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Calix[4]pyrroles, a novel yet venerable class of anion binding molecules 

have been studied.  Specifically, we have concentrated on altering both, the 

structural, and electronic properties of these molecules to approach concerns with 

selectivity, binding strength and application based uses.  Early endeavors focused 

on appending the calix[4]pyrrole core in such ways to exhibit varying behaviors 

such as cooperative effects and anion extraction through the synthesis of an anion 

sponge.  Increasing the complexity by adding additional hydrogen binding sights 

was achieved through the attachment of steroids to the periphery of these 

molecules. These novel steroidal calix[4]pyrroles  gave  quite interesting 

selectivity changes towards chiral molecules.  This study also added insight into 

separation of configurational isomers typically formed when unsymmetrical 

ketones are employed.  The final treatise looked at increasing the core size of 
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calix[n]pyrroles through the use of 3,4-difluoropyrrole, giving novel higher order 

calixpyrroles with great variance in their selectivity and binding affinity.  The 

syntheses of β-decafluorocalix[5]pyrrole, β  -dodecafluoro-calix[6]pyrrole and β-

hexadecacalix[8]pyrrole were all achieved. These studies also provided some 

remarkable insight into the kinetics and thermodynamics of calixpyrrole forming 

reactions. Fruits of this labor are now being attuned to both biological and 

wastewater treatment applications. 
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Chapter 1: General Introduction to Anion Binding and 
Calixpyrroles. 

1.1 INTRODUCTION 

 
 Host/guest interactions have been studied for many years and 

comprise the context of many disciplines.  Early examples such as simple 

metal/ligand effects were, for the most part, characterized by few geometric 

constraints and were found to be very non-selective in nature. Over the years, a 

multitude of other examples have been explored and now a number of very 

elaborate systems are known.  

One of the more important research directions within this general 

discipline involves the study of molecule/ion interactions, where the host is 

synthetically prepared to serve a defined function.  Early reflections of this 

paradigm were apparent in the field of cation recognition1 and were limited to the 

study of electron donating ligands. Specific examples include chelation based 

ligands such as EDTA, that are able to bring many anionic ligands together to 

bind a cationic metal center, while retaining a fair degree of flexibility. Another 

example, and a notable one, is the crown ethers, which rely on lone pair donations 

to coordinate alkaline earth metal cations.  Inspired by these early examples, 

many other structures, some of which have involved into fields unto themselves, 

including calixarenes,2 cyclophanes, cryptands, as well as polypeptides, have 
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demonstrated their utility as receptors for a range of metallic and non-metallic 

species. 

The antithesis of cationic receptors are systems that can act as anion 

binding agents.  Instead of relying on the donation of electron density into an 

electron deficient core, these systems take advantage of either hydrogen binding 

motifs, and/or generally less selective appendages containing electrostatic 

interactions derived from cationic appendages containing ammonium, pyridinium, 

and guanadinium groups.   

Much of the interest in anion receptor design derives from the fact that 

such species play a very important role in a range of biological functions.3  Many 

cellular functions, for instance, require that an appropriate anionic balance be 

maintained across cellular membranes.  Often this is accomplished via carriers 

and channels, with the structure for a chloride channel recently being elucidated 

by X-ray diffraction methods.4  Anions are also present at enzymatic active 

centers, and in other forms, play key roles in metabolism and information storage.  

In fact, our genetic code is tied up in the form of a polymeric anion matrix.  Anion 

receptors, particularly the ones discussed in this dissertation, may have a critical 

role to play in terms of addressing anion-related medical disorders.  For instance, 

synthetic anion receptors could be used as artificial carriers that could allow anion 

fluxes to be equilibrated.  This would allow diseases such as cystic fibrosis, where 

the relevant channels fail to modulate such fluxes properly, to be addressed. 5 
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The approach to anion recognition discussed in this dissertation is one 

near and dear to the Sessle r group and involves the use of calixpyrroles as the 

anion binding motifs.6, 7 Initially synthesized by Baeyer in 1886,8 calixpyrroles 

were rediscovered in 1996 by Gale et. al9 and put forwards as novel anion binding 

agents.  Originally coined meso-octasubstituted porphyrinogens, these molecules 

differ from true pophyrinogens in that they can not be oxidized to their 

corresponding aromatic porphyrin forms.  On the other hand, upon addition of 

simple anions, they adopt a bowl- like conformation and, as a result, were dubbed 

“calixpyrroles” to highlight the analogy to calixarenes, a class of phenol-derived 

bowl- like receptors with a well-established history in the area of molecular 

recognition.  

