55, 81 could reflect the fact that different solvents 

(dichloromethane vs. acetonitrile and DMSO) were being used.  Because NMR 
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spectroscopic analyses in DMSO had been carried out by the Southampton group, this 

solvent was selected as the next point of focus.  Again, both NMR spectroscopy and ITC 

measurements were carried out.  The resulting Ka values, summarized in Table 2.2, were 

found to be consistent with those reported earlier and, again, revealed a concordance 

between ITC and NMR spectroscopy.  Interestingly, however, in DMSO the formation of 

a calix[4]pyrrole-chloride anion complex is highly driven by entropy, with nearly 50 

percent of the total energy being due to entropic factors.  This behavior diverges from 

what is seen acetonitrile and nitromethane (vide supra) and, indeed, all other solvents in 

this study, wherein the entropic term typically has a value less than half that of the 

enthalpic term, and has an opposing sign. 

   

Table 2.2. Results of titrations of calixpyrrole 1 carried out in dimethylsulfoxide 
DMSO), N,N-dimethylformamide (DMF), and nitrobenzene (NB) at 298 K 
(calorimetry) or 295 K (NMR). 

Solvent Guest ΔH 
(kcal/mol) 

TΔS 
(kcal/mol) 

ΔG 
(kcal/mol) 

Ka(ITC) 
(M–1) 

Ka(NMR) 
(M–1) 

TEA–Cl –1.93 2.26 –4.19 1.2 ×103 2.3 ×103 
DMSO 

TBA–Cl –1.87 2.30 –4.17 1.1 ×103 2.2 ×103 

DMFa TBA–Cl –3.86 2.18 –6.04 2.3 ×104 – 

NB TBA–Cl –2.83 2.97 –5.80 1.8 ×104 – 
aTitrations run at 303 K. 

 

The small enthalpic contribution (see Figure 2.4) to chloride anion binding seen in 

the case of DMSO also provides support for the notion that 1 interacts with neutral 

species, such as dimethylsulfoxide, as previously reported.114  This latter interaction likely 

causes the calixpyrrole to be fully or partially pre-organized, reducing the entropic 

penalty associated with anion complexation.  The release of strongly bound DMSO 
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molecules to the bulk solution surfaces as a positive entropy component on the one hand, 

while serving to diminish the enthalpic gain associated with guest binding (smaller 

exothermicity) on the other.  To the extent this rationalization is correct, it provides an 

explanation for what would be otherwise a highly anomalous solvent effect. 
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Figure 2.4. ITC titration plots for the interaction of 1 with tetrabutylammonium chloride 
(left) and tetraethylammonium (right) in dimethylsulfoxide.  

Similar behavior is seen in the case of N,N-dimethylformamide (DMF), wherein 

the entropy of calixpyrrole chloride interactions is favorable giving rise to very similar 

TΔS values as seen in DMSO (Table 2.2 and Figure 2.5).  On the contrary, the enthalpic 

contribution in DMF was found to be nearly double that of the interaction in DMSO.  

Specifically, the Ka was an order of magnitude larger than what was observed in DMSO.  

Favorable entropy was also observed when running titrations in nitrobenzene, however in 
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this case the entropic and enthalpic interactions were nearly equivalent and the resulting 

Ka was similar to that recorded in nitromethane (vide supra).  

 

 

Figure 2.5. ITC titration plots for the interaction of 1 with tetrabutylammonium chloride 
in N,N-dimethylformamide (left) and nitrobenzene (right).  

The results of chloride anion binding titrations carried out in 1,2-dichloroethane 

(see Figure 2.6 for ITC data) were also found to be independent of titration method 

(Table 2.3).  However, in this case a slight dependence on counter cation is seen.  In 

particular, when switching from TEA-Cl to TBA-Cl a small difference, a factor of 2-3, is 

noted in the association constant.  This small deviation could stem from an ion-pairing 

effect in this nonpolar solvent, but further investigation (see Chapter 3) leads one to 

believe that calixpyrrole-anion complexes may be acting as cation receptors.  
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Figure 2.6. ITC titration plots for the interaction of 1 with tetrabutylammonium chloride 
(left) and tetraethylammonium (right) in 1,2-dichloroethane.  
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Table 2.3. Results of titrations of calixpyrrole 1 carried out in 1,2-dichloroethane 
(DCE), dichloromethane (CH2Cl2), and chloroform (CHCl3). 

 Guest Na ΔH 
(kcal/mol) 

TΔS 
(kcal/mol) 

ΔG 
(kcal/mol) 

Ka(ITC) 
(M–1) 

Ka(NMR
) 

(M–1) 
TEA–

Cl 5 –9.87 ± 
0.29 

–3.28 ± 
0.17 

–6.59 ± 
0.27 

7.5 ± 3.2 
×104 4.2 ×104 

DCE TBA–
Cl 6 –10.39 ± 

0.37 
–4.32 ± 

0.26 
–6.06 ± 

0.17 
2.8 ± 0.7 
×104 1.5 × 104 

TEA–
Clb 4 –9.32 ± 

0.71 
–3.19 ± 

0.78 
–6.14 ± 

0.08 
3.2 ± 0.4 
× 104 3.7 × 104 

TEA–
Clc 2 –9.57 –3.56 –6.12 3.4 × 104 3.6 × 104 

TEA–
Cld 2 –10.96 –4.63 –6.33 4.9 × 104 N.D. 

CH2Cl2 

TBA–
Cl  no reliable fit to a 1:1 binding isotherm possible 4.3 × 102 

TMA–
Cl  –7.78 –1.08 –6.70 8.2 ×104 N.D. 

TEA–
Cl  –8.60 –3.34 –5.26 7.0 ×103 N.D. 

TEA–
Cl  –7.49 –2.70 –4.79 3.2 ×103 N.D. 

CHCl3 

TBA–
Cl  No appreciable heat signal 

aN = number of independent experiments;  b at 298 K;  c at 295 K;  d at 293 K; N.D. – not 
determined 
 

2.2.3 DEPENDENCE ON CATION IN HALOGENATED SOLVENTS 

Such putative effects are enhanced in the case of dichloromethane (DCM), which 

has a similar dielectric constant.  In this case, NMR spectroscopy titrations reveal a 100-

fold decrease in affinity when switching from TEA-Cl to TBA-Cl.  This is a striking 

result because the thermodynamic data for the interaction of TEA-Cl with calixpyrrole in 

both solvents is virtually identical.  This divergence in behavior prompted a more detailed 

look into the thermodynamics of chloride anion salt binding when dichloromethane is 
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used as the solvent.  The results of these analyses, carried out using ITC, are detailed 

below. 

To probe the putative effect of counter cation in DCM, a number of organic 

chloride salts were studied, namely TMA-Cl, TEA-Cl, tetrapropylammonium chloride 

(TPA-Cl), TBA-Cl, tetraethylphosphonium chloride (TEP-Cl), tetrabutylphosphonium 

chloride (TBP-Cl) and tetraphenylphosphonium chloride (TPhP-Cl) (Table 2.4).  The 

latter salts are expected to be dissociated to the corresponding “free” cations and anions 

to a greater extent than TBA-Cl, which has been estimated to be as much as 80% ion 

paired as a 1 mM solution in DCM.115  

 

Table 2.4. Titrations of calixpyrrole 1 in dichloromethane with various chloride salts at 
298 K (calorimetry) or 295 K (NMR). 

 ΔH 
(kcal/mol) 

TΔS 
(kcal/mol) 

ΔG 
(kcal/mol) 

Ka(ITC) 
(M–1) 

Ka(NMR) 
(M–1) 

TEA–Cl –9.91 –3.80 –6.11 3.1 x 104 3.7 x 104 
TPA–Cl a a a a 6.6 x 102 
TBA–Cl a a a a 4.3 x 102 
TEP–Cl –9.59 –4.68 –4.91 3.9 x 103 3.6 x 103 
TBP–Cl a a a a a 
TPhP–Cl –6.8 –2.2 –4.6 2.8 x 103 N.D. 

a No reliable fit to a 1:1 binding isotherm could be made.  N.D. – not determined 

 

In the case of the studies involving TPA-Cl, TBA-Cl and TBP-Cl in DCM, the 

resulting titration isotherm could not be fit to a 1:1 stoichiometric model.  However, the 

data in the case of TBA-Cl could be fit nicely to a 2-site sequential model (see Figure 

2.7).  This leads us to suggest that there is a second process; however, due to the lack of 

inflection point seen in the binding profile and its sigmoidal character, a reliable energetic 

characterization of this putative process could not be made.  Nonetheless, it is apparent 
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that the two events are characterized by opposing enthalpies and entropies.  Conversely, 

when TEA-Cl, TEP-Cl and TPhP-Cl were used as the source of chloride anion, the data 

could be fit cleanly to a 1:1 model (see Figure 2.7), resulting in calculated Ka’s of 3.1 × 

104 M-1, 3.9 × 103 M-1, and 2.8 × 103 M-1 for these three salts, respectively.  Interestingly, 

in the case of TEP-Cl and TPhP-Cl, the Ka is an order of magnitude less than that 

recorded for TEA-Cl. 
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Figure 2.7. ITC titration plots for the interaction of 1 with tetraalkylammonium chloride 
salts in dichloromethane. a) tetraethylammonium chloride, b) 
tetrapropylammonium chloride, c) tetrabutylammonium chloride, d) 
tetraethylphosphonium chloride, e) tetraphenylphosphonium chloride, f) 
tetrabutylphosphonium chloride 

The trend of cation effects also extends to titrations run chloroform.  When 

titrating TBA-Cl into a chloroform solution of calixpyrrole there is no discernable heat 

signal beyond the effect of TBA-Cl dilution into pure chloroform solvent, which is on the 
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order of 0.2 μcal/sec.  Also in the NMR spectra the signal of the pyrrolic NH’s only shifts 

slightly when excess TBA-Cl is added.  These results reinforce the previously observed 

behavior when using TBA-Cl in DCM and DCE.  However, when studying TEA-Cl as 

the guest in chloroform, a Ka on the order of 103 M-1 was obtained along with energetic 

values slightly lower than in the case of DCM.  This trend was extended in this case due 

to the fact that TMA-Cl was insoluble in this solvent.  The resulting titrations provided an 

increase in Ka value, on the order of 104 M-1, an order magnitude increase from TEA-Cl 

(see Table 2.4 and Figure 2.8).  

 

 

Figure 2.8. ITC titration plots for the interaction of 1 with tetraalkylammonium chloride 
salts in chloroform. Left: tetrabutylammonium chloride, middle: 
tetraethylammonium chloride, and right: tetramethylammonium chloride. 
Titrations done at 1.1 mM, 1.6 mM, and 0.2 mM, respectively. 

The discrepancy in the effective chloride affinities seen for these different 

chloride salts supports the notion that ion-pairing effects play an important role in 

regulating the anion binding behavior of calixpyrrole in dichloromethane.  Such ion 

pairing may interfere with the host-guest binding process at the starting state (by reducing 
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the amount of “free” anion prior to complexation) or after initial anion binding.  It is also 

conceivable that the binding process may occur in a stepwise fashion depending on the 

actual microscopic binding constants of the anionic and cationic guests.  Alternatively, 

one can also envisage a highly cooperative association of both salt constituents116-119 that 

would minimize the free concentration of an anion-host complex.  These variants can not 

be distinguished at present, nor can they be excluded.  In fact, energy being a state 

function these alternatives should have no effect on an equilibrium ΔG° measurement.  

The experimental observations do, however, point to a considerably more complex 

binding process than is represented by the simple anion-calixpyrrole binding model given 

in Equation 2.1.   

Presumably, when DCM is used as the solvent the charge density and counter 

cation size have a substantial effect on the stability of the ion pair that would form as the 

result of the cation interacting with the electron rich walls of the calix[4]pyrrole “bowl”.  

Such effects would be masked to greater extent in a more highly solvating solvent and 

hence would not necessarily be reflected in observable changes in the calculated affinity 

constant for anion binding, Ka. 

 

2.2.4 X-RAY DIFFRACTION ANALYSES 

Support for the proposal that cations of different size can interact with the 

calixpyrrole bowl differently comes from solid states structural analyses of the complexes 

formed from a range of ostensibly similar chloride anion salts.  The crystal structure of 

the TBA-Cl complex of compound 1 was reported in 199649 and first revealed the anion-

induced cone conformation of the calix[4]pyrrole in the solid state.  Crystals (obtained by 

the Southampton group) of the TMA-Cl and TEA-Cl were prepared by slow evaporation 
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of dichloromethane solutions of the macrocycle in the presence of excess 

alkylammonium chloride salt.  Crystals (obtained by the candidate, see Appendix B for 

X-ray data) of the TPA-Cl complex grew as colorless prisms by vapor diffusion of 

hexanes into a dichloromethane solution containing the complex.  The crystal structures 

were elucidated (by Dr. Vincent Lynch in the case of TPA-Cl complex).  The resulting 

structures are shown in Figure 2.9 (together with the original TBA-Cl complex).  

Interestingly, the structures reveal two distinct modes of cation inclusion in the solid 

state.  In the cases of cations containing an odd number of atoms in each alkyl chain 

(TMA and TPA), one methyl group from the cation is directed into the calixpyrrole 

cavity.  However, in the cases of the TEA-Cl and TBA-Cl complexes, two of the 

methylene CH2 groups from the cation are oriented into the cavity.  The space filling 

view shown in Figure 2.10 illustrates the fit of the TEA cation in the cavity of the 

macrocycle.  The degree of encapsulation of the cation into the macrocycle can be 

quantified to some degree by measuring the distance between the centroid defined by the 

four nitrogen atoms in the macrocycle and the nitrogen atom in the cation.  These 

distances were found to be 3.906, 4.361, 6.214, and 4.445 Å in the case of TMA, TEA, 

TPA and TBA-Cl salts, respectively. 
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Figure 2.9. The X-ray crystal structures of complexes of meso-
octamethylcalix[4]pyrrole with a) tetramethylammonium chloride, b) 
tetraethylammonium chloride, c) tetrapropylammonium chloride and d) 
tetrabutylammonium chloride.  Non-acidic hydrogen atoms (and in the cases 
of b), c) and d) dichloromethane) have been omitted for clarity. 
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Figure 2.10. a) Side and b) top views of a space filling representation of the X-ray crystal 
structure of 1-TEA-Cl illustrating inclusion of the cation in the anion-
induced calixpyrrole cup. Cation is rendered in gray. 

Crystals (obtained by the candidate, see Appendix B for X-ray data) of the TEP-

Cl and TBP-Cl complexes of compound 1 were obtained by vapor diffusion of hexanes in 

a dichloromethane solution of the complex (Figure 2.11).  Both complexes crystallized as 

the dichloromethane solvate and proved isostructural with their analogous 

tetraalkylammonium chloride complexes described above and in a previous report.49  In 

these cases, the distances between the centroid defined by the four nitrogen atoms of the 

macrocycle and the phosphorus atom in the cation were found to be 4.524 Å and 4.546 Å 

for 1-TEP-Cl and 1-TBP-Cl, respectively.  Again, the structures were  solved by Dr. 

Lynch.  
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Figure 2.11. The X-ray crystal structures of a) TEP-Cl and b) TBP-Cl complexes of 
compound 1.  Non-acidic hydrogen atoms and solvent have been omitted for 
clarity. 

Taken in concert, the various X-ray crystal structures presented here clearly show 

differing degrees of encapsulation of the cation into the anion-induced calixpyrrole cup-

shaped cavity in the solid state.  As such, they provide support for the notion that ion 

pairing, and hence counter cation derived effects, could be important under at least some 

solution phase conditions.  To the extent this is true, it is important to view 

calix[4]pyrrole 1, not as a pure anion binding agent, but as a potential ion pair receptor 

(see Chapter 3 for more results that support this conclusion).  Under these conditions, 

Equation 2.2 with all its attendant complexities must be used when considering what is 

ostensibly a clean 1:1 binding equilibrium. 

 

2.3 A Y-SHAPED ANION: BENZOATE  

Further confirmation that different binding behavior is observed when using 

different counter cations was obtained by studying a series of benzoate salts, rather than 

chloride anion salts.  Specifically, the binding behavior of a series of benzoate salts 

containing the TBA, TEA, and TMA counter cations, respectively, was analyzed.  In this 
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case the TMA-OBz salt was sufficiently soluble and therefore could be included for 

comparison (TMA-Cl is not adequately soluble in DCM, as noted above).  

In analogy with what was seen in the case of chloride, the results obtained from 

ITC titrations revealed that, once again, an observable difference in the anion affinity is 

seen upon switching from TBA to TEA, and finally to TMA (Table 2.5 and Figure 2.12).  

Specifically, the Ka for the binding of benzoate anion to 1 is on the order of 102 M-1 for 

TBA-OBz; however, the corresponding value for TEA-OBz is 104 M-1, whereas that for 

TMA-OBz is 105 M-1.  

 

Table 2.5. Titration data for the interaction of calix[4]pyrrole 1 with alkylammonium 
benzoates in dichloromethane, 1,2-dichloroethane, and chloroform. 

Solvent Guest 
 

TΔS 
kcal/mol 

ΔH 
kcal/mol 

ΔG 
kcal/mol 

Ka 
M-1 

TMA-OBza –4.71 –12.03 –7.32 1.9 × 105 
TEA-OBza –4.14 –10.00 –5.86 1.9 × 104 
TEA-OBzb –4.57 –10.27 –5.70 1.2 × 104 
TMA-OBzc –4.89 –12.05 –7.16 1.7 × 105 
TEA-OBzc –5.84 –11.81 –5.97 2.3 × 104 

DCM 

TBA-OBzd – – – 2.4 × 102 
TEA-OBzc –4.95 –11.75 –6.80 9.8 × 104 

DCEe 
TBA-OBzc –5.33 –11.23 –5.90 2.1 × 104 
TMA-OBzc –3.40 –9.98 –6.59 6.7 × 104 
TEA-OBzc –5.13 –10.10 –4.97 4.5 × 103 CHCl3 
TBA-OBzc – – – < 102 

aData from ITC titrations run at 303 K; syringe: 1; cell: TEA-OBz. bData from an ITC 
titration run at 304 K; syringe: TRA-OBz; cell: 1. cData from ITC titrations run at 298 K, 
syringe: 1; cell: TRA-OBz. dFrom an NMR spectroscopy titration.83 eTMA-OBz is not 
sufficiently soluble in to allow it to be studied by ITC in this solvent. 
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Figure 2.12. ITC titration plots for the interaction of 1 (1 mM) with tetraalkylammonium 
benzoates in dichloromethane.  

The energetic signatures of these interactions are characterized by high 

exothermicities (massive negative ΔHo values) with strong opposing entropies.  

Furthermore, we found no dependence on concentration or on the addition mode of TEA-

OBz (i.e., titration of the salt into a solution of the calix[4]pyrrole or titration of the 

calix[4]pyrrole into a solution of the salt).  This leads us to suggest that both components 

of the guest salt are taken up concurrently and with similar energies; in other words, the 

TEA-OBz guest is bound to calix[4]pyrrole in a highly positive cooperative fashion such 

that the individual anion and cation binding steps are indistinguishable energetically from 

the association of a preformed ion-pair.  Also, in the case of TEA-OBz and TMA-OBz 

,the energetic pattern leads one to conclude that well-structured complexes are being 

formed.  When switching from DCM to DCE and CHCl3, similar behavior was observed. 

In DCE, the affinity of 1 for TEA-Cl is slightly higher than that of TBA-Cl, as seen in the 

chloride binding studies above.  Additionally in CHCl3 the affinity of 1 for benzoate 

increases by orders of magnitude when switching from TBA-Cl to TEA-Cl to TMA-Cl.  
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The general trend with these benzoate anion salts thus very much resembles what is seen 

in the chloride case, namely as the cation size decreases, the stability constant increases.  

Again, this finding underscores the fact that there is an effect of the counter-cation on the 

anion binding, at least under these solution phase conditions (for related studies see 

Chapter 3). 

 

2.4 LINEAR ANIONS: AZIDE, CYANIDE, CYANATE, AND RHODANIDE 

The above studies have recently been extended to include the TEA and TBA salts 

of the azide (N3
-) anion (TMA insoluble in dichloromethane).  The same trend was 

observed as in the above chloride and benzoate cases (see Table 2.6).  The Ka obtained 

with TEA-N3 was about an order of magnitude greater than that recorded with TBA-N3.  

Both the enthalpy (favorable) and entropy (unfavorable) in the case of TEA were nearly 

double that for the TBA case, where enthalpy was the major contributor. 

Other linear anions were tested in the form of their TEA salts (mostly due to 

solubility and commercial availability).  Namely tetraethylammonium cyanide (TEA-

CN), rhodanide (TEA-SCN), isocyanate (TEA-OCN), and the aforementioned azide 

(TEA-N3).  Interestingly, but was expected for this linear series, it was found that the 

entropy (unfavorable) was similar for all four anions (see Figure 2.13), meaning that the 

difference in binding energy is ascribable to enthalpy effects alone.  Isocyanate forms the 

strongest complex Ka = 3.8 × 104 M-1, a value that is more than 2 orders of magnitude 

greater than what is seen in the corresponding sulfur analogue, rhodanide. 

Cyanide appears to bind in the most structured manner, with opposing entropy; 

however, this guest is the most basic of this set of anions and a strong H-bond acceptor; 

this is reflected in the strongly negative enthalpy.  According to these results, cyanide 
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forms a weak but well-defined complex.  Unfortunately, TEA-CN did not provide a 

consistent stoichiometry ratio (even after recrystallization) and TBA-CN had a very weak 

interaction, as seen with the other TBA salts in dichloromethane.  

Table 2.6. Titration data for the interaction of calix[4]pyrrole 1 with linear anions in 
dichloromethane.a 

Guest 
 

TΔS 
Kcal/mol 

ΔH 
Kcal/mol 

ΔG 
kcal/mol 

Ka 
M–1 

TEA–CN –5.5 –10.3 –4.7 2.7 × 103 
TBA–CNb    < 102 
TEA–OCN –5.4 –11.7 –6.4 3.8 × 104 
TEA–SCNb    < 102 
TEA–N3 –5.8 –11.1 –5.3 6.3 × 103 

TBA–N3 –2.9 –6.4 –3.6 3.7 × 102 
a Data from ITC titrations run at 303 K; syringe: 1; cell: salt. b Energetic values unreliable 
due to weak interactions. 

 

Figure 2.13. Energetics of calixpyrrole interactions with tetraethylammonium salts of 
linear anions. 
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2.5 FLUORIDE THE ULTIMATE CHALLENGE 

Unfortunately, difficulties associated with obtaining anhydrous fluoride anion 

salts and their basic nature have (so far) precluded the kind of detailed studies needed to 

“close the book” on the disagreement involving fluoride vs. chloride selectivity that 

started this project. Tetrabutylammonium fluoride is extremely hygroscopic and 

attempted drying can result in decomposition.120  Fluoride anion, in general,  can act as a 

strong base in organic solution and has been shown to deprotonate pyrroles 

functionalized with electron-withdrawing groups.121, 122  Recently Black and co-workers 

have reported evidence that fluoride can deprotonate meso-indanylcalix[4]pyrrole.123  

TMA-F is insoluble in aprotic solvents and larger tetraalkylammonium fluorides are 

normally known to be unstable towards Hofmann elimination.  However, studying the 

fluoride salts in their hydrated form (minimum hydration states TBA-F·3H2O and 

TEA·2H2O) has yielded preliminary results.  To begin these studies, polar solvents were 

examined as experimental media.  However, it was determined that the system under 

measurement was subject to slow exchange on the NMR spectroscopy timescale (see 

Figure 2.14 for NMR spectroscopy titration), meaning that there are two discrete species 

seen by NMR spectroscopy as opposed to an average of all species.  Such slow exchange 

was not seen in previous NMR spectroscopy experiments in DMSO55 involving other 

anions.  Therefore, ITC was attempted in DMSO.  Figure 2.15 shows exemplary 

calorimetric titration data in this solvent.  Due to the broadening of the isotherms at or 

near 1 equivalent of fluoride added, one is led to believe that an additional event is taking 

place during the titration.  The events during the titration could be similar to that seen by 

Fabrizzi and others,96, 124 who rationalized that binding of fluoride to their very different 

anion receptors was taking place, followed by a second event, where an additional 

equivalent of fluoride served to form the HF2
- anion via deprotonation.  The HF2

- anion is 
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a species observed by 1H NMR spectroscopy previously in the case of titrations involving 

pyrrolic receptors.121, 122 

 

Figure 2.14. 1H NMR spectroscopy titration of calixpyrrole with tetrabutylammonium 
fluoride in dimethylsulfoxide-d6. 

           

Figure 2.15. ITC titration of calixpyrrole with tetramethylammonium fluoride (left) and 
tetrabutylammonium fluoride (right) in dimethylsulfoxide. 
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When switching to less polar solvents i.e., DCM, CHCl3, DCE this “unknown” 

event was not evident at least upon examination of the ITC titration plots (see Figure 

2.16).  The resulting findings are summarized in Table 2.7.  Data obtained for the 

interaction of fluoride to 1 in DCM, a process assigned to binding, gave rise to a binding 

constant higher than a previous 1H NMR spectroscopy study where a Ka of 17,170 M-1 

was reported.49  This apparent disparity could be the result of reaching the limit for NMR 

spectroscopy titrations as discussed in Chapter 1.   

 

    

Figure 2.16. ITC titration of calixpyrrole with tetrabutylammonium fluoride (left) and 
tetraethylammonium fluoride (right) in dichloromethane. 
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Table 2.7. ITC-derived data for the interaction of calix[4]pyrrole 1 with fluoride and 
chloride in halogenated solventsa 

TΔS ΔH ΔG Ka Solvent anion 
(kcal/mol) (kcal/mol) (kcal/mol) (M–1) 

Cl –3.19 –9.32 –6.14 3.2 × 104 
F 0.16 –7.48 –7.64 4.0 × 105 DCM 

 F b 1.97 –5.46 –7.43 2.8 × 105 
Cl –3.02 –8.04 –5.02 5.1 × 103 CHCl3 F –4.40 –9.97 –5.58 1.3 × 104 
Cl –3.28 –9.87 –6.59 7.5 × 104 1,2–DCE F –2.92 –9.70 –6.78 9.3 × 104 

aData from ITC titrations run at 298 K using TEA salts; syringe: 1; cell: salt. bTBAF was 
used. 

 

2.6 CONCLUSIONS 

The initial finding, that the anion stability constants of meso-

octamethylcalix[4]pyrrole varied with solvent presented something of a mystery.  The 

increase in apparent stability constants observed upon going from dichloromethane-d2 to 

acetonitrile-d3 solution was unexpected and prompted us to study in more detail the anion 

complexation processes occurring in solution.  It was then demonstrated through the use 

of NMR spectroscopy and ITC analyses that the interactions of calix[4]pyrrole 1 with a 

variety of chloride salts are dependent on the solvent.  While substantive differences are 

seen in terms of the binding affinities, there is no apparent correlation between the 

observed binding behavior and the dielectric constant or the hydrogen bond donor and 

acceptor strength of the solvent.  On the other hand, the effects of counter cation, while 

generally small, can in certain instances be large.  This proved especially true in the case 

of dichloromethane and chloroform for the combination of calix[4]pyrrole 1 and the 

tetralkylammonium salts of chloride, azide, and benzoate.  Thus, the seeming disparity 
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between the original Ka values reported by the UT group using TBA-Cl in DCM and the 

subsequent studies involving the use of a cryptand salt in acetonitrile, can be rationalized 

in terms of both a change in the solvent used for the analysis and the choice of the 

counter cation.  It was found, in particular, that TBA is not well behaved in DCM in 

terms of providing for a clean 1:1, anion + receptor binding process in accord with the 

simplified binding equilibrium of Equation 1.  In light of this conclusion, it is 

recommended that anion binding studies involving new receptors be carried out in several 

different solvents and with several different counter cations before a detailed 

understanding of the anion binding properties or receptor-based selectivities is claimed.  

Another important conclusion to emerge from this study is that, at least within the 

appropriate sensitivity range where reliable data can be collected (ca. 10 < Ka < 104 M-1 

for NMR spectroscopy; 102 < Ka < 107 M-1 for ITC), the results of NMR spectroscopy and 

ITC analyses are generally concordant, even though these two methods probe different 

aspects of the binding interaction (magnetic effect on selected proton signals and changes 

in overall system energetics, respectively).  Such agreement provides reassurance that 

much of the data reported in the anion receptor literature can be considered with 

confidence, at least subject to the caveats that the effects of solvent, counter cation, and 

other non-first order effects are not introducing unexpected biases. 

 

2.7 EXPERIMENTAL 

Extensive efforts were made to exclude moisture from the prepared solutions 

because the presence of water could serve to reduce the strength of the presumed 

receptor-anion interactions, thus reducing the reliability of the calculated binding 

affinities.  Therefore, all salts were either recrystallized and/or dried in a vacuum oven at 
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313 K overnight.  TEA-Cl, TPA-Cl, TBA-Cl, TBP-Cl, TPhP-Cl, TMA-OBz, TEA-OBz, 

and TBA-Cl were purchased from Fluka; the azide salts were provided by Franz 

Schmidtchen; and TMA-Cl and TEP-Cl were purchased from Aldrich.  All salts were 

greater than 97% purity.  The solutions used for ITC experiments were made from freshly 

opened, dry solvents (<50 ppm H2O) packaged in Sure-Seal® bottles over molecular 

sieves (Fluka).  All solutions for use in 1H NMR spectroscopic titrations were prepared 

from freshly opened ampoules of deuterated solvent (Cambridge Isotopes).  In general, 

the ITC titrations were carried out at 298 K and 303 K, but a representative number were 

carried out 295 K so as to permit direct comparisons with studies carried out using NMR 

spectroscopic methods. The resulting Ka values determined at 295 K and 298 K were 

within experimental error. 

 

Microcalorimetric titrations 

Both VP-ITC and MCS-ITC instruments made by MicroCal™ were used to 

determine the molar enthalpy (∆H) of complexation.  Subsequent fitting of the data to a 

1:1 binding profile using the Origin® software package provided access to the Ka and 

thus Gibbs free energy (∆G) which could be used along with ∆H to determine the entropy 

(∆S).  The actual experiment consisted of filling the sample cell with calixpyrrole 

solution (Method A) or with chloride solution (Method B), filling the syringe with the 

matching binding partner and titrating via computer automated injector. In view of the 

instability of calixpyrrole solutions, they were prepared fresh each day. Furthermore, the 

interaction stoichiometry, n, determined experimentally from the fit procedure, was 

considered a correction factor on the host concentration.  This is equivalent to assuming a 

strict 1:1 binding interaction.  On this basis, the experimentally observed enthalpies in 

method B were multiplied by n (a value usually in the range of 0.9-1.06) to relate this 
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observable to the concentration of the chloride salt, an input parameter that was 

considered stable and reliable.  This conversion enabled the direct comparison of the 

enthalpy values derived from the different titration modes, “normal” and “reversed”.  

Blank titrations into plain solvent were also performed and subtracted from the 

corresponding titration to remove any effect from the heats of dilution from the titrant.  

The titration experiments were repeated multiple times as noted in the tables, and in all 

cases experiments carried out in the separate laboratories (UT and TU) gave concordant 

results.  In the cases where three or more independent calorimetric titrations were 

performed a statistical analysis was performed, to determine the random error, these 

values are reported where relevant.  