 The synthesis of calixpyrroles bears analogy to that of porphyrins in that 

they are obtained from the condensation of pyrrole with an electrophile. In the 

case of calixpyrroles, the electrophile is a ketone, whereas in the case of 

porphyrins, it is generally an aldehyde.  When acetone is used a tetrapyrrolic 

macrocycle is obtained in yields of up to 90%, as shown in Scheme 1.1, through 

the use of a modified Rothamund procedure.10  More recently, an alternate 

synthetic protocol was introduced wherein an acidic zeolite catalyst was used in 

place of the Lewis acid. This procudure claimed to give much greater control over 

product formation.11 
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Scheme 1.1 Synthetic protocol for the formation of octamethylcalix[4]pyrrole, the 
“parent” structure in the calixpyrrole “family”. 

 

A closer look at the structure of calix[4]pyrroles leads to an appreciation 

that they can adopt four different conformations. (Figure 1.1) The form predicted 

to be most stable,12 and experimentally lowest energetically, is the 1,3 alternate 

conformation, where the pyrroles are found to alternate in an up-down-up-down 

setup.  

The 1,3-alternate form is, in fact, what is generally found by X-ray 

crystallographic analysis for unbound calixpyrroles (Figure 1.2) with a few noted 

exceptions.13 As inferred from 1H NMR spectroscopic analysis, it should be noted 

that this and the other conformations interconvert readily under normal 

circumstances to give a very simple time-averaged structure. The addition of well-

bound anion leads to a bowl-type structure in the solid state as shown in Figure 

1.3.  In this kind of structure, the anion is bound symmetrically through four NH 

hydrogen bonds at the apex of the bowl. 
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Figure 1.1 Depiction of the four limiting possible conformations conceivable  for 
calix[4]pyrroles. 

 

 Interestingly, on the NMR timescale, the only spectroscopically 

discernable difference seen upon anion binding is a shift in the NH and the β-CH 

signals.  On/off rates are still apparently faster than what is necessary to observe 

signals for discrete species (e.g., bound and unbound forms).  

Analyses of binding equillibria can be tricky and determining affinity or 

binding constants can sometimes be a difficult undertaking.  In the case of 

calix[4]pyrroles the requisite experimental studies are made more complex by the 

fact that, unlike its porphyrin and its aromatic analogues, the macrocycles are 

endowed with no useful electronic or fluorescent spectroscopic features (λmax  ~ 

215 for pyrrole). 
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Figure 1.2  X-ray crystal structure of an unbound calix[4]pyrrole.  Note presence 
of the  1,3 alternate conformation. 

 

 

 

Figure 1.3 X-ray crystal structure of a calix[4]pyrrole bound to chloride.  Note 
how the calix[4]pyrrole exists in its cone conformation.  In addition 
to the countercation (tetrabutylammonium) a molecule of 
dichloromethane is found in the unit cell. 
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This led, at least initially, to the use of NMR titrations as the standard 

method for determining the affinity displayed towards a specific anionic substrate.  

These methods, as a consequence of the large concentrations needed for analysis, 

cover a smaller range than traditional optical methods. However, reproducible 

affinity constants can generally be obtained for 1:1 equilibria corresponding to Ka 

values of < 104M-1.  Recently, ITC with its larger usable dynamic range, has 

emerged as a technique that could be preferred over NMR titrations for studies in 

certain solvents.  However, it is still too early to tell if this promise will be 

realized in a general sense.14 

Results of some early studies, carried out using 1H NMR titration methods 

using EQNMR15, established a general affinity order towards various anions for 

calix[4]pyrroles in dichloromethane of F- >> Cl- > H2PO4
- > Br- = I-.  (Table 1.1)  

This order of affinity generally follows the ability of the anion to accept hydrogen 

bonds donated by the NH pyrrolic centers. A very complete review of these 

studies and other aspects of calix[4]pyrrole current through 1998 was written by 

Gale et al. Accordingly, the gist of the review in this chapter will focus on newer 

aspects of calixpyrrole chemistry and findings of historic significance that relate 

to the research present in this dissertation.  
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Anion Stability constant M-1 for 

meso-octamethylcalix[4]pyrrole 

Fluoride 17,200 

Chloride 350 

Dihydrogen Phosphate 97 

Bromide <10 

Iodide <10 

 

Table 1.1 Summary of anion binding constants for calix[4]pyrrole as determined 
by 1H NMR studies carried out in CD2Cl2.  The counter cations were 
tetrabutylammonium in all cases. 