 
1H NMR spectroscopic titrations 

A Varian Mercury 400 MHz NMR spectrometer was used to measure the 1H 

NMR shifts of the NH proton of the pyrrole.  Solutions of 1 (~1 mM) were titrated with 

~10 mM chloride salt in a ~1 mM solution of 1 at 295 K.  The titration data was analyzed 

by plotting Δppm vs concentration of guest and fit to a 1:1 binding equation developed by 

Wilcox83 using a non-linear curve-fitting procedure in Origin® software. 

X-ray crystallographic data 

For 1·TPA-Cl, 1·TEP-Cl, and 1·TBP-Cl files CCDC-610102, 610100, and 

610101, respectively, contain the supplementary crystallographic data.  These data, which 

were provided by Dr. Lynch, can be obtained free of charge from The Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.  
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Chapter 3:  Calix[4]pyrrole as an ion pair receptor 

(Taken in part from Gross, D. E.; Schmidtchen, F. P.; Antonius, W.; Gale, P. A.; Lynch, V. M.; Sessler, J. 
L. Chem. Eur. J. 2008, 14, 7822-7827 and Custelcean, R.; Delmau, L. H.; Moyer, B. A.; Sessler, J. L.; Cho, 

W.-S.; Gross, D.; Bates, G. W.; Brooks, S. J.; Light, M. E.; Gale, P. A. Angew. Chem., Int. Ed. 2005, 44, 
2537-2542.) 

3.1 INTRODUCTION 

Over the past few decades many anion receptors have been synthesized and 

investigated for their anion binding capabilities.19, 23, 31, 32, 34-36  A few of these receptors 

have also been studied in conjunction with cation receptors in the form of binary 

mixtures,125-130 or even more effectively as ditopic ion-pair receptors.19, 30, 131  Some have 

been shown to bind ion pairs as contact ion-pairs117, 125, 132-134 or spatially separated ion 

pairs.135   

In spite of this progress, there remains a need to develop new ion-pair systems 

and to study the underlying effects that either promote or preclude concurrent anion-

cation binding within a given receptor class.  An advantage of an ion pair receptor over a 

simple ion receptor is that the number of competing interactions in solution (i.e., the 

formation of cation-anion pairs) is reduced.136  This promise, as well as a need for new 

extractants, has prompted us to study calix[4]pyrroles in greater detail.  In collaboration 

with Bruce Moyer at Oak Ridge National Laboratory, and in the course of examining 

calixpyrrole systems as anion receptors in the extraction of cesium salts, we observed 

anomalous behavior for the simple meso-octamethylcalix[4]pyrrole 1.  This led us to 

postulate the existence of exceptionally strong ion pairing interaction in the case of the 

Cs+ ion and the complexes of 1 with Cl– and Br– anions in the organic phase.  These 

anomalies could be best and most interestingly interpreted in terms of small halide ions 

organizing 1 into the cone conformation (see Figure 3.1), which in turn offers an 

electron-rich cup that putatively binds the Cs+ cation.  Previous studies from our 
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laboratories have demonstrated that the binding of halide anions by 1 and other 

calix[4]pyrrole derivatives indeed organizes the receptors into the cone conformation.49, 56, 

137  However, at the time this dissertation work was commenced, the cup or cone-like 

cavity so formed had not yet been observed to serve as a receptor for electropositive 

species. 

 

   

Figure 3.1. Proposed calix[4]pyrrole-anion-cation binding motif.  

Therefore, in a collaborative effort to which the candidate is greatly indebted, we 

carried out a crystallographic analysis of the anion recognition behavior of calixpyrrole in 

the presence of two large, polarizable cations, namely Cs+ and imidazolium, and showed 

that in both cases ditopic cation-anion binding was observed. 

 

3.2 X-RAY CRYSTALLOGRAPHIC STUDIES OF CESIUM SALTS 

X-ray quality crystals of cesium halide calixpyrrole complexes were obtained at 

Oakridge National Laboratory by slow diffusion of the cesium fluoride in EtOH into a 

solution of calixpyrrole 1 in dichloromethane, and by slow evaporation of solutions of 

CsCl or CsBr and 1 in dichloromethane-methanol.  The cesium fluoride complex shown 



53 

in Figure 3.2a revealed that the cation is symmetrically-included in the cone-like cavity 

of the calix[4]pyrrole138 and that the observed distance between the cesium cation and the 

centroids of the pyrrole rings is 3.39 Å.  Fluoride is symmetrically-bound to the four NH 

groups of the calixpyrrole, with an N⋅⋅⋅F distance of 2.79 Å (a similar distance to that 

observed previously in calix[4]pyrrole fluoride complexes49, 56, 137 and slightly shorter than 

those seen in a recently reported polyamide based cryptand fluoride complex139).  The 

fluoride is associated with the cesium cation within the same complex (Cs-F contact 

distance of 3.69 Å), as well as with a cesium cation in an adjacent complex (Cs-F contact 

distance of 2.77 Å), leading to the formation of a one-dimensional coordination polymer. 

Likewise, the cesium chloride (Figure 3.2b) and cesium bromide (Figure 3.2c) 

salts are bound by 1 as ion pairs in the solid state.  The cesium cation is tightly bound by 

the cone-shaped calixpyrrole, with observed distances to the centroids of the pyrrole rings 

ranging between 3.32 and 3.79 Å, and 3.34 and 3.51 Å, for the CsCl and CsBr 

complexes, respectively.  The chloride and bromide are hydrogen-bonded to the four NH 

groups of the calixpyrrole, with observed N⋅⋅⋅Cl and N⋅⋅⋅Br distances of 3.27 – 3.32 Å and 

3.45 – 3.52 Å, respectively.  Like the CsF complex, both the CsCl and CsBr complexes 

form coordination polymers, with intermolecular Cs-X contact distances of 3.38 Å (X = 

Cl) and 3.59 Å (X = Br).  However, in these cases, a molecule of dichloromethane is also 

included in the crystals, with the solvent associating with the cation in the chloride 

complex and both the cation and the anion in the bromide complex. As a result, the 

coordination chains adopt a zig-zag shape. 

Contemporaneously with the above, a former Sessler group graduate student 

Won-Seob Cho attempted to obtain a complex of calixpyrrole with cesium hydroxide 

from an ethanol-dichloromethane solution in air.  However, crystals of the cesium 

carbonate and ethylcarbonate complexes were obtained.  This finding reflects apparent by 
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CO2 fixation by the OH- or EtO- anions present in solution.  Interestingly, the cesium 

carbonate complex exists as a dimer consisting of a central anion bound via one oxygen 

atom to one calixpyrrole (N⋅⋅⋅O = 2.82 – 2.89 Å) and via the two other carbonate oxygen 

atoms to the other macrocycle (in this case, each oxygen is bound via two NH…O 

hydrogen bonds, N⋅⋅⋅O = 2.78 – 2.84 Å).  This structure is of special interest, because to 

the best of our knowledge, it represents the first well-characterized receptor-anion-

receptor “sandwich” complex wherein a single anion serves to bridge two neutral pyrrole-

based anion receptors.  This complex is also of interest in the context of the present 

discussion because the cesium counter cations are found to reside in the cavity of each 

calixpyrrole balancing the charge (Figure 3.2d).   

Similarly, the ethyl carbonate anion is hydrogen-bonded by the calixpyrrole in 

two distinct ways: one EtOCO2
- is bound via one oxygen (N⋅⋅⋅O = 2.89 – 3.00 Å), while 

the second crystallographically distinct EtOCO2
- is hydrogen-bonded via two oxygen 

atoms (N⋅⋅⋅O = 2.87 – 3.04 Å).  A spacefilling representation of one of the two distinctive 

EtOCO2
-⋅1 complexes found in this structure is shown in Figure 3.2e; it illustrates the fit 

of the cesium cation within the cup-like calixpyrrole cavity.  The ethylcarbonate anions in 

this structure act as a bridge between the four NH hydrogen bond donors of one 

calix[4]pyrrole and a cesium cation bound in the cavity of an adjacent complex (Cs⋅⋅⋅O 

contact distances of 2.84 – 3.17 Å).  The net result of this anion-cation binding behavior 

is once again the formation of a one-dimensional coordination polymer in the solid state 

(Figure 3.2f). 
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a) b) c) d)

e)

f)

 

Figure 3.2.  The X-ray crystal structures of a) the CsF, b) CsCl and c) CsBr complexes 
of 1 showing inclusion of the cesium cation in the cavity of the 
calix[4]pyrrole leading to coordination network formation.  d) The Cs2CO3 
complex of 1 showing dimerization in the solid-state (note that in this 
structure there are two different calix[4]pyrrole-carbonate binding modes). 
e) The CsEtOCO2 complex of 1 in spacefilling view illustrating cesium 
inclusion in the calix[4]pyrrole cavity and f) the coordination network in this 
complex. In figures d), e) and f) solvent has been removed for clarity and in 
the non-spacefilling views certain hydrogen atoms have been omitted for 
clarity.   

 

3.2.1 X-RAY CRYSTALLOGRAPHIC STUDIES OF IMIDAZOLIUM SALTS 

Also contemporaneously, at the university of Southhampton, high quality crystals 

of the imidazolium salt complexes were prepared by evaporation of a dichloromethane 

solution of the meso-octamethylcalix[4]pyrrole 1 in the presence of 1-butyl-3-

methylimidazolium chloride (see Figure 3.3), 1-butyl-3-methylimidazolium bromide, 1-

ethyl-3-methylimidazolium bromide, or 1,3-dimethylimidazolium methylsulfate. 
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Figure 3.3.  A space filling representation of the coordination chain in 1·1-butyl-3-
methylimidazolium chloride showing the imidazolium ring (4- and 5-
positions) included in the calix[4]pyrrole cavity whilst the CH group at the 
2-position and the pendant methyl group form a C–H···Cl hydrogen bonds to 
an adjacent complex.  One calixpyrrole is rendered translucent.  The non-
acidic hydrogen atoms on the calix[4]pyrrole and the solvent are omitted for 
clarity. 

In the complex 1·1-butyl-3-methylimidazolium chloride, the chloride anion is 

bound by four NH hydrogen bonds from the pyrrole groups with N···Cl distances in the 

range 3.30 – 3.35 Å. The imidazolium cation was found bound to the chloride anion via 

two C–H···Cl hydrogen bonds, (C31-Cl1 3.47Å and C32-Cl1 3.66(3) Å).  In the 

analogous bromide complex the N–H···Br hydrogen bonds were found to be in the range 

3.40 – 3.47 Å (N···Br distances) and the C–H···Br interactions were found to be C31–Br1 

3.52 Å and C32–Br1 3.71 Å.  Interestingly, the imidazolium cations in these structures 

are included in the anion-induced cone-shaped cavity of an adjacent calix[4]pyrrole.  The 

CH groups in the 4- and 5-positions of the imidazolium ring are within hydrogen bonding 
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distance of the π-electron clouds of two of the pyrrole rings in the macrocycle.  This 

interaction leads to the formation of a continuous one-dimensional chain in the solid-

state.  Preliminary studies on cesium and imidazolium inclusion in the cone-like cavity of 

the chloride complex of 1 have been conducted in a variety of different solvents using 1H 

NMR spectroscopy.  The results (significant shifts of the pyrrole CH protons, but not 

pyrrole NH protons, upon addition of CsBPh4 or CsClO4 and shielding of the 

imidazolium protons upon addition of this latter cation to the chloride complex of 1) are 

consistent with inclusion of the cations in the calix[4]pyrrole-chloride complex cavity in 

solution. 

 

3.3 SOLUTION STUDIES OF CALIX[4]PYRROLE AS AN ION-PAIR RECEPTOR 

During recent work we found that the interaction of meso-

octamethylcalix[4]pyrrole with alkylammonium and alkylphosphonium chloride salts in 

various organic solvents is highly dependent on the choice of solvent (cf. Chapter 2).140  

In more polar solvents, such as acetonitrile, nitromethane, and dimethylsulfoxide, no 

observable counter ion effects were seen as the result of switching between different 

cations.  However, a small effect on the counter cation was seen in 1,2-dichloroethane, 

with an even greater effect being observed in chloroform and dichloromethane.  

Specifically, association constants on the order of 104 M-1 and 102 M-1 were seen for 

tetraethylammonium chloride (TEA-Cl) and tetrabutylammonium chloride (TBA-Cl), 

respectively, in the latter solvent as detailed in Chapter 2.  This ca. 100-fold difference in 

anion affinity was ascribed to differences in ion-pairing effects involving the chloride 

anion (Cl-) and the ammonium cation (C+) (cf. Eq. 3.1) through, in the limit, either 

reducing the availability of the guest for calix[4]pyrrole binding (e.g., by lowering the 
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effective chloride anion concentration on the left side of Eq. 3.2) or by enhancing the 

overall binding process through cooperative association as illustrated in Eq. 3.3.  

[Cl-C+] → Cl- + C+      [3.1] 

1 + Cl- → [1·Cl]-      [3.2] 

[1·Cl]- + C+ → [C+·1·Cl-]     [3.3] 

In the case of ion pairing, it is expected that a relatively larger cation will have a 

lower charge density, thus be more dissociated.  This should lead to an increase in the 

available anion concentration and, as a result, higher affinities for the host-guest 

recognition process.  However, inspection of the tabulated data (see Chapter 2 and tables 

below) proved inconsistent with this supposition; therefore, we were left with an 

explanation involving a stepwise association process that could involve random order 

host/anion/cation ion-pairing or potentially sequential allosteric 135 119, 141 142-144 cation-

[anion-host] interactions.  In an effort to differentiate between these possible scenarios 

and to analyze the ion pair receptor ability of calix[4]pyrrole more fully, we have carried 

out a systematic study of the energetics of chloride anion binding by calix[4]pyrrole in 

the presence of various shaped/sized counter cations in halogenated solvents using ITC 

and have complemented these analyses with computational results (molecular dynamics 

in explicit solvent) and additional solid state X-ray structural data. 

 

3.3.1 STUDIES OF ALKYLAMMONIUM SALTS IN DICHLOROMETHANE  

As a starting point for investigating the effects of the counter cation on the 

binding of chloride by calix[4]pyrrole 1, several test alkylammonium 

hexafluorophosphate (PF6
-) salts were studied.  The PF6

- anion is well-recognized for its 

poor H-bond acceptor ability and was not expected to bind significantly to 



59 

calix[4]pyrrole.  Indeed, when either TEA-PF6 or TBA-PF6 was titrated with 1 (or vice-

versa) in dichloromethane very little enthalpic response was observed by ITC.  

Specifically, exothermicities of ~0.2 kcal/mol were seen, values that are insignificant 

with respect to the heat of dilution of calix[4]pyrrole.  The absence of any heat effects in 

the case of either TEA-PF6 or TBA-PF6 is fully consistent with the proposed lack of 

appreciable anion binding.  Further, and perhaps more significantly in the context of 

exploring potential cation effects, this same lack of response rules out any significant 

interaction between free calix[4]pyrrole 1 (a compound known to favor the so-called 1,3-

alternate conformation in the absence of a strongly bound substrate; cf. Figure 3.1) and 

these two alkylammonium cations.  The next step was to test the effect of the cation on 

the calix[4]pyrrole-chloride complex.  Towards this end, TEA-PF6 was titrated into a 

mixture of TBA-Cl:1 (20.5 mM:1.1 mM, respectively), the excess of the chloride anion 

being used to ensure near-complete conversion into the so-called cone complex (cf. 

Figure 3.1).  Under these conditions, a significant change in enthalpy was observed 

(Figure 3.4).  This is taken as prima facie evidence that the smaller tetraethylammonium 

cation interacts with the cone-like calix[4]pyrrole-chloride anion complex.  
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Figure 3.4. Titration of 1 (1.1 mM) and TBA-Cl (20.5 mM) with TEA-PF6 (11.9 mM) at 
298 K in dichloromethane. 