 

In spite of the fact that a reasonably current review is now available, it is 

important to appreciate that, at the point at which the present dissertation was 

commenced, very little had as yet been done with calixpyrroles.  As a 

consequence of work in the Sessler groups and elsewhere, considerable progress 

has been made with respect to anion complexation and applications. Thus, as the 

project developed priority towards what were the initial project goals have  

changed substantially.  However, the general objective of advancing calixpyrroles 

has remained constant. 
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1.2 FUNCTIONALIZED CALIXPYRROLES AND THEIR APPLICATIONS .  

 
One of the early goals of the research was to synthesize functionalized 

calix[4]pyrroles that would allow a range of applications to be targeted.16 Some 

specific structures and applications for which they might be suited is described in 

Chapter 2. A very early example of a functionalized calix[4]pyrrole that preceded 

my work in the area involved the use of carboxyl functionalized calix[4]pyrroles 

to form a modified reverse phase silica gel that proved useful in the separation of 

different anions via HPLC.17 However, in fact, only two types of carboxyl 

functionalized calix[4]pyrroles were generated in the context of this effort, one by 

Genge, and the other by Gale et al.  

 The first type of carboxyl- functionalized calix[4]pyrrole was produced 

from the mixed condensation of pyrrole with cyclohexanone and ethyl 

acetobutyrate.  When the proper ratios were used, taking into account the slow 

reactivity of the δ-ketoester, the meso-“hooked” calixpyrrole, Figure 1.4, was 

formed in reasonable yields. Hydrolysis of the ester generated the free carboxylic 

acid functionalized calix[4]pyrrole.  

The other example was synthesized (in its ester form) from calix[4]pyrrole  

by treating with first n-butyl lithium followed by ethyl bromoacetate (Figure 1.5).  

Apparently, poly-deprotonation of the calix[4]pyrrole macrocycle produces a 

species that is susceptible to attack by an electrophile at the β-position. 
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Figure 1.4 An example of a meso-“hooked” calix[4]pyrrole produced from the 
co-condensation of a  δ-ketoester cyclohexanone, and pyrrole. 
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Figure 1.5 An example of β-“hooked”calix[4]pyrrole shown in its ester form. 

 

 As indicated above, in both of these cases, saponification of the ester led 

to the desired carboxylic acid linked calixpyrroles (Figure 1.6), which could be 

used for further derivation. 
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Figure 1.6 Free acid forms of both “hooked” calix[4]pyrroles generated from the 
ester forms saponification with NaOH in ethanol/water 1:1. 

 

  Coupling of the acids to a suitable aminopropyl functionalized silica gel, 

followed by protection of any unreacted sites with acetic anhydride, led to the 

calix[4]pyrrole functionalized silica gels. (Figure 1.7) 
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Figure 1.7 “Hooked” calix[4]pyrroles attached to silica gel for HPLC study. 

 

When this silica gel was used as the solid support in an HPLC system, 

positive initial results were observed. Not only could a standard set of anions, e.g. 
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fluoride, chloride and phosphate be separated under isocratic conditions, it was 

shown that this silica could be used to separate N-protected amino acids as well as 

short nucleotide strands and polyfluorinated biphenyls.  

 This application is pretty significant in that it shows how something with 

“weak binding” can serve a useful function in recognition.  While dramatic in 

terms of utility, in conceptual terms, this concept was not new.  Indeed, what 

makes chromatography so effective is that these interactions appear repeatedly 

over a short period of time.   

Other early examples where functionalized calixpyrroles have been 

applied to application-type uses have followed this same pattern of attaching the 

calixpyrrole to something else either at the point of derivitization, or at some other 

point.  Here, an illustrative example is that of a calixpyrrole conjugated to a 

ferrocene, where the latter moiety serves as an electrochemical probe for the 

detection of anions.18 

The synthesis of this conjugate molecule follows the same procedure used 

to prepare the other meso “hooked” variant of Figure 1.4 wherein an asymmetrical 

condensation of pyrrole with two ketones was used.  In this case, the two ketones 

used were cyclohexanone (often used to increase solubility) and the commercially 

available acetylferrocene (Scheme 1.2). 
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Scheme 1.2 Monoferrocenyl calix[4]pyrrole synthesis. 

 
Following the synthesis of this molecule in approximately 30% yield, the 

product was tested via 1H NMR spectroscopic titrations for its affinity vis a vis 

the normal set of test anions (F- >> Cl- > H2PO4
- > Br- = I-). What was interesting 

in this case is that although the NH pyrrolic nitrogen signals broadened too much 

to follow (something not uncommon in NMR spectroscopic titrations involving 

calixpyrroles), the authors were able to follow the shift of a ferrocene signal 

corresponding to one of the positions on the ferrocene CH cyclopentyl.  

Electrochemical experiments were then carried out via square wave pulse cyclic 

voltammetry and correlations were made to the 1H NMR spectroscopic results to 

ascertain if systems of this type would make viable electrochemical sensors.  

Using an acetonitrile/DMSO (9:1 v/v) solvent system, they observed cathodic 

shifts in the presence of added anion.  Data for these experiments is summarized 

in Table 1.2. 
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Anion Ka (M-1) ?E (mV) 

Fluoride 3375 -76 

Chloride 3190 -36 

Bromide 50 -12 

Dihydrogen phosphate 304 -100 

Hydrogen sulfate Indeterminable < -10 

 

Table 1.2 Electrochemical binding data for standard anions recorded for the 
ferrocenyl calix[4]pyrrole shown in Scheme 1.2. 

 
A newer, and in ways unrelated, member of the modified calix[4]pyrrole  

montage is that of the N-confused calixpyrroles, where one or more of the pyrrole 

subunits is connected in a 2,4 manner, rather than in the normal 2,5 way.  In a 

recent communication by Dehaen,  19 these molecules were reported as being 

isolable from normal condensations, provided small changes were made in the 

synthetic protocol.  When reacted under a variety of solvent and acidic conditions 

at reflux temperatures, the standard mixtures of pyrrole and cyclohexanone gave 

rise to these kinds of by-products in yields as high as 26% for the mono confused 

variant, and up to 36% for its bis-confused congener.  Figure 1.8 shows the 

structure of the monoconfused variant and one of the five possible orientations of 

its bis-confused structural analogue.  These molecules are more than likely 
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formed in small amounts in most condensation procedures. Unfortunately, as the 

authors pointed out, were not isolated to date due to the highly reactive open α 

site that would make the products susceptible to further reaction or degradation. 

HN

NH
NH

NH
NH

NH
NH

NH

 

Figure 1.8 Representations of two novel N-“confused” calix[4]pyrroles obtained 
as the result of modifying the normal calix[4]pyrrole-forming 
reaction conditions. 

 

Some other examples of functionalized calixpyrroles will be looked at in 

the following sections.  In all cases the molecules in question were produced with 

a goal other than synthesis in mind.  Thus, not only will the underlying 

perspective be reviewed, but also the nature of the targeted application will be 

discussed.  
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1.3 FLUORESCENCE AND UV/VIS DETECTION USING CALIXPYRROLES . 

 
 One of the major shortcomings of calixpyrroles in general is the difficulty 

associated with detecting both their absorption and emission spectra.  The bands 

simply fall at energies that are too high to make them useful in following a 

binding process.  Therefore, one of the goals in generating functionalized 

calixpyrroles has been to overcome this limitation. 

 One of the first ways this issue was addressed was described in a paper by 

Miyaji20 et al. wherein they took the formate and acetonoate linked β-“hooked” 

calix[4]pyrroles, and further derivatized them with fluorescent groups.  In both 

cases, the free acids described in the previous section were coupled with 

anthracenyl amides using BOP as the coupling reagent to form the three 

fluorescent calixpyrroles as shown in Figure 1.9. 
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A B C  

Figure 1.9 Three fluorescent calix[4]pyrroles connected through amide bonds. 
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 With these three compounds in hand, the authors then went on to 

determine Ka values using 1H NMR spectroscopic analysis to establish a point of 

reference.  The results are described in Table 1.2 using a logarithmic scale for 

ease of comparison. For the case of fluoride binding, the signal was too broad to 

determine a binding constant, but log Ka was estimated to be > 4.0.   