As a control experiment, a complementary titration was carried out wherein TBA-

Cl was titrated into a solution of chloride-saturated calix[4]pyrrole (prepared by using a 

tenfold excess of TEA-Cl over 1).  In contrast to what was seen in the case of TEA-PF6, 

this experiment resulted in very little heat evolution.  Similarly, a titration of TEA-PF6 

into a solution of TBA-Cl was performed in the absence of calix[4]pyrrole.  This too gave 

rise to a very weak heat signal; again, well within the heat of dilution (i.e., a range 

between 0.2 and 0.4 kcal/mol).  On this basis, we propose that there is virtually no 

interaction between the TEA-PF6 and TBA-Cl (i.e., no shift in the putative ion-pairing 

equilibria).  Since the TEA-PF6 fails to show an appreciable interaction with TBA-Cl, and 

pristine 1 fails to bind hexafluorophosphate salts, the binding event is likely stepwise 

(Figure 3.1), wherein the calix[4]pyrrole binds the chloride anion initially to form an 

electron rich bowl-shaped cavity, which acts as stabilizing environment for the binding of 

a counter cation of proper size.  
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To probe further the effect of cation size on the binding of chloride anion to 

calix[4]pyrrole in solvents of low polarity, the series of tetra-N-alkylammonium chloride 

salts studied was expanded to include cations containing a variety of N-alkyl substituents 

ranging in size from methyl groups all the way up to N-tetradecyl groups and shape from 

symmetric and unsymmetric tetra-N-alkylammonium cations to phosphazenium cations 

(see Figure 3.5 for organic cations used in this study).  Unfortunately, 

tetramethylammonium chloride (TMA-Cl) lacks sufficient solubility in 1,2-

dichloroethane and dichloromethane to allow its inclusion in the present study.  The 

interaction of these chloride salts is highly driven by enthalpy as dicussed previously with 

moderate opposing entropy (see Chapter 2 for a more detailed discussion).  Nonetheless, 

from the range of cations studied, it becomes clear that, at least in dichloromethane, the 

value of the stability constants derived from the ITC studies depends on the nature of the 

alkyl substituents present on the tetraalkylammonium counter cation (cf. Table 3.1).  

Specifically, when at least one N-methyl group is present on the tetraalkylammonium 

counter cation (i.e., when OTMACl, TdTMACl, MTBACl, or BnTMACl, see Figure 3.5, 

are used as the anion source), chloride-calix[4]pyrrole anion affinities, Ka, of ca. 105 M-1 

are observed in dichloromethane, whereas when the smallest alkyl group is N-ethyl, 

rather than N-methyl (i.e., TEACl or BnTEACl are studied), the chloride anion affinity is 

decreased by an order of magnitude (Ka ~104 M-1).  
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Figure 3.5. Organic cations used in the form of their chloride salts for this study.
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Table 3.1. Titration data for the interaction of calix[4]pyrrole 1 with 
tetra-N-alkylammonium and phosphonium chlorides in dichloromethane.a 

Guest TΔS 
kcal/mol 

ΔH 
kcal/mol 

ΔG 
kcal/mol 

Ka 
M-1 

A336-Cl –4.50 –11.46 –6.96 1.2 × 105 

OTMA-Cl –3.70 –11.56 –7.86 5.9 × 105 

TdTMA-Cl –3.73 –11.56 –7.84 5.6 × 105 

MTBA-Cl –5.01 –12.05 –7.04 1.5 × 105 

BnTMA-Cl –3.40 –10.74 –7.34 2.4 × 105 

BnTEA-Cl –5.01 –10.80 –5.79 1.7 × 104 

TEA-Clb –3.19   –9.32 –6.14 3.2 × 104 

TPA-Clb,c – – – 6.6 × 102 

TBA-Clb,c – – – 4.3 × 102 

THA-Clc – – – 2.2 × 102 

TOA-Clc – – – 2.4 × 102 

TEP-Clb –4.68   –9.59 –4.91 3.9 × 103 

TBP-Clb – – – ~103 

TPhP-Clb –2.2 –6.8 –4.6 2.8 × 103 

Phaz-Cld –3.02   –7.29 –4.27 1.2 × 103 
aData from ITC titrations run at 298 K unless otherwise indicated. bValues from Chapter 
2.140 cKa obtained from an NMR spectroscopy titration.83 dITC titration run at 303 K. 

 

This trend levels off, however, by the time the shortest substituent is N-propyl 

(TPACl) or longer as witnessed with N-butyl- (TBACl), N-hexyl- (THACl), or N-octyl- 

(TOACl) derived salts.  A particularly conspicuous pair of comparisons involves the use 

of TBACl vs. MTBACl and TOA vs. OTMA.  In both cases, a thousand-fold difference 

in the chloride anion association constants is observed with the N-methyl-containing salt 

showing the higher affinity (Ka = 102 M-1 vs. 105 M-1, respectively).  
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A similar cation effect was seen in 1,2-dichloroethane (Table 3.2).  However, in 

this solvent system, the range of affinities starts with Ka at the upper ~105 M-1 limit for the 

N-methyl-containing alkylammonium chloride salts and levels off at ~104 M-1 for the 

larger species (i.e., tetra-N-butyl- through tetra-N-octylammonium chloride).  

 

Table 3.2. Titration data for the interaction of calix[4]pyrrole 1 with tetra-N-
alkylammonium chlorides in 1,2-dichloroethane.a 

Guest 
 

TΔS 
kcal/mol 

ΔH 
kcal/mol 

ΔG 
kcal/mol 

Ka 
M-1 

A336-Cl –3.87 –11.29 –7.42 2.7 × 105 
OTMA-Cl –3.87 –11.93 –8.06 8.0 × 105 
MTBA-Cl –4.89 –12.69 –7.80 5.2 × 105 
BnTEA-Cl –4.62 –11.49 –6.87 1.1 × 105 
TEA-Clb –3.28   –9.87 –6.59 7.5 × 104 
TBA-Clb –4.32 –10.39 –6.07 2.8 × 104 
THA-Cl –5.19 –11.15 –5.96 2.4 × 104 
TOA-Cl –5.07 –11.09 –6.02 2.6 × 104 

aData from ITC titrations run at 298 K. bValues from Chapter 2.140 

 

3.3.2 MOLECULAR DYNAMIC STUDIES OF ION-PAIR BINDING  

The conclusions drawn from the above experimental work were reinforced by 

computational studies done by Professor Franz Schmidtchen and student Wiebke 

Antonius at Technishe Universität München, which involved observing MTBA-Cl and 

calix[4]pyrrole in molecular dynamics run at 300 K using the GROMOS-96 modeling 

software including the GROMOS 45a4 force field in its latest parameterization for 

chloroform solvent.145, 146  The host and guest species were soaked in a truncated 

octahedral box (edge size 41.7 Å) containing 266 explicit chloroform molecules under 
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periodic boundary conditions.  Such a setup aims to represent a realistic scenario of the 

molecular binding events while still capturing entropic influences including those caused 

by individual solvent molecules.  The trajectories, recorded over 60 picoseconds, 

dramatically depend on the starting configuration of the binding partners, which are 

indicative of non-equilibrium conditions at the end of this period.  Each of the temporal 

pathways observed fall into two categories, both featuring the competition between the 

calix[4]pyrrole and the tetraalkylammonium cation for the chloride anion.  In other 

words, if the binary calixpyrrole-chloride complex is formed first in the trajectory, the 

MTBA cation may associate into ternary complexes having two distinct structures: Either 

i) the cation adheres to the open face of the bound chloride forming a calixpyrrole 

complex with an intimate contact ion-pair, or ii) the cation approaches with the methyl 

group head-on into the concave bowl produced on the backside of the calix[4]pyrrole-

chloride complex.  This latter route is only available when all the pyrrole rings are 

inclined towards the anionic guest (see Figure 3.6).  Once formed, either complex 

structure is stable for several nanoseconds at 300 K and does not dissociate or 

interconvert into the other.  If the contact ion-pair is the first binary complex attained in 

the trajectory only the immediate calix[4]pyrrole-chloride-MTBA sequential complex is 

observed. 
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Figure 3.6. Molecular dynamics run on calix[4]pyrrole and MTBA chloride in explicit 
chloroform using periodic boundary conditions at 300 K. Top: Traces of 
selected distances versus time; N3 is one of the pyrrolic nitrogens of 1; the 
arrows at a, b, and c, correspond to the structures shown below. Bottom: 
Trajectory of the dihedral angle between the plane of one pyrrole ring and 
the adjacent plane containing one axial meso-methyl group. The ring flip is 
clearly visible as a step after 17 picoseconds preceding the approach of the 
N-methyl group of the cation shortly after. Atoms and torsional angles 
included in the molecular dynamics analysis are darkened. 
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Taken in concert, these results contradict the expectation that larger 

alkylammonium salts should be less ion-paired due to the presence of a lower charge 

density for the cation as a whole.  On the other hand, these results are consistent with a 

highly cooperative binding process, wherein the methyl group of a tetra-N-

alkylammonium counter cation becomes bound within the cone-shaped cavity created 

upon the binding of chloride anion to calix[4]pyrrole.  

 

3.3.3 FURTHER CRYSTALLOGRAPHIC STUDIES  

Additional support for the above proposal comes from solid-state structural 

analyses.  In Chapter two, we showed that different cations are included to different 

degrees within the calix[4]pyrrole cavity and that in the specific case of the TMA-Cl 

complex (TMA-Cl·1) one of the methyl groups resides within the electron rich cavity.140  

We thus sought to determine whether analogous results would be obtained using other 

methylammonium cations.  Towards this end, diffraction grade crystals (solved by Dr. 

Vincent Lynch) of OTMA-Cl·1 and MTBA-Cl·1 were grown by the slow evaporation of 

dichloromethane solutions containing 1 and the requisite N-methyl-N,N,N-

trialkylammonium chloride salts (excess) (Figure 3.7).  In both cases, the crystals 

obtained were in the form of the dichloromethane solvates (see Appendix B for X-ray 

data).  Nonetheless, for both OTMA-Cl·1 and MTBA-Cl·1 the methyl groups of the N-

methyl-N,N,N-trialkylammonium cation were found to reside within the electron rich 

cavity in analogy to what was seen in the case of the TMA-Cl·1 complex (see Chapter 

2).140 
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Figure 3.7. X-ray crystal structures of 1·OTMA-Cl (left) and 1·MTBA-Cl (right). Both 
structures have dichloromethane (solvent) and CH hydrogens removed for 
clarity. 

As might be expected, the distances from the lattice plane formed by the four 

pyrrolic nitrogen atoms to the ammonium nitrogen atom (dN4-N) were found to be 

somewhat longer than the previously reported distance of 3.906 Å for TMA-Cl·1, being 

3.998 and 4.187 Å for OTMA-Cl·1 and MTBA-Cl·1, respectively. On the other hand, 

these values are still shorter than what is observed in the case of the larger alkyl 

ammonium cations (i.e., TEA, dN4-N = 4.361 Å; TPA, dN4-N = 6.214 Å; TBA, dN4-N = 4.445 

Å)(see Chapter 2)140 or analyzed in the context of the present study (i.e., BnTEA-Cl·1; 

Figure 3.8, dN4-N = 4.356 Å (see also Appendix B)). 
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Figure 3.8.  X-ray crystal structure of 1·BnTEA-Cl. The non-acidic hydrogens have been 
removed for clarity. 

 

3.4 CONCLUSIONS 

The above equilibrium studies characterize calix[4]pyrrole as a stoichiometric ion 

pair receptor.  Although the exact mechanism of this effect remains open for future 

determination, based on the known chemistry of calix[4]pyrrole and the solid state 

structural data alluded to above, we believe that the origin of the cation dependence on 

the anion binding affinities (i.e., the observed cooperative ion pair effect) is structural in 

origin.  Extensive prior work has served to show that calix[4]pyrrole 1 in its 

uncomplexed form is extremely flexible and is a species that interconverts rapidly 

between all possible conformations, while favoring on average the 1,3-alternate 

arrangement.79, 80  However, it is likewise well-established that upon interaction with a 

tightly-bound anion, such as benzoate or chloride anion, calix[4]pyrrole 1 becomes 

frozen into its so-called cone conformation (cf. Figure 3.1).79, 80  This structural locking 

serves to create a cavity distal to the pyrrole NH donor atoms that can complex a tetra-N-

alkylammonium cation of suitable size and shape.  The magnitude of this latter cation 

complexation effect is highly dependent on the structure of the tetra-N-alkylammonium 
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cation in question, with methyltrialkylammonium salts of chloride being bound especially 

well in halogenated solvents.  The differences in the resulting anion binding Ka values 

can be appreciable, as reflected in an up to a 103-fold variation in the observed chloride 

anion binding affinities in dichloromethane depending on the choice of counter cation.  

As such, the results described here serve to underscore an emerging theme in receptor 

design, namely that even the simplest of receptors, such as calix[4]pyrrole, can display 

recognition effects that are far more complex than might be inferred based on a simple 

analysis of their chemical structure.  

 

3.5 EXPERIMENTAL SECTION 

Microcalorimetric titrations 

Both VP-ITC and MCS-ITC™ instruments made by MicroCal were used to 

determine the molar enthalpy (ΔH) of complexation.  Subsequent fitting of the data to a 

1:1 binding profile using the Origin® software provided access to the Ka and thus Gibbs 

free energy (ΔG) which could be used along with ΔH to determine the entropy (ΔS).  

Blank titrations into plain solvent were also performed and subtracted from the 

corresponding titration to remove any effect from the heats of dilution from the titrant.  

Most titrations were run at 298 K; however, a few were run at 303 K due to ambient 

conditions.  In general, the differences in Ka values determined at 298 and 303 K were 

within experimental error. (See Chapters 1 and 2 for more details)  
 

1H NMR spectroscopic titrations 

A Varian Mercury 400 MHz NMR spectrometer was used to measure the 1H 

NMR shifts of the NH proton of the pyrrole.  Solutions of 1 were titrated with the 
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chloride or benzoate salt at 298 K.  The titration data were plotted Δppm versus 

concentration of guest and fit to a 1:1 binding equation developed by Wilcox83 using the 

nonlinear curve-fitting procedure in Origin® software. 

 

Computational procedures 

Calix[4]pyrrole 1 and methyltributylammonium chloride (MTBA-Cl) were 

constructed according to the general outlines given for the GROMOS-96 force field 

calculations.145, 146  The partial charges on the ammonium cation were adapted from the 

literature.147  The individual host guest species were deliberately placed in a solvent box 

of chloroform and the system was energetically relaxed.  The molecular dynamic runs 

were generally conducted for 60 picoseconds with the runs for a few select examples 

being extended to 10 nanoseconds.  Frames were taken every 30 femtoseconds.  The 

structural analysis used the GROMOS-96 software package.148 

 

X-ray crystallographic data 

For 1·OTMA-Cl, 1·MTBA-Cl, and 1·BnTEA-Cl files CCDC-686302, 686607, 

and 686301, respectively, contain the supplementary crystallographic data.  These data, 

which were provided by Dr. Vincent Lynch, can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.  