Anion log Ka in MeCN 

               A                                    B                                      C 

Fluoride undeterminable undeterminable undeterminable 

Chloride > 4 > 4 > 4 

Bromide 3.59 3.00 2.63 

Phosphate > 4 3.50 3.08 

Sulfate 2.77 < 1.5 < 1.5 

 

Table 1.3 Affinity constants, given as log Ka values, for the interactions of 
various anions with the fluorescent, anthracene functionalized 
calix[4]pyrroles as determined by NMR spectroscopic titrations in 
acetonitrile.  

 

 These same molecules were then subjected to analysis using fluorescence 

quenching methods to determine the magnitude of Ka values that would be seen 

using this separate approach.  The effective log Ka range which can be analyzed 
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using this method is increased due to the lower concentrations required for this 

kind of experiment.  Table 1.4 summarizes the log Ka values actually determined. 

 The correspondence between the 1H NMR data and those for the 

fluorescent quenching experiments correlate surprisingly well given data was 

acquired at different concentrations for the two different methods.  In any event, it 

is noticeable that the additional amide NH bond appears to be contributing to the 

enhanced affinity seen for these systems reflective to the parent calix[4]pyrrole.  

Some slight variances are seen dependent upon the linkage of the fluorescent 

moiety, but this could reflect either electronic or geometrical distortions and 

represent changes of less than an order of magnitude in any case.  These effects 

were thus not commented on extensively by the authors. 

Anion Values given as log K in CH2 Cl2 

        A                 B                   C 

Values given as log K in CH2 Cl2 

        A                 B                   C 

Fluoride 4.94 4.52 4.49 5.17 4.69 4.69 

Chloride 3.69 2.96 2.79 4.87 3.81 3.71 

Bromide 3.01 ND ND 3.98 2.86 ND 

Phosphate 4.20 3.56 Nd. 4.96 3.90 Nd. 

 

Table 1.4 Binding values in both acetonitrile and dichloromethane, given as log 
Ka values for fluorescent calix[4]pyrroles as determined by standard 
fluorescence quenching methods.  Note: ND means that the 
insufficient quenching was seen to derive a Ka value.   
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 This problem was also seen recently in a paper by Anzenbacher21 et al. 

using  what they referred to as “second-generation” calix[4]pyrrole anion sensors.  

This work was very important since it provided a second point of reference, which 

served to calibrate the values inferred from the prior spectroscopy-based studies.  

In this work a standard cross condensation between  pyrrole, 3-pentanone, and a 

protected 3-amino acetophenone was used.  Following catalytic hydrogenation, a 

free aniline-type amino group was liberated that provided the scaffold for further 

synthesis (Scheme 1.3) 
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Scheme 1.3 Synthesis of aniline-type amino substituted calix[4]pyrroles.  
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As in early cases, the isolated yield of the asymmetric condensation 

product (i.e., 23% isolated yield for the cbz adduct) was moderate.  Fortunately, 

however, the deprotection step proceeded in nearly quantitative yield.  With this 

rather versatile precursor in hand, the authors were able to generate a series of 

three adducts using commercially available dyes as fluorescent tags (Figure 1.10). 
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Figure 1.10 Three fluorescent calix[4]pyrroles prepared by attaching commercial 
dyes to the amino-functionalized species shown in Figure 1.9.  

 

These adducts, based on dansyl, lisamine-rhodamine B, and fluorescein, 

respectively, were tested for their affinities towards the usual set of test anions via 
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fluorescence quenching using a 0.01% v/v acetonitrile/water mixture.  What was 

found was rather surprising in that reduced anion selectivity was seen in 

comparison to simpler systems of Miyaji et al. (Table 1.5).   One possible 

explanation for this result could reflect the “extra” alternate hydrogen bonds that 

can form between the sulfonamide or thiourea appendage NH groups and the 

anions.  Solvent effects could also play a role.     

 

Anion Appendage ( Ka in M-1) 

Dansyl           Lissamine-rhodamine B     Fluorescein  

F- 222500 >1000000 >200000 

Cl- 10500 18200 <10000 

PO4- 168300 446000 682000 

(PO3)2O2- 131000 170000 >2000000 

 

Table 1.5 Binding constants for fluorescent calix[4]pyrroles as determined by 
fluorescence quenching experiments. 

 

 Using a different synthetic protocol, Miyaji22, 23 et al. developed a new 

class of colorimetric calix[4]pyrroles.  This strategy involved using a building 

block strategy with respect to the β-rim of the calix[4]pyrrole anion binding core.  