 

Chemicals 

All salts were purchased having ≥ 98% purity from commercial sources and used 

without further purification.  Aliquat 336 (Methyltridecylammonium) chloride (A336-Cl) 

was purchased from Acros Organics.  Tetraethylammonium hexafluorophosphate (TEA-

PF6), tetrabutylammonium hexafluorophosphate (TBA-PF6), octyltrimethylammonium 
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chloride (OTMA-Cl), Tetradecyltrimethylammonium chloride (TdTMA-Cl), 

methyltributylammonium chloride (MTBA-Cl), benzyltrimethylammonium chloride 

(BnTMA-Cl), benzyltriethylammonium chloride (BnTEA-Cl), tetraethylammonium 

chloride (TEA-Cl), tetrapropylammonium chloride (TPA-Cl), tetrabutylammonium 

chloride (TBA-Cl), tetrahexylammonium chloride (THA-Cl), tetraoctylammonium 

chloride (TOA-Cl), tetraethylphosphonium chloride (TEP-Cl), tetrabutylphosphonium 

chloride (TBP-Cl), tetraphenylphosphonium chloride (TPhP-Cl), and P-5 phosphazenium 

chloride (Phaz-Cl) were purchased from Aldrich. 
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Chapter 4:  Halogenated Calix[n]pyrroles 

(Taken in part from Sessler, J. L.; Cho, W.-S.; Gross, D. E.; Shriver, J. A.; Lynch, V. M.; Marquez, M. J. 
Org. Chem. 2005, 70, 5982-5986.) 

4.1 BACKGROUND 

Calixpyrroles with halogen substituents on the C-rim have been known since 

1997149 when simple meso-octamethylcalix[4]pyrrole 1 was per-brominated using N-

bromosuccinimide in THF to afford β-octabromo-meso-octamethylcalix[4]pyrrole 2 in 

70% yield (Figure 4.1).  This new calixpyrrole was shown to have increased affinity for 

anions in CH2Cl2 solvent relative to parent calixpyrrole 1.  Since that time, a few reports 

have surfaced involving optimized reaction conditions150 and neutral guest binding.151  

Recently, anion binding studies in acetonitrile were performed using ITC methods, with 

the results being given in Table 4.1.  In this solvent, the affinity of 2 for halides and 

carboxylates is reduced compared to parent calixpyrrole 1.  It should be pointed out that 

acetonitrile was used in these studies, rather than dichloromethane as used for the 

previous NMR spectroscopic studies. 
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Figure 4.1.  Synthesis of β-octabromo-meso-octamethylcalix[4]pyrrole 2. 
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Table 4.1.  ITC data for the interaction of calix[4]pyrroles 1, 2, and 5 with selected 
anions at 303 K in acetonitrilea 

Anion 1 2 5 
Cl- 140 000 3300 530 000 

Br- 3 400 <500 8 500 

CH3CO2
- 290 000 23 000 1 900 000 

C6H5CO2
- 120 000 12 000 1 200 000 

aKa in units of (M-1) 
 

When attempting to crystallize 2 with fluoride (in the form of 

tetrabutylammonium fluoride) an interesting product was observed where the fluoride 

anion reacted with the glass crystallization vessel to form hexafluorosilicate (SiF6
2–) 

(Figure 4.2).  This resulted in a sandwich type complex where the SiF6
2– was 

“sandwiched” between two molecules of 2.  The calixpyrroles exist in a partial cone 

where the angle between alternating pyrroles is ~90 degrees.  A fluoride complex was 

eventually realized when excess tetraethylammonium fluoride was mixed with 2 in 

dichloromethane and allowed to evaporate slowly.  This is the first example of 2 existing 

in the traditional cone conformation with four NH···anion hydrogen bonds to the fluoride 

anion (Figure 4.2).  
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Figure 4.2.  Single crystal X-ray diffraction structure of β-octabromo-meso-
octamethylcalix[4]pyrrole anion complexes.  Left: View illustrating the H-
bonding interactions between the SiF6

2- and two molecules of 2.  
Displacement ellipsoids are scaled to the 30% probability level. The lower 
occupancy atoms of the disordered pyrrole rings are not shown. Right: View 
of 2·fluoride ion complex.  Displacement ellipsoids are scaled to the 50% 
probability level.  Most hydrogen atoms and all tetraalkylammonium cations 
(two tetrabutylammonium cations in the left structure and one 
tetraethylammonium on the right structure) have been removed for clarity.  
Dashed lines are indicative of H-bonding interactions.  

Synthesis, structural analyses and preliminary anion binding studies of β-

octachloro-meso-octamethylcalix[4]pyrrole 3 (Figure 4.3) was reported in the 

Dissertation of a former Sessler group member Deqiang An.152  A series of 

monohalogenated calix[4]pyrroles has also been reported.153 
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Figure 4.3. Octahalogenated calix[4]pyrroles. 

In unpublished, work β-octaiodo-meso-octamethylcalix[4]pyrrole 4 has been very 

recently synthesized by a former group member Prof. James Shriver of Central College.  

Single crystals were grown by the candidate allowing characterization by single crystal 

X-ray diffraction analysis (Figure 4.4).  X-ray quality crystals of compound 4 were 

obtained from slow diffusion of hexanes into a solution of 4 in methyl iodide.  The 

resulting structure was a flattened 1,2-alternate conformation similar to that of 2.149  Also 

present in the lattice was a diatomic molecule which is believed to be methyl iodide.  

Unfortunately, the species in question lies on an inversion center so its exact identity is 

unknown. 

 

Figure 4.4.  Single crystal X-ray diffraction structure of β-octaiodo-meso-
octamethylcalix[4]pyrrole 4. View of 4 showing the atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level.  The 
macrocycle resides around a crystallographic inversion center at ½, ½, ½.  
Atoms with labels appended by a ‘ are related by 1-x, 1-y, 1-z. 



77 

4.2 FLUORINATED CALIXPYRROLES 

By far the most studied of the β-perhalogenated calixpyrroles are the fluorinated 

congeners 5-9 (Figure 4.5).  β-Perfluorinated calixpyrroles were first achieved in 2000 

when a former postdoc in the Sessler group, Prof. Pavel Anzenbacher (Bowling Green 

State University), condensed 3,4-difluoropyrrole 10 with acetone in the presence of a 

catalytic amount of acid (Figure 4.6).71  This resulted in the isolation of β-octafluoro-

meso-octamethylcalix[4]pyrrole 5.  Preliminary binding studies by 1H NMR spectroscopy 

then revealed an enhanced affinity for anions over the parent calix[4]pyrrole 1.  When 

taking a closer look at the reaction products it was found that higher order expanded β-

decafluoro-meso-decamethylcalix[5]pyrrole 6 and β-hexadecafluoro-meso-

hexadecamethylcalix[8]pyrrole 9 could also be isolated.72  In a subsequent 

communication, macrocycle 5 was found to extract bromide and chloride into 

nitrobenzene, whereas 6 was found to extract nitrate from water as effectively as it 

extracted iodide.74  These findings served to highlight the ability of these receptors to 

overcome the relatively larger hydration energies154 of chloride, bromide, and nitrate 

compared to iodide, in effect reducing the Hofmeister bias.155  
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Figure 4.5. Fluorinated calix[n]pyrroles. 
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Figure 4.6. First synthesis of expanded fluorinated calix[n]pyrroles.72 

The above synthetic work was made possible by the donation of difluoropyrrole 

10 from collaborator Manuel Marquez.  However, due to the need for more compound a 

scale–up of the synthesis was pursued in house.  The synthesis, Figure 4.7, is short but far 

from trivial.  Purification for most intermediates requires sublimation and the synthesis is 

not very atom economic.  Using modified literature procedures,156-158 it starts from 

commercially available diethyl tetrafluorosuccinate 11, which was converted to the 

diamide 12 by bubbling ammonia gas into an ethereal solution.  The resulting precipitate 

was filtered and dried then subjected to concentrated sulfuric acid to cyclize to the 

tetrafluorosuccinimide 13.  The succinimide was then reduced to the 

tetrafluoropyrrolidine, which was isolated as the more stable hydrochloride salt.  The 

final step in this series is a double dehydrofluorination using potassium tert-butoxide; this 

affords 3,4-difluoropyrrole 10. 
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Figure 4.7. Synthesis of 3,4-difluoropyrrole 10. 

 

4.2.1 EXPANDED FLUORINATED CALIXPYRROLES 

Even more recently, β-dodecafluoro-meso-dodecamethylcalix[6]pyrrole 7 was 

isolated (Figure 4.8) by former colleague Jim Shriver and the anion binding ability of the 

fluorinated calixpyrrole series was studied, using isothermal titration calorimetry (ITC) 

(with former colleague Won-Seob Cho).  
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Figure 4.8.  Optimized synthesis of fluorinated calix[n]pyrroles (n = 1–5).  The numbers 
in parentheses are isolated yields. 
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In the initial communication detailing the synthesis of decafluorocalix[5]pyrrole 6 

and hexadecafluorocalix[8]pyrrole 9 (see above),  the conditions reported (reaction of 

acetone with 3,4-difluoropyrrole 10 at room temperature in the presence of H+) were 

optimized to favor the formation of these two higher order species.  While 6 and 9 were 

obtained in yields of 23% and 14%, respectively (up to 31% and 16% yield, as calculated 

by HPLC), along with 5 in 52% yield, we were unable to isolate the corresponding 

fluorinated calix[6]pyrrole 7 or calix[7]pyrrole 8.  However, peaks ascribed to these 

species were observed in the mass spectra of crude reaction mixture.  Subsequent to 

publication, a detailed inspection of the HPLC data revealed the presence of two peaks 

corresponding to compounds with greater polarity than 9 that appeared to grow in during 

the early stages of the reaction but which subsequently disappeared.  Follow-up mass 

spectrometic analysis led us to attribute these two unresolved peaks to the two “missing” 

fluorinated calixpyrroles, 7 and 8.  Parallel analyses confirmed that both 7 and 8 are 

thermodynamically unstable under the room temperature reaction conditions used to 

obtain calixpyrroles, 5, 6, and 9.  In light of this inherent instability, we chose to carry out 

our synthesis of fluorinated calix[n]pyrroles at lower temperatures in the hope that 

decomposition of 7 and 8 could be slowed if not halted.  As detailed below, this has 

allowed for the isolation of fluorinated calix[6]pyrrole 7 but not its higher order congener 

8.  

After optimization, it was found that a mixture of fluorinated calixpyrroles (5-9) 

favoring the higher order species (6, 7, and 9) could be obtained by condensing 3,4-

difluoro-1H-pyrrole 10 with acetone at –4 °C in the presence of methanesulfonic acid and 

tetrabutylammonium chloride (TBA-Cl) for 6 days.  These conditions produced 

dodecafluorocalix[6]pyrrole 7 in 20% isolated yield, as well as a trace of 

tetradecafluorocalix[7]pyrrole 8 as judged by positive CI-MS analysis.  Without TBA-Cl, 
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the yield of 7 dropped to ca. 8%.  Although not investigated in detail, the higher yield 

with TBA-Cl is consistent with an anion template effect.   

Under these optimized reaction conditions (i.e., low temperature in the presence 

of tetrabutylammonium chloride), calix[6]pyrrole 7 proved stable, whereas appreciable 

decomposition of 8 was still observed.  While isolation of 7 proved somewhat 

challenging (repeated chromatography over silica gel was required), it proved relatively 

stable once obtained.  As such, it could be characterized by standard spectroscopic 

means.  Whereas the 1H NMR and 13C NMR spectra were analogues to those of other 

fluorinated calixpyrroles, the HRMS of compound 7 was found to differ from those 

according to the molecular weights of 5, 6, and 9.  Further, the molecular mass of 7 was 

found to match the expected mass exactly (i.e., m/z = 859.33590 vs. m/z calculated = 

859.33576).  

 

4.2.2 ANION BINDING IN THE SOLID STATE 

To date, crystals of two anion complexes suitable for X-ray diffraction analysis 

have been obtained, namely of the chloride anion complex of 5 and the acetate anion 

complex of 6.159  The resulting structures are shown in Figures 4.9 and 4.10, respectively.  

In the presence of chloride anion, compound 5 adopts the expected cone-conformation 

and produces a 1:1 complex in the solid state that is stabilized by four hydrogen bonding 

interactions between the bound chloride anion and the pyrrolic NH protons.  The distance 

between the pyrrolic NH and the chloride anion was on average NH···Cl 2.42 Å, nearly 

the same as in the chloride anion complex of calix[4]pyrrole (1)49 (i.e., considerably 

longer than in the corresponding fluoride complex case; cf. NH···F = 1.82 Å71). 
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In contrast to the above, a partial cone conformation is seen in the case of the 

acetate anion complex of 6 (Figure 4.10).  Here, the upper three pyrrolic NH protons are 

oriented in the same direction, while the two “bottom” pyrrole units are orientated in a 

perpendicular direction.  Three of the five pyrrole NH units are involved in what appear 

to be strong hydrogen bond interactions with the bound acetate anion (the NH⋅⋅⋅O 

distances are in the range of 1.94-2.38 Å).  The remaining pyrrolic NH protons also 

participate in the binding of acetate via water mediated hydrogen bond interactions.    

 

          

Figure 4.9.  Two different views of the single crystal structure of the 1:1 complex 
formed between octafluorocalix[4]pyrrole 5 and chloride anion.  The 
counter cation, tetrabutylammonium (TBA+) is not involved in the binding 
interactions and is not shown.  
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Figure 4.10. Two different views of the X-ray crystal structure of the complex formed 
between decafluorocalix[5]pyrrole 6, acetate anion, and a water molecule.  
The counter cation, TBA+ is not involved in the binding interactions and is 
not shown.  

 

4.2.3 SOLUTION PHASE ANION BINDING IN ACETONITRILE AND                                
DIMETHYLSULFOXIDE 

The anion binding properties of fluorinated calix[4]pyrrole 5 in solution were 

studied initially using standard 1H NMR spectroscopy titration methods using 

tetrabutylammonium chloride as the anion source and a solvent mixture consisting of 

CD3CN containing 2% D2O.54, 160  This solvent mixture was chosen because the Ka values 

in pure CD3CN were too large to determine accurately by 1H NMR spectroscopy titration 

methods.  This is also proved true for the nonfluorinated calix[4]pyrrole 1.  In previous 

work, we estimated a Ka > 5000 M-1 in CD3CN (0.5% v/v D2O) at 295 K.54 Repeated 

analyses have served to extend this lower bound to >100 000 M-1 (CD3CN, 295 K).  

Increasing the concentration of chloride anion in the host-guest mixture solution induced 

a clear down field shift in the NH peak of around 3 ppm (cf. Figure 4.11).  Fitting the 

observed data points to a 1:1 binding profile using the Wilcox equation,83 provided a 

chloride anion binding constant (Ka) of 50 000 M-1 for 5, a value that is around 7 times 
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higher than that of the control calix[4]pyrrole 1 (see Table 4.2).  Under identical 

condition, ITC analysis provided Ka values for 1 and 5 that matched reasonably well 

those from the NMR spectroscopy titrations (see Table 4.2).  Since ITC allows for 

analysis of higher Ka values than 1H NMR spectroscopy methods, the other compounds in 

this study were analyzed via ITC.   
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Figure 4.11. Left: 1H NMR spectral changes observed for the NH protons upon the 
addition of TBACl to a CD3CN (2% D2O) of 5.  Right side: observed and 
calculated 1:1 binding profile associated with these shifts 

  

Table 4.2. Association constants (Ka, M-1) of 1 and 5 for chloride anion 
(tetrabutylammonium salt) in CH3CN (2% v/v H2O) as obtained from ITCa 
analysis and NMR spectroscopic titrations carried out in the corresponding 
deuterated solvents.  Both sets of measurements were made at 293 K. 

 1 5 
NMR 7 600 50 000 
ITC 5 400 31 000 

aThe host (macrocycle) solution was titrated with the guest (anion) solution to obtain the 
heat effects of complexation.  The net heat effect was determined by subtracting the heat 
traces for the background titration. 
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Table 4.3 provides a summary of the association constants recorded for 

compounds 1 and 5-7 in the presence of several classic test anions as determined from 

ITC studies carried out under slightly more “convenient” conditions than those used 

above (e.g., dry acetonitrile and DMSO).  In general, octafluorocalix[4]pyrrole 5 shows 

the highest association constants toward all the anions investigated except phosphate and 

bromide.  In addition, and very much in line with expectations, fluorinated 

calix[4]pyrrole 5 displays higher binding affinities across the board than does 

calix[4]pyrrole 1.  This difference is ascribed to the highly electron withdrawing groups 

present on the β-pyrrolic positions of 5.  The electron withdrawing effects improve the 

ability of the pyrrolic NH protons to act as hydrogen bond donors.  In acetonitrile, all 

compounds show a high preference toward carboxylate anions (e.g., acetate and 

benzoate) over halide anions.  It was also found that the relative association constant (Krel 

= Ka(Cl) / Ka(Br)) decreases with increasing macrocycle size (Table 4.3).  This represents a 

reversal of what would be expected based on anion electronegativity and charge density 

considerations.  Specifically, chloride anion, being more electronegative and possessing a 

higher charge density, was expected to be bound more strongly than bromide anion.  

While this is true in an absolute sense, in the case of 5, the Krel value is rather small, 

presumably reflecting the fact that the relatively large cavity present in 

dodecafluorocalix[6]pyrrole 7 is better able to accommodate a bromide anion than a 

chloride anion.  Interestingly, in the case of H2PO2
- anion, an inherently less spherical 

anion, the association constants were seen to increase as the number of β-fluorinated 

pyrrolic subunits increased.  Within the series of fluorinated calixpyrroles, the 

calix[5]pyrrole 6 was generally seen to display the lowest anion binding affinities, a 

finding that can presumably be attributed to its distorted structure.  
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Table 4.3.  Association constants (Ka, M-1) for anion binding by fluorinated 
calixpyrroles 5-7 and calix[4]pyrrole 1 in CH3CN or DMSO as determined 
by ITC analysis at 30 °C using the corresponding tetrabutylammonium salts 
as the anion source.a 

Anion Solvent 1 5 6 7 
CH3CN 140 000b 530 000b 41 000 280 000 

Cl- 
DMSO 1 300b 1 500b - - 

Br- CH3CN 3 400b 8 500b 4 500 110 000 

I- CH3CN c c c 610 

CH3CN 290 000d 1 900 000 e e 

CH3CNf 350 000 2 400 000 520 000 1 000 000 CH3CO2
- 

DMSO 6 100 48 000 - - 

CH3CN 120 000d 1 200 000 52 000 e 

C6H5CO2
- 

CH3CNf 170 000 1 400 000 83 000 580 000 

H2PO4
- DMSO 5 100 17 000 9 600 15 000 

H2PO2
- DMSO c 3 300 13 000 35 000 

Krel = Ka(Cl-) / Ka(Br-) 41 62 9 3 
aThe host (macrocycle) solution was titrated with the guest (anion) solution unless 
otherwise indicated. bReference.50 cAssociation constant too low to be determined by ITC. 
dReference.61 eA good fit of the data to a 1:1 binding profile could not be made. fThe guest 
solution was titrated with the host solution (reverse titration) 
 

4.2.4 BINDING STUDIES OF OCTAFLUOROCALIXPYRROLE IN HALOGENATED                 
SOLVENTS 

When studying the binding of anions to octafluorocalix[4]pyrrole 5 in 

dichloromethane, higher affinity constants were obtained when compared to 1.  This was 

fully expected on the basis of the above findings and previous NMR spectroscopy 

studies.71  The chloride interaction (in the form of the TEA or TBA salt) was highly 

driven by enthalpy with a weak opposing entropy.  Similar behavior was seen with azide 

salts (TBA and TEA).  The results of the relevant titrations are listed in Table 4.4.  The 
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association constants are at least an order of magnitude higher than those for the parent 

(non-fluorinated) calix[4]pyrrole.  Also, in contrast to what was observed in the case of 1, 

no apparent dependence on tetraalkylammonium counter cation was seen.  The same was 

true within the benzoate (BzO-) series of salts (TMA, TEA, and TBA counter cations; 

here, again), where no dependence on the counter cation of the benzoate salt was seen.  

The interactions of all three salts were highly governed by enthalpy and all three behaved 

identically in terms of absolute affinity and the observable energetic signature.  

 

Table 4.4.  Interaction of octafluorocalixpyrrole 2 with alkylammonium salts of 
chloride, azide, and benzoate in dichloromethane 

Salt TΔS ΔH ΔG Ka 
 (kcal/mol) (kcal/mol) (kcal/mol) (M-1) 

TEA-Clb -3.07 -12.03 -8.96 3.6×106 

TBA-Clb -2.98 -11.77 -8.79 2.7×106 

TEA-N3 -2.92 -11.05 -8.13 7.2×105 

TBA-N3 -2.84 -11.32 -8.48 1.3×106 

TMA-OBz -3.96 -12.41 -8.45 1.2×106 

TEA-OBz -3.83 -11.87 -8.04 6.3×105 

TEA-OBz -2.54 -11.15 -8.61 1.6×106 

TBA-OBz -4.53 -13.06 -8.53 1.3×106 

TBA-OBz -4.61 -12.71 -8.10 6.9×105 
aTitrations run at 303 K, 5 (syringe) was titrated into a solution of the salt. bTitrations run 
at 298 K, salt (syringe) titrated into 5 (in the cell) 

  

To confirm the hypothesis that there is no apparent cation effect as seen with 1 (as 

detailed in Chapters 2 and 3) similar competition experiments were run.  Towards this 

end, TEA-PF6 (32 mM) was titrated into a mixture of TBA-OBz:5 (22.2 mM:1.9 mM, 
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respectively).  Here, an excess of the benzoate anion was used to ensure near-complete 

conversion into the so-called cone complex (cf. Chapter 3).  Under these conditions, little 

change in enthalpy was observed.  This is taken as evidence that the smaller 

tetraethylammonium cation does not have any significant interaction with 5·OBz-. 
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4.3 FACILITATED ANION TRANSFER AT LIQUID-LIQUID INTERFACES BY 
OCTAFLUOROCALIX[4]PYRROLE 
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4.4 LIQUID-LIQUID EXTRACTION OF ANIONS BY FLUORINATED CALIXPYRROLES 
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4.5 CONCLUSIONS 

We have demonstrated that careful optimization of the reaction conditions can 

lead to higher order calixpyrroles when 3,4-difluoropyrrole 10 is used as the reactant.  In 

this case, the use of TBA-Cl, as an apparent anion template at reduced temperatures (-4 

°C) allowed us to obtain dodecafluorocalix[6]pyrrole in a respectable 20% yield.  X-ray 

crystal structures of the chloride and acetate anion complexes of 5 and 6, respectively, 

provide support for the notion that fluorinated calixpyrroles can bind anions in the solid 

state.  Anion binding in solution phase was assessed using standard 1H NMR 

spectroscopic and ITC titration methods employing several test anions and a variety of 

different solvent systems (CH3CN; CH3CN + 2% H2O; DMSO, CH2Cl2; 1,2-DCE; 

CHCl3).  While octafluorocalix[4]pyrrole 5 displays anion binding affinities that are 

generally enhanced relative to the other higher order fluorinated-calixpyrroles,  these 

latter species show a preference for larger anions, at least in a relative sense.  

In the context of these analyses, but always of the result of collaboration with 

others, we have demonstrated the potential of halogenated calixpyrroles for use in a 

variety of applications, especially the selective extraction of anions from aqueous media.  

Of particular note is the finding that by using fluorinated calixpyrroles relatively 

hydrophilic anions could be extracted into organic solvents (toluene and chloroform) 

from aqueous solutions.  It was also found that fluorinated calixpyrroles could be used to 

facilitate the transfer of anions across a micro-water/1,2-dichloroethane interface for the 

first time.  Such a finding could allow for the formation of ion-selective electrodes and 

could provide future insights into the mechanism of anion transfer across solvent 

interfaces. 
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4.6 EXPERIMENTAL 

2,2,3,3-Tetrafluorosuccinamide 12. In a 1 L RBF, diethyl 2,2,3,3-

tetrafluorosuccinate 11 (218 g, 1.0 mole) was dissolved in ether (500 ml). While stirring, 

the solution was subjected to bubbling gaseous ammonia for one hour. A white 

precipitate formed, which was filtered through a membrane filter funnel and washed with 

ether and then dried under vacuum. Yield >95%.  

 

3,3,4,4-Tetrafluoropyrrolidine-2,5-dione 13. In a 250 ml RBF equipped with a 

vacuum distillation setup 12 (36.5 g, 0.19 mole, 1.0 equiv.) was dissolved in sulfuric acid 

(12 ml, 22 g, 0.22 mole, 1.16 equiv.) the reaction was gradually heated under vacuum and 

the product was distilled to a receiving flask. The distillate was dried under high vacuum.  

Isolated yield 28.5 g (0.17 mole, 86%). The product is a white solid. All remaining 

liquids and/or solids can be collected and esterified back to regenerate the ester 11.  

 

3,3,4,4-Tetrafluoropyrrolidinium, hydrogen chloride salt 14. In a 1 L TNRBF 

with a 250 ml addition funnel attached 13 (15.1 g, 88 mmol, 1.0 equiv.) was purged with 

argon then dry THF (40 ml) was added. The mixture was stirred until dissolved then 

cooled to 0 °C. At this point, BH3·THF (250 ml, 1.0 M solution, 2.8 equiv.) was 

cannulated into the addition funnel equipped with an argon balloon and added dropwise 

to the reaction mixture under argon flow. After the addition was complete, the reaction 

was stirred at 0 °C for 5 hrs and then over night at rt. It was then cooled again to 0 °C and 

quenched slowly with EtOH (25 ml). After 15 min or bubbling had ceased HCl ether (100 

ml, 1.0 M solution) was added via a cannula to the addition funnel. The resulting acidic 

solution was then added dropwise to the reaction mixture under argon flow. The reaction 

was stirred overnight at rt, upon which precipitation occurs. Membrane filtration of the 
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reaction mixture yielded a white solid. Subsequent purification by sublimation resulted in 

a yield of 12.2 g, 77%. The salt is stable in light and at rt.  

 

3,4-Difluoropyrrole 15. Tetrafluoropyrrolidium chloride 14 (8 g, 45 mmol) was 

dissolved in dry DMSO (60 ml). The reaction flask was cooled in an ice bath, and t-

BuOK (20 g, 180 mmol) was added under Ar in 10 min. The reaction mixture was stirred 

at r.t. for 30 min. After this time, it was cooled to 0 °C and quenched with ice water (50 

ml). After the solid was dissolved, the mixture was diluted to 800 ml with water, and 

neutralized to pH 7 with 1 M HCl. It was extracted with DCM (80 ml x 6). The extracts 

were washed with water (80 mL x 4) and brine (80 ml x 2), and dried over Na2SO4. The 

residual DCM was removed by rotary evaporation at -10 °C. The resulting yellowish oil 

was crystallized from pentane (15 mL) at -30 °C.  Colorless needle like crystals were 

obtained (1.8 g, 18 mmol, 39% yield). Repurification is possible by sublimation at low 

temperature. 
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Chapter 5:  Isothermal Titration Calorimetry of Oligo-Pyrrolic Anion               
Receptors 

In this chapter various anion binding studies done by the author will be discussed.  

These include the studies of dipyrrolyl ruthenium and rhodium bipyridine based receptors 

(provided by postdoctoral researcher Patrick Plitt and detailed in: Plitt, P.; Gross, D. E.; 

Lynch, V. M.; Sessler, J. L. Chem. Eur. J. 2007, 13, 1374-1381); pyrrole, benzene, and 

furan strapped calix[4]pyrroles (provided by postdoctoral researcher Dae-Wi Yoon and 

reported in Yoon, D.-W.; Gross, D. E.; Lynch, V. M.; Sessler, J. L.; Hay, B. P.; Lee, C.-

H. Angew. Chem., Int. Ed. 2008, 47, 5038-5042 and Yoon, D.-W.; Gross, D. E.; Lynch, 

V. M.; Lee, C.-H.; Bennett, P. C.; Sessler, J. L. Chem. Commun. 2009, 1109-1111); and 

calixarene capped calix[4]pyrroles (provided by graduate student Sung Kuk Kim and 

published as: Sessler, J. L.; Kim, S. K.; Gross, D. E.; Lee, C.-H.; Kim, J. S.; Lynch, V. 

M. J. Am. Chem. Soc. 2008, 130, 13162-13166). 

 

5.1 BINDING STUDIES OF DIPYRROLYL BIPYRIDINE BASED RECEPTORS 

The metal center present in receptors 1 and 2 (see Figure 5.1, synthesized by 

postdoctoral researcher Patrick Plitt) provides a source of positive polarization that serves 

to withdraw electron density from the putative pyrrole-based binding site and should, 

therefore, enhance the interactions between the receptor and any appropriately sized 

negatively charged analyte.  Metal complexation within the bipyridine subunit also serves 

to lock the conformation of the receptor into one that is expected to favor anion 

recognition on steric grounds.  This combination of electronic effects, pre-organization, 

and larger pyrrole-based anion binding cavity size (compared to the previously studied 
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dipyrrolyl quinoxalines, see Figure 5.1) is expected to lead to enhanced affinities for 

larger anions. 
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Figure 5.1.  Dipyrrolyl bipyridine based receptors 1 and 2 used in this study, meso-
octamethylcalix[4]pyrrole 3, and dipyrrolyl quinoxaline. 

As a test of this hypothesis, the chloride and benzoate anion binding properties of 

receptors 1 and 2 were studied by 1H NMR spectroscopy and ITC in DMSO-d6 and 

DMSO, respectively, using the tetrabutylammonium (TBA) salt of the anion in question.  

In all cases 1:1 host–guest complexes were inferred from Job’s plots.  The resulting Ka 

values are summarized in Table 5.1, along with those for the analogous ruthenium 

functionalized sensor 1.  The increased overall charge, from Ru2+ to Rh3+ upon going from 

1 to 2, also enhances the anion affinity for chloride and benzoate (Ka enhanced by a factor 

of ca. 2.5, see Table 5.1).   
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Table 5.1.  Association constants Ka obtained by 1H NMR spectroscopy titrations and 
thermodynamic data derived from isothermal titration calorimetry (ITC) for 
the interactions of receptors 1 and 2 with chloride and benzoate (BzO-) 
anions.a  

 Anion TΔS 
(kcal/mol) 

ΔH 
(kcal/mol) 

ΔG 
(kcal/mol) 

Ka(ITC) 
(M-1) 

Ka (NMR) 
(M-1) 

Cl– 3.96 0.41 –3.56 410 370 
1 

BzO– 2.75 –1.60 –4.35 1600 2140 

Cl– 4.62 0.49 –4.13 1100 870 
2 

BzO– 3.93 –1.03 –4.97 4500 5090 
aAnions were used as their TBA salts; the titrations were performed in DMSO; [host] = 
2.9 mM (ITC) and 3.3 mM (NMR).  Analyses were carried out at 298 and 295 K, in the 
case of the ITC- and NMR-based studies, respectively. 
 

As stated above, ITC analyses were carried out to confirm the association 

constants for receptors 1 and 2 in the case of Cl– and BzO–.  ITC was chosen as a 

complementary method of study since the required range of concentration overlaps with 

those used for the 1H NMR spectroscopic titrations. Recently, we demonstrated that 

NMR spectroscopic titrations and ITC analyses give rise to concordant affinity constants 

when the conditions for the measurements were comparable (see Chapter 2).  This 

conclusion, which was derived from an analysis of chloride anion binding to 

calix[4]pyrrole 3, is reinforced by the present study.  In particular, a clean fit of the ITC 

data to a 1:1 stoichiometry model was observed (n = 0.9–1.0) when the titrations were 

carried out at a concentration range of the host between 0.9–2.9 mM in DMSO, a 

conclusion that is in agreement with the Job plot analyses in the case of the NMR 

spectroscopy studies.  As shown in Table 5.1, good agreement is seen for the affinity 

constants Ka obtained using these two disparate methods.  For instance, the Ka for the 

interaction of chloride and 1 determined by NMR spectroscopy is (370 ± 50) M–1, while 
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the corresponding value resulting from ITC is 410 M–1.  Similar good agreement was seen 

in the case of 2. 