As with the system developed by Anzenbacher and coworkers, a key goal was to 
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develop a means of linking a variety of colorimetric (as opposed to fluorescent) 

appendages onto a preformed calixpyrrole.  In terms of specifics, iodination of 

calix[4]pyrrole was followed by coupling with TMS-acetylene and subsequent 

deprotection with TBAF.  This gave the desired acetylene-functionalized 

precursor shown in Scheme 1.4. 

HN

HNNH

NH

1. I2, (CF3CO2)2PhI

2. TMS-acetylene
    Pd(PPh3)4, CuI
3. TBAF

HN

HNNH
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Scheme 1.4 Synthesis of an acetylene substituted calix[4]pyrrole.  

 

With the desired precursor formed in an overall 13% yield (most of the 

product loss occurred in the first step), the authors proceeded to append a range of 

different arene groups to the terminal acetylene functionality using Sonogashira 

type coupling methods.  Four different products were produced in this way are 

noteworthy as potential colorimetric sensors.  These examples are shown in 

Figure 1.11. 
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Figure 1.11 Four examples of potential colorimetric calix[4]pyrroles. 

  

The four molecules of Figure 1.11 have, respectively, anthriquinone, 

hydroxyanthriquinone, 1-anthracenyl, and 2,4-dinitrophenyl groups attached to 

the acetylene modified calix[4]pyrrole.  With the exception of the simple 

anthracene species, all were expected to show color changes in a polar solvent 

when appropriate anions were added and this was confirmed by experiment. For 

instance, a solution of the anthriquinone derivative in dichloromethane gave rise 

to a sharp yellow to red change upon the addition of merely six equivalents of 

tetrabutylammonium (TBA) fluoride. When the TBA salts of other anions, such 

as chloride or dihydrogen phosphate, that are known to bind calix[4]pyrrole less 

strongly were used, a weaker colorimetric change from yellow to a pale orange-

red was observed.  All other tested anions gave rise to very small to non-
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detectable changes in color.  For the hydroxyanthriquonone species, which 

represents a more electron rich appendage, the changes were more dramatic.  In 

this case, color from a starting red color to one that is purple upon the addition of 

TBA fluoride.  When weaker binding species such as chloride or dihydrogen 

phosphate were added, a bluish color was observed.  The dinitrophenyl derivative, 

like the anthriquinone species, induced a yellow to red shift.  Finally the 

anthracenyl species in dichloromethane was exposed to the same set of test 

anions, and no real detectable color change was seen.  However this compound, 

like its congeners, is endowed with an emissive moiety that was expected to make 

it a potential fluorescent anion sensing agent.  

 A very different kind of colorimetric anion sensor was developed by Gale 

et al. that does not require any functionalization of the parent molecule. 

Specifically, by using the novel competitive approach pioneered by Ansyln, Gale 

et al. were able to use the 4-nitrophenolate anion to generate a nearly colorless 

complex with calix[4]pyrrole (shown schematically in Figure 1.12).24 While not 

predicted in advance, binding the 4-nitrophenolate anion to the calixpyrrole 

suffices to quench the normal intense yellow color displayed by the phenolate 

anion.   
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Figure 1.12 Schematic representation of the complex formed upon binding 4- 
nitrophenolate anion to octamethylcalix[4]pyrrole. 

 

Upon addition of a second, stronger bound anionic species, the 4-

nitrophenolate anion can be competitively displaced from the calixpyrrole. The 

competitive order in which displacement takes place, was found to follow the 

usual calix[4]pyrrole Ka order, namely F- > Cl- > H2PO4
- > Br- > HSO4

-.   
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1.4 ALTERING THE BINDING AFFINITY TOWARDS ANIONS THROUGH 
SUBSTITUTION AND STRUCTURAL MEANS. 

 
Another major point of interest at the onset of this work involved finding 

ways to alter intrinsic anion binding affinities and selectivities through direct 

substitution type modifications and/or via changes in structure.   This aspect of 

calixpyrrole research plays a very important role in Chapter 4 and relates directly 

to the fluorinated calixpyrroles that are developed therein.  In this section, some 

of the predicative work done by others is reviewed.  