As observed previously for calix[4]pyrrole (see Chapter 2), the formation of the 

present receptor–anion complexes in DMSO is largely driven by entropy.  In the case of 

chloride, approximately 90% of the total energy ascribable to the binding is due to 

entropic factors.  Based on this observation, we suggest that DMSO molecules are 

associated strongly to the free host compounds and that upon addition of chloride the free 

host is desolvated (enthalpically unfavored, ΔH > 0) releasing solvent molecules 

(entropically favored, TΔS > 0).  This, we propose, provides a major driving force for the 

overall binding process.  In the case of benzoate anion, ca. 65–80% of the total energy 

associated with binding to receptors 1 and 2 is ascribable to entropic factors.  

Interestingly, the enthalpy ΔH differs for the association of either 1 or 2 with chloride vs. 

benzoate.  Whereas ΔH is negative in the case of benzoate, the value is positive for 

chloride; this has the consequence that a correspondingly more favorable entropic term is 

required to give rise to an overall negative free energy, ΔG < 0. 

In summary, the first examples of metal-containing dipyrrolyl bipyridine 

receptors have been studied.  In agreement with previously reported systems,161 we found 

that the anion affinity can be enhanced further by the introduction of a higher charge, 

with the triply charged Rh(III) complex 2 displaying a greater affinity (by a factor of 

roughly 2 in the case of both chloride and benzoate anion) relative to the analogous 

Ru(II) system.  
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5.2 BINDING STUDIES OF STRAPPED CALIXPYRROLES 

In the context of studying the strength of C-H⋅⋅⋅anion interactions we pursued 

strapped calixpyrroles (both topics introduced in Chapter 1).  Hay and co-workers have 

calculated that benzene C-H⋅⋅⋅anion hydrogen bonds are significant,162 being roughly half 

the strength of typical neutral N-H⋅⋅⋅anion hydrogen bonds.  In a subsequent theoretical 

report, it was noted that the aryl C-H⋅⋅⋅Cl binding energies in the gas phase can be tuned 

from –8 to –16 kcal/mol by altering the para substitution from NH2 to NO2.163  Despite the 

potential utility of C-H⋅⋅⋅anion interactions, to the best of our knowledge very little 

experimental work has been done that could serve to confirm and quantify these proposed 

effects.164, 165 

The synthesis of the strapped calixpyrrole 4 (see Figure 5.2) was recently reported 

and a single crystal X-ray diffraction analysis revealed the presence of a short C-H⋅⋅⋅Cl– 

contact in the solid state.50, 51  However, the extent to which this C-H⋅⋅⋅Cl– interaction 

contributed to the overall chloride anion binding process was still unknown.  In an effort 

to address this issue, the corresponding pyrrole- and furan-strapped congeners 5 and 6 

were synthesized and kindly provided by postdoctoral fellow, Dae-Wi Yoon.  Receptors 

4 and 5 should allow for a comparison of NH vs. CH hydrogen bonding and 6, which 

lacks a hydrogen bond donor, was expected to be a “negative control”.  To start, the 

chloride anion binding properties of this series were analyzed in the solid state, in 

acetonitrile and dimethylsulfoxide solution, and via computational analyses.  The latter 

studies were carried out by Dr. Ben Hay at Oak Ridge National Laboratory but are 

described here for the sake of completeness.  Solid state structural analyses were 

performed by Dr. Lynch of this department.  The requisite crystals were obtained by Dr. 

Yoon via slow diffusion of methanol into a dichloromethane solution of 5 containing an 

excess of tetrabutylammonium chloride (TBACl). 
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Figure 5.2. Strapped calix[4]pyrroles 4-6 used for this study.  

 

5.2.1 CHLORIDE BINDING STUDIES IN THE SOLID STATE, BY COMPUTER, AND IN               
SOLUTION 

Evaluation of the previously reported single crystal X-ray structure for 4·Cl– 

reveals three types of receptor-anion contact in the solid state, namely ones involving the 

four pyrrolic NH protons, the CH of the phenyl strap, and aliphatic CH contacts from two 

methylene substituents and two methyl substituents (cf. Figure 5.3).  The X-ray 

diffraction structure 5·Cl–, revealed that the calix[4]pyrrole subunit exists in the expected 

cone conformation and that the chloride anion exhibits hydrogen bonding contacts 

analogous to those observed in 4·Cl–.  The average calixpyrrole N-H⋅⋅⋅Cl– distances are 

comparable in both complexes, being 2.407 Å and 2.425 Å for 5 and 4, respectively.  

Similarly, the average aliphatic C-H⋅⋅⋅Cl– distances are comparable in both complexes, 

methylene 2.578 Å and 2.467 Å and methyl 2.945 Å and 2.979 Å for 5 and 4, 

respectively.  However, there is a large difference in the distance involving the apical 

strap-derived contact, with the pyrrole strap providing a closer N-H⋅⋅⋅Cl– contact by 0.63 

Å than the corresponding phenyl CH interaction.  The dihedral angles around the 2,5-

substituted pyrrole and the 1,5-substituted phenyl moieties in the straps also differ, i.e. 

the phenyl subunit is tilted more than the pyrrole, presumably to compensate the shorter 



102 

net linker distance.  At present, no experimental structural information is available for the 

corresponding chloride anion complex of the congeneric furan-based system, 6. 

 

 

Figure 5.3. Single crystal X-ray diffraction structures of the chloride anion complexes 
of the strapped calix[4]pyrroles 4 (left) and 5 (right).  In both cases, NH- 
and CH-anion contacts of ≤ 3 Å are shown.  The structure of 4·Cl– was 
published previously.50  

As noted above, electronic structure calculations were performed by Benjamin 

Hay at Oak Ridge National Laboratory.  These were carried out to assess the relative 

strengths of the three types of hydrogen bonding interactions observed above in the 

absence of complicating effects arising from steric constraints imposed by the ligand 

architecture and environmental factors.  As seen in Table 5.2, electronic binding energies, 

∆E, for complexes of Cl– with simple hydrogen bond donors pyrrole, benzene, and 

methane are fully consistent with experimentally measured gas phase ∆H values.  The 

expected trend in hydrogen bond strengths is obtained with pyrrole > benzene > 

methane.162  Moreover, these results confirm that the C-H⋅⋅⋅Cl contacts observed in the 

crystal structures of 2·Cl– and 3·Cl– are attractive in nature and make a significant 

contribution to the overall binding.  In all cases, geometries for these 1:1 complexes (cf. 

Figure 5.4) reveal closer contacts than those observed in the strapped calixpyrrole 

macrocycles.  This effect is predominantly due to the fact that a single anion-molecule 
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interaction polarizes and redistributes the anion charge differently than multiple anion-

molecule interactions, leading to stronger interactions and shorter distances. 

 

Table 5.2. Comparison of calculated electronic binding energies, ∆E,a with 
experimental gas phase ∆H values for Cl– complexes with simple hydrogen 
bond donors.  

Donor ∆E (DFT)b 

(kcal/mol) 
∆E (MP2)c 

(kcal/mol) 
ΔH 

(kcal/mol) 
Pyrrole –23.09 –22.50 –18.8166 

Benzene –8.32 –8.42 –8.6 to –10.5166-169 

Methane –3.06 –3.36 –3.6170 
a∆E = E(complex) – E(chloride) – E(donor).  Electronic structure calculations were 
performed with NWChem.171 bB3LYP/DZVP2. cMP2/aug-cc-pVDZ. 
 

 

Figure 5.4. Optimized geometries for Cl– complexes with pyrrole, benzene, and 
methane.  Distances are given below each structure at the MP2/aug-cc-
pVDZ and B3LYP/DZVP2 (in parentheses) levels of theory.  Cartesian 
coordinates and absolute energies for all optimizations can be found in the 
original report.172 

To gain further theoretical insight into the contribution of the C-H⋅⋅⋅Cl and N-

H⋅⋅⋅Cl contacts provided by the straps in 4 and 5, the less expensive B3LYP/DZVP2 level 

of theory was used to optimize the geometry of the chloride-bound structures for strapped 

calixpyrroles 4 and 5, as well as for the furan analogue 6 (Figure 5.5).  Starting from the 
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crystallographic coordinates, 4 and 5 were optimized under gas phase conditions.  This 

yielded geometries that were little changed from the solid state, having comparable 

average calixpyrrole N-H⋅⋅⋅Cl– distances in both complexes (i.e., 2.398 Å and 2.311 Å for 

5 and 4, respectively).  Similarly, the average aliphatic C-H⋅⋅⋅Cl distances are comparable 

in both complexes (i.e., methylene 2.640 Å and 2.563 Å and methyl 2.933 Å and 3.019 Å 

for 5 and 4, respectively).  Optimization using starting coordinates derived by replacing 

the phenyl group in 5 with furan, yielded a putative geometry for 6·Cl–.  This complex 

shows the same hydrogen bonding motifs and distances as seen in 4 and 5, with the 

exception that the furan moiety fails to provide an additional hydrogen bond donor.  To 

obtain a measure of the chloride affinity offered by each of the host configurations, single 

point energies were calculated after removal of the chloride anion.  Subtracting the 

energy of Cl– and the host binding configuration from that of the complex yields the 

following ∆E values: 5, –67.64 kcal/mol < 4, –63.46 kcal/mol < 6, –58.25 kcal/mol.  

Consistent with the calculations on the simple prototype donors, these binding energies 

predict that the pyrrole strapped system, 5, should prove to be a better receptor than the 

corresponding phenyl species, 4, and that the latter system should prove to be a better 

receptor than the furan strapped calix[4]pyrrole, 6.  Whereas this analysis provides a 

quantitative measure of the chloride affinity offered by each binding configuration, it 

should be pointed out that it does not account for other contributions to the overall 

binding affinity, such as conformational reorganization that may occur prior to binding or 

the influence of solvation. 
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Figure 5.5.  Optimized B3LYP/DZVP2 geometries of the chloride anion complex of the 
phenyl strapped calix[4]pyrrole 4, the pyrrole strapped calix[4]pyrrole 5, 
and the furan strapped calix[4]pyrrole 6.172 

In light of the above prediction, attempts were made to study the anion binding 

properties of the pyrrole strapped calix[4]pyrrole 5 using proton NMR spectroscopy.  

Unfortunately, even in DMSO-d6, which was expected to favor a rapid equilibrium, sets 

of peaks consistent with slow association/dissociation kinetics (i.e., slow exchange) were 

observed.  Nonetheless, these spectroscopic studies provided insights into the mode of 

binding and the stoichiometry.  For instance, in the absence of anions, two singlets were 

observed for the pyrrolic NH’s, namely one at 11.58 ppm (pyrrole on the strap) and 

another at 9.43 ppm (calix[4]pyrrole).  However, upon the addition of less than 1.0 

equivalent TBACl, two singlets appeared at 12.87 ppm and 10.92 ppm.  The beta-pyrrolic 

protons were also shifted upfield upon chloride anion binding as expected.  Complete 

appearance of these new resonances, with a corresponding disappearance of the original 

signals, was observed after the addition of 1.0 equivalent of chloride anion.  These 

observations are consistent with a strong 1:1 binding motif and the inclusion of chloride 

in the cavity of the pyrrole strapped calix[4]pyrrole 5.  With the furan strapped 

calix[4]pyrrole 6, slow association/dissociation kinetics were also observed in the case of 

TBACl.  The pyrrolic NH’s were shifted downfield from 9.40 ppm to 11.47 ppm.  
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Additionally, the beta protons on the furan subunit were shifted upfield, along with the 

calix[4]pyrrole beta pyrrolic protons, as in the case of 4 and 5.   

Given that the system was undergoing slow exchange relative to the NMR 

spectroscopic time scale, we chose ITC as the analytical method used to quantify the 

interaction of chloride (as the TBA salt) with calixpyrroles 3-6 (see Table 5.3).  Although 

the chloride anion binding affinity for the phenyl strapped calixpyrrole 4, measured in 

acetonitrile at 303 K has been reported,50 the titrations were repeated at 298 K to allow 

for a direct intracomparison between calixpyrroles 3-6 under identical conditions.  The 

lowering of the temperature by 5 K afforded a slightly higher affinity constant for the 

interaction of 4 with TBACl (Ka = 2.2 × 106 vs. 1.4 × 106 M–1; estimated errors < 10%).  

As expected, the introduction of an additional NH hydrogen bond donor into the strap 

enhanced the chloride affinity by an order of magnitude relative to 4 (Ka = 2.2 × 106 and 

1.8 × 107 M–1, for 4 and 5, respectively; see Table 5.3).  The interaction of 5 with chloride 

has both a more favorable enthalpy and entropy, explaining the higher affinity observed 

for this system than for 4.  Conversely, when compared to 4, the enthalpy of the furan 

analogue 6 drops by 15 percent, and the observed Ka = 1.9 × 105 M–1 represents an order 

of magnitude decrease.   
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Table 5.3. Thermodynamic data for the interaction of calixpyrroles 3-6 with chloride.a 

Host TΔS  
(kcal/mol) 

ΔH  
(kcal/mol) 

ΔG  
(kcal/mol) 

Ka  
(M–1) 

Ka/K6
d 

3c –2.91 –10.16 –7.29 2.2 × 105 1.2 

4 –1.90 –10.54 –8.64 2.2 × 106 12 

5 –1.44 –11.34 –9.90 1.8 × 107 95 

6 –1.67 –8.87 –7.20 1.9 × 105 1 
 aTitrations were run at 298 K in acetonitrile and chloride was used in the form of its 
tetrabutylammonium salt.  bKa/K4 is the affinity enhancement ratio relative to the furan-
strapped system 6.  cFrom literature.140 

 

5.2.2 BINDING STUDIES OF STRAPPED CALIXPYRROLES WITH OTHER ANIONS 

Selectivity and strength of anion interactions has been one of the major goals in 

the field of anion recognition.  These parameters are thought to be tunable on the basis of 

cavity size, H-bond donors, directionality.  To obtain further insights into the extent to 

which this is true, we sought to extend our studies of calixpyrroles 3-6 to other anions, 

specifically fluoride, bromide and benzoate. This, we thought would allow us to assess 

further the effect of anion size and shape on the affinity and selectivity of these test 

receptors. 

Initially, NMR spectroscopy was used to study the binding of fluoride, bromide 

and benzoate to 3-6.  Shifts of the pyrrolic NH’s were also seen upon the addition of 

these anions (as the corresponding TBA salts in acetonitrile).  Unfortunately, as with the 

chloride studies discussed above, these species displayed slow association/dissociation 

kinetics with compound 5.  However they did still provide structural information in the 

case of the non-spherical, benzoate anion, which displayed a slightly different binding 

mode compared to what was seen in the case of halide anion binding.  In this case, the 
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calixpyrrole NH signal originally present at 9.43 ppm was split into two singlets, which 

were seen at 11.54 ppm and 11.32 ppm, respectively.  While not a proof, this observation 

is consistent with the intuitively reasonable notion that the bulky carboxylate anion binds 

asymmetrically to the pyrrole NH protons contained within the receptor site due to the 

limited size of the binding cavity.  When studying fluoride by NMR spectroscopy there 

was a disappearance of one set of signals and an appearance of a new set of signals up to 

one equivalent of fluoride anion added a result interpreted in terms of a strong 1:1 

calixpyrrole:fluoride complex.  However, subsequent addition of excess fluoride 

produced a completely new set of signals, which is hypothesized to reflect the formation 

of a deprotonation product.  This interpretation is consistent with the enhanced acidity of 

the pyrrole on the strap due to the electron withdrawing esters.  As noted previously in 

this dissertation, fluoride anion can act as a strong base in organic solvents and has been 

shown to deprotonate pyrroles functionalized with electron-withdrawing groups.121, 122. 