The first report that detailed how changes in substitution effects could 

modify affinities came from  Gale et al. This paper reported, specifically, how 

modifying the periphery, via changes in the beta position, substituents, could 

either increase or decrease the anion binding affinities of calix[4]pyrroles.25  

While only two limiting examples, the octabromo and octamethoxy derivatives 

were studied, this paper, nonetheless showed that beta substituent effects could be 

large.  

The β-octabromocalix[4]pyrrole derivative used in this study proved easy 

to make.  It was prepared in over 90% yield by treating the already formed parent 

calix[4]pyrrole with NBS as shown in Scheme 1.5.   
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Scheme 1.5 Bromination of calix[4]pyrrole using NBS as the electrophile. 

 

The second example, the octamethoxy species, proved more challenging 

to obtain.  Finally, it was prepared from the condensation of 3,4 dimethoxypyrrole 

with cyclohexanone under slightly modified conditions (Scheme 1.6).   As has 

become clear in the case of the present doctoral research, the need to move 

towards modified, more gentle reaction conditions can be explained in terms of 

the extreme reactivity of the electron rich dimethoxy pyrrole. 
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Scheme 1.6 Synthesis of the electron rich octamethoxycalix[4]pyrrole using a 
modified preparative strategy, wherein acetic acid is employed as 
the solvent. 
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Once the octabromo and octamethoxy species were in hand, their anion 

binding properties were studies using traditional 1H NMR spectroscopic methods.  

As expected, an increase in anion binding affinities was seen for the brominated 

substrate, while a corresponding decrease in binding affinity was seen for the 

methoxy version, both relative to each other and when compared to the parent 

form of calix[4]pyrrole. A summary of Ka values is given in Table 1.6.  While not 

addressing the issue of anion selectivity, the fact that β-substitution effects were 

found to be so large, certainly opens up new frontiers for possible future 

applications. 

Anion β-OMe-CP (M-1) CP (M-1) β-Br-CP (M-1) 

Fluoride 170 1100 27000 

Chloride < 10 47 4300 

HPO4
- NA < 10 650 

 

Table 1.6 Binding constants (Ka) for β-substituted calix[4]pyrroles displaying 
altered electronic properties, as determined by 1H NMR in 
dichloromethane solvent.  Note: TBA counteractions were used in all 
cases studied. 

 

Another study, published subsequent to the first one, served to underscore 

the importance of electron withdrawing or dona ting groups on the β-rim periphery 
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in terms of regulating the anion affinity of calix[4]pyrroles.  In this study, Miyaji 

et al. looked at a series of halogen-bearing β-rim monosubstituted 

calix[4]pyrroles.26  The derivatized calix[4]pyrroles were made by adding an 

appropriate electrophilic halogen source in a finely tuned manner to form 

preferentially the mono-functionalized calix[4]pyrroles as shown in Scheme 1.7. 

HN

HN
NH

NH

"X+"

HN

HN
NH

NH

X

X = F, Cl, Br, I  

Scheme 1.7 Generic scheme for the monohalogenation of basic calix[4]pyrrole. 

 

The anion binding affinities of this series were then determined via 

standard 1H NMR spectroscopic titrations. This gave the relative anion affinities 

as shown in Table 1.7.  

 What was found, as expected, is that the binding affinity increased as you 

increase the electronegativity of the halogen substituent in the case of chloride (as 

its TBA salt).  Interestingly, however, for the case of dihydrogen phosphate, and 

to a lesser degree bromide anion, a change in selectivity is observed wherein the 

mono-chlorinated calix[4]pyrrole derivative was found to bind more strongly than 

its fluoride substituted congener.  An explanation for this observation was put 
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forward that involves competitive binding between the anion and the fluoro 

substituents on an adjacent molecule.  Thus, to the extent this is true, one would 

not be looking at the true binding process in the case for fluoride.  In any event, 

the key point is that a degree of selectivity is observed. 

anion H (M-1) I (M-1) Br (M-1) Cl (M-1) F (M-1) 

Fluoride > 104 > 104 > 104 > 104 > 104 

Chloride 350 610 650 780 870 

Bromide 10 49 53 80 62 

Iodide <10 <5 <5 <5 <5 

Phosphate 97 100 180 230 130 

Sulfate <10 <5 6 13 <5 

 

Table 1.7 Affinity constants for the binding of various anions as their TBA salts 
to the monohalogenated calixpyrroles in dichloromethane solvent.  