Interestingly NMR spectroscopic studies of receptor 6 revealed that the system 

was under fast exchange in the case of bromide and benzoate; therefore, we were able to 

determine association constants by standard curve fitting methods.83  Specifically, by 

following the shift in the furanyl protons as a function of anion concentration and using 

Wilcox’s 1:1 binding profile, we determined the binding constants for bromide (KBr = 54 

M-1) and benzoate (KOBz = 46 M-1) (see Table 5.4) in acetonitrile. 
 



109 

Table 5.4. Thermodynamic data for the interaction of calix[4]pyrroles 3-6 with 
bromide and benzoate anions.a 

Guest Host TΔS  
(kcal/mol) 

ΔH  
(kcal/mol) 

ΔG  
(kcal/mol) 

Ka  
(M–1) 

Ka/K6
d 

3b - - - 3.4 × 103 63 

4 -2.9 -7.4 -4.5 2.1 × 103 39 

5    0.48 -7.2 -7.7 4.5 × 105 8333 Br- 

6c - - - 5.4 × 101 1 

3 -4.4 -11.4 -7.0 1.4 × 105 3043 

4 -3.3 -7.4 -4.2 1.1 × 103 24 

5 -4.5 -12.6 -8.0 7.9 × 105 17179 BzO- 

6c - - - 4.6 × 101 1 
aTitrations were run at 298 K in acetonitrile and the anions were used in the form of their 
respective tetrabutylammonium salts. bFrom literature,50 at 303 K. cFrom NMR 
spectroscopy titrations.83 dKa/K6 is the affinity enhancement ratio relative to the furan-
strapped system 6. 

 

Since we did observe slow exchange in many of the above cases we chose ITC as 

an alternative method to determine the binding affinties.  We have previously shown that 

under appropriate conditions the resulting NMR spectroscopy and ITC titration data is 

comparable (see Chapter 2).  To start, we were able to obtain the previously elusive 

affinity of 4 for bromide by increasing the titration concentration; it was found to be 2.1 × 

103 M-1.  When studying the interactions of bromide there is a greater increase in affinity, 

KBr = 2.1 × 103 and 4.5 × 105 M-1 for 4 and 5, respectively.  In this case, the difference is 

greater than 2 orders of magnitude.  This enhancement in affinity results from both a 

more favorable entropy and enthalpy; the interaction of calixpyrrole 5 with TBABr 

actually has a favorable TΔS.   
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The selectivities for chloride/bromide and chloride/benzoate were also analyzed.  

The chloride/bromide selectivity ratio, KCl/KBr, is 64, 1048, 40, and 3518 for compounds 

3-6.  All three strapped systems 4-6 are also selective for chloride over benzoate.  This is 

especially true for compounds 4 and 6.  Interestingly, this binding behavior is divergent 

from that of the parent calixpyrrole 3, where the affinities for chloride and benzoate are 

1.4 and 2.2 × 105 M-1, respectively.  These enhanced selectivities are presumed to reflect 

the size and shape of the strapped calixpyrrole cavity, as well as the limited flexibility of 

the strap.  This discriminatory feature is one that allows this series of receptors to 

accommodate the chloride anion more easily than the larger bromide and benzoate 

anions.  

When attempts were made to quantify the binding of fluoride anion to strapped 

system 5 plots resembling a two-step process were obtained (see Figure 5.6).  This result 

supports the hypothesis that anion binding takes place initially followed by deprotonation 

as proposed above. 
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Figure 5.6. ITC titration plot of the interaction of 5 with TBAF  

5.2.3 BINDING STUDIES OF STRAPPED CALIXPYRROLES IN AQUEOUS MEDIA 

An interesting result was found very recently when studying strapped calixpyrrole 

5 in DMSO:water (4:1 v/v) solution.  In fact, the binding of chloride as the 

tetrabutylammonium (TBA) salt was observed to have slow exchange on the NMR time-

scale a finding that is consistent with Ka values being > 104 M-1.  Due to this slow 

exchange we turned to ITC as a method to quantitate the interaction of the chloride and 

fluoride anions with 5.  The above notion that the chloride affinity is greater than 104 in 

DMSO-water (4:1 v/v) was confirmed by titrating (separately) both TBACl and NaCl 

into a DMSO-water solution of 5.  The resulting Ka values were determined to be 26,000 

M-1 and 24,000 M-1, respectively (see Table 5.5 for thermodynamic data and Figure 5.7).  

Additionally, the affinity for F- (as the TBA salt) was found to be 20 times stronger than 
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that of Cl-, Kfluoride = 470,000 M-1 (see Figure 5.8).  These findings are noteworthy since 

they establish that a neutral receptor containing only pyrrole NH hydrogen bond donors 

may be used to effect the binding of halide anions (Cl- and F-) in highly polar media.  

This is the first time such halide anion binding has been demonstrated by a neutral 

receptor in mixed aqueous organic media at H2O levels >5% in the absence of ancillary 

amide or urea motifs. 

 

Table 5.5.  Titration data for the interaction of strapped calix[4]pyrrole 5 with chloride 
and fluoride salts  

TΔS ΔH ΔG Ka Salt 
(kcal/mol) (kcal/mol) (kcal/mol) (M-1) 

NaCl 1.42 -4.56 -5.97 24 000 

TBACl 1.68 -4.35 -6.03 26 000 

TBAF 2.83 -4.91 -7.74 470 000 

Titrations run in DMSO/H2O (4:1 v/v) at 298 K.  

 

 

Figure 5.7. ITC of NaCl (left) and TBACl (right)in DMSO:water (4:1 v/v) 
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Figure 5.8. ITC of TBAF and 5 in DMSO:water (4:1 v/v) 

 

5.3 ITC BINDING STUDIES OF CALIXARENE CAPPED CALIXPYROLES 

5.3.1 INTRODUCTION 

Another promising approach that may allow the selectivity of calixpyrrole anion 

receptors to be increased involves calixarene capped calixpyrroles, such as 7 (see Figure 

5.9, provided by Sung Kuk Kim).  In fact, as detailed below, we found that receptor 7 1) 

forms a solvent separated ion pair complex with CsF in the solid state and 2) binds its 

constituent ions (Cs+ and F−) in a highly cooperative fashion in organic solvents (e.g., 9:1 

CDCl3/CD3OD).  
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Figure 5.9. Calixarene-capped calixpyrrole. 

The ion pair receptor 7 was designed to bring together both an anion binding core 

and a cation-recognizing subunit in such a way that a large separation between the 

constituent ions of a bound ion pair would be enforced.  Calix[4]pyrrole (3)49, 140 and 

calix[4]arene crown-6173 were chosen as the anion and cation binding species, 

respectively.  Previous work had served to establish that these receptor systems, when 

studied individually, could be used to effect the binding of fluoride anion and cesium 

cation, at least in organic media.49, 173  Accordingly, CsF was selected as the target salt for 

possible ion pair complexation. 

The synthesis of receptor 7 was done by fellow graduate student Sung Kuk Kim 

and reported elsewhere.174  Initial evidence that 7 can act as a receptor for CsF in the form 

of a solvent separated ion pair came from single crystal X-ray diffraction analysis.  

Suitable crystals were obtained by allowing a chloroform/methanol solution of receptor 7 

to undergo slow evaporation in the presence of excess cesium fluoride.  The resulting 

structure revealed that 7 forms a 1:1 complex with cesium fluoride, 7·CsF (cf. Figure 

5.10, data credited to Sung Kuk Kim).  The Cs+ ion in 7·CsF is included in the 

calix[4]arene crown ether ring with the Cs+···O distances of 3.08 − 3.36 Å, while a 
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distance of 3.43 − 3.63 Å characterizes the presumed π - cation interactions involving the 

Cs+ ion and the aromatic carbon atoms at the meta- and para-position to the phenoxy 

groups.  On the other hand, the bound F− anion is hydrogen-bound to the NH’s of the 

calix[4]pyrrole subunit (the N···F− distances are in the range of 2.74 − 2.78 Å) and is also 

hydrogen-bound to a molecule of methanol.  The presence of this bound methanol 

molecule serves to ensure that there is no direct interaction between the co-bound, 

spatially-separated Cs+ and F− ions in the solid state complex 7·CsF.  This absence of 

interaction is likely reinforced by the large gap between the calix[4]pyrrole anion binding 

subunit and the crown-strapped calix[4]arene cation recognition site.  In fact, the 

separation between the Cs+ and the F− ions seen in the solid state structure of 7·CsF, 

10.92 Å, is much longer than the Cs+···F− distances seen in the solid state structure of the 

CsF complex of meso-octamethylcalix[4]pyrrole 3 (see Chapter 3 Introduction).110  This 

latter species, although capable of functioning as an ion pair receptor under certain 

biphasic extraction conditions,175 contains no independent cation recognition site.  On the 

basis of these findings, we suggest that, at least in the solid state, the formation of a 

strong complex, 7·CsF, with individual, solvent-separated ions, is energetically favorable 

relative to other possible scenarios such as complexation of a contact ion pair. 
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Figure 5.10. View of the 7·CsF complex showing a partial atom labeling scheme. 
Displacement ellipsoids are scaled to the 30% probability level.  Most 
hydrogen atoms have been removed for clarity.  Atoms in the ether linkage 
are disordered, with the higher occupancy atoms being shown. 

The ability of 7 to bind halide anion salts in solution was probed via 1H NMR 

spectroscopy using initially CDCl3 as the solvent.  In contrast to what was seen in the case 

of other calix[4]pyrrole derivatives, including the various other strapped calix[4]pyrroles 

prepared to date, in this solvent system only the addition of soluble fluoride anion salts 

(e.g., tetrabutylammonium fluoride, TBAF) served to engender spectroscopic changes 

consistent with anion binding (i.e., no other TBA halide anion salts had an effect on the 
1H NMR spectrum).  This apparent selectivity is thought to reflect a combination of a less 

accessible anion binding site and a more rigid calix[4]pyrrole core enforced by the rather 

inflexible phenoxy spacers.  
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5.3.2 ITC BINDING STUDIES CESIUM FLUORIDE  

ITC was utilized to quantify the affinity of compound 7 for Cs+ and F− in a solvent 

mixture analogous to that used for the latter 1H NMR spectroscopic studies (i.e., 10% 

MeOH in CHCl3).  The resulting titration of CsF with 7 was highly enthalpic ∆H = −16.2 

kcal/mol (see Figure 5.11).  The data could be fit well to a 1:1 binding profile, yielding a 

binding energy of ∆G = −7.6 kcal/mol and a Ka = 3.8 × 105 M−1, while revealing a strong 

opposing entropy (T∆S = −8.6 kcal/mol) (Table 5.6).  However, upon increasing the 

concentration of both 7 and CsF, a second event in the early stages of the titration 

becomes prevalent.  While further study is in order, it is possible that this latter finding 

reflects changes in overall solvation that are not accounted for in simple receptor-free 

control experiments.   
 

Table 5.6. ITC titration data of 7, 7·F−, and 7·Cs+ measured in acetonitrile at 298 Ka 

Host Guest ΔH 
(kcal/mol) 

TΔS 
(kcal/mol) 

ΔG 
(kcal/mol) 

Ka 
(M-1) 

7 CsTPBb −6.7 1.3 −8.1 8.0 × 105 

7·F− CsTPBb −6.0 2.3 −8.3 1.2 × 106 

7 TBAFc −6.2 0.8 −7.0 1.3 × 105 

7·Cs+ TBAFc −7.2 −0.4 −6.8 1.1 × 105 

7d CsF −16.2 −8.6 −7.6 3.4 × 105 
aErrors estimated to be less than 15%. bCsTPB = cesium tetraphenylborate.  cTBAF = 
tetrabutylammonium fluoride. dCH3OH/CHCl3 (1/9, v/v) was used as the solvent 
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Figure 5.11. Titration of CsF [1.07 mM] into 7 [0.079 mM] in 10 % methanol in 
chloroform (v/v).   

Efforts to analyze the individual ion binding events were also made using ITC 

(see Figure 5.12).  In this case, titrations using TBAF and cesium tetraphenylborate 

(CsTPB) were carried out, albeit in acetonitrile due to solubility considerations.  First 

CsTPB was titrated into 7 (Figure 5.12a); this resulted in a Ka value of 8.0 × 105 M−1.  

Next, CsTPB was titrated into a 3:1 mixture of TBAF:7; this gave rise to first a set of 

exothermic signals, followed by a series of endothermic traces towards the end of the 

titration (Figure 5.12b).  Fitting to a 1:1 profile proved clean and gave rise to a Ka value 

of 1.2 × 106 M−1, a small increase in the affinity as compared to what was observed in the 

absence of fluoride.    

In a separate experiment, the interaction of TBAF with 7 was studied; this yielded 

a Ka of 1.3 × 105 M−1 (Figure 5.12c).  TBAF was then titrated into a 2:1 mixture of 
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CsTPB:7, and the resulting isotherm again showed an initial exothermic interaction, 

followed by endothermic signals towards the end of the titration (Figure 5.12d).  

However, as above, this data could be fit well to a 1:1 binding isotherm, yielding a Ka 

value of 1.1 × 106 M−1.  Thus, in acetonitrile it appears that the binding of the individual 

ions is virtually independent of one another and that the affinity of 7 for cesium is about 

an order of magnitude greater than for fluoride.  Such behavior stands in marked contrast 

to what is seen in 9:1 CDCl3/CD3OD (vide supra) and leads to the conclusion that the 

binding behavior of 7, like that of simple calix[4]pyrrole 3 (see Chapters 2 and 3),140, 176 is 

subject to a strong solvent dependence.  This is perhaps not surprising given the interplay 

of the relatively complicated and contradictory effects involved (e.g., receptor, salt, and 

individual ion solvation, ion-pairing, receptor-cation, receptor-anion, and receptor-ion 

pair interactions).  However, the key point is that in all solvents tested to date, including 

acetonitrile, concurrent binding of both an anion (F−) and a cation (Cs+) can be effected 

using receptor 7.  
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Figure 5.12. ITC titration data of 7 in acetonitrile: a) Titration of CsTPB [1.5 mM] into 7 
[0.1 mM], b) Titration of CsTPB [1.5 mM] into 7·F- [0.1 mM], c) Titration 
of TBAF [1.5 mM] into 7 [0.1 mM], and d) Titration of TBAF [1.5 mM] 
into 7·Cs+ [0.1 mM].  
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5.4 CONCLUSIONS 

Previously, it was shown that an order of magnitude increase in the chloride 

affinity of calix[4]pyrrole 3 could be attained by adding a CH donor to the calixpyrrole 

scaffold (to produce receptor 4).  Now, by tuning the substituent on the strap we have 

been able to span a wider range of binding affinities.  Specifically, we have found that 

replacing the CH hydrogen bond donor of the phenyl strapped system by a pyrrolic NH 

donor increases the chloride anion affinity by an additional order of magnitude.  

Conversely, the furan equivalent 6, a “negative control”, displayed a lower chloride anion 

affinity relative to the phenyl- and pyrrole-strapped receptors 4 and 5 by ca. 1 and 2 

orders of magnitude, respectively.  We also extended these studies to other anionic guests 

and have found that the affinities of both bromide and benzoate anions are enhanced in 

the phenyl- and pyrrole-strapped systems 4 and 5 relative to the furan-containing control 

6, but not relative to simple calix[4]pyrrole 3.  We have demonstrated that a neutral 

receptor containing only pyrrole NH hydrogen bond donors (i.e., 5) may be used to effect 

the binding of halide anions (Cl- and F-) under highly polar, partially aqueous conditions.  

Finally we have shown that an ion pair receptor, 7, containing both cation- and anion-

recognizing sites can effect the binding of CsF in a selective manner.  Single crystal X-

ray diffraction structural studies and ITC analyses confirm that 1 forms a stable 1:1 

complex with CsF in solution and in the solid state. 
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