 

One of the newest approaches towards the problem of achieving anion 

selectivity has recently been put forward by the group of Lee.  It involves the use 

of a “strap” across the case of calixpyrrole to increase binding.27 These systems 

were made in an elegant stepwise fashion as shown in Scheme 1.8.   This has 

actually allowed a series of calixpyrroles to be prepared in good yield, a number 

of which are as-yet unreported.  In any event, the most interesting part of this 
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work is the finding that by isolating a chloride anion inside a pocket, the Ka for its 

binding can be increased dramatically, both in absolute terms and relative to 

fluoride.   
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Scheme 1.8 A schematic representation for the synthesis of strapped 
calix[4]pyrroles.  
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1.5 STRUCTURAL EFFECTS WITH RESPECT TO CALIX[4]PYRROLE AS A 
POSSIBLE MEANS TO ALTER/INCREASE SELECTIVITY. 

 
 In spite of the examples detailed above, there remains a need to find new 

ways to alter the inherent selectivities of calix[4]pyrroles.  Chapter 3 of this 

dissertation will address the issue by showing how the calix[4]pyrrole core may 

be used as a scaffold for other anion (or cation) recognition sites. Apart from this 

newer work, there have, to date, already been some notable examples of this 

approach to selectivity tuning. Here, most effort has focused on extending the 

cavity size of the anion recognition system while keeping the basic 

calix[4]pyrrole core intact.  By using appropriate meso-substituents that point in 

the direction of binding, increased fluoride selectivity can be expected. 

 Anzenbacher et al. were the first to show the power of this approach with 

their treatise on deep cavity calix[4]pyrroles.28  The synthetic strategy these 

workers employed to generate these kinds of molecules is outlined in Scheme 1.9. 

Basically, it relies on the formation of four different configurational isomers via 

the condensation of pyrrole with 4-hydroxyacetophenone or4-

methylacetophenone to give the “deep cavity” calix[4]pyrroles where R = OH or 

Me depending on which precursor was used. 
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Scheme 1.9 Synthesis of four configurationally distinct “deep cavity” 
calix[4]pyrroles.   The designation of αααα, αααβ, αβαβ, and 
ααββ follow those used in the porphyrin literature.  

 

In the case where R = OH, the molecule was subsequently modified by 

“capping” the hydroxyl substituent by O-methylation.  As can be expected, 

purification of these four configurational isomers proved difficult but the authors 

were able to isolate and determine the structure for three of the isomeric forms, 

namely species they referred to as the ααββ , αααβ, and αααα isomers in accord 

with designations used in the porphyrin literature.  They were unable to obtain 
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sufficient quantities of the αβαβ  isomer to determine its structure (or to collect 

anion binding data; vide infra).  The crystal structures for the more interesting 

αααα and αααβ isomers are shown in Figures 1.13 and 1.14, respectively. A 

very interesting side note is that the αααβ configurational isomer was found to 

crystallize in the form of the  rarely seen partial cone conformation, at least as its 

ethanol adduct. 

 

Figure 1.13 X-ray diffraction structure of the αααα configuration of the “deep 
cavity” 4-hydroxyl calix[4]pyrrole shown in Scheme 1.8.  This 
species crystallized in the form of its ethanol adduct and is seen to 
exist in the cone conformation in the presence of this substrate, at 
least in the solid state. 
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Figure 1.14 X-Ray crystal structure of the αααβ configuration of the fluoride 
adduct of the “deep cavity” calix[4]pyrrole derived from p-
methylacetophenone. 

 

 Some studies of anion binding in the case of 4-methyl and 4-methoxy 

substituted versions of these molecules were studied. As expected a large relative 

affinity for fluoride was observed in the case of the αααβ and αααα isomers 

(Table 1.8). 

  An additional example comes from Gale et al. These researchers 

developed a super extended cavity calix[4]pyrrole29 that was derived from 4-

hydroxyphenylcalix[4]pyrrole by the addition of a semi-rigid extender groups at 

the hydroxyl position of the αααα isomer (Scheme 1.10). 
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anion 

Calix[4] 

pyrrole 

R = OH 

ααββ    αααβ    αααα 

R = Me 

ααββ     αααβ     αααα 

F- >104 >104 5,000 >104 4600 1100 >104 

Cl- >5,000 1400 260 320 <100 220 300 

PO4
- 1,300 520 230 500 <100 <80 <100 

 

Table 1.8 Affinity constant data for “deep cavity” calix[4]pyrroles as deduced 
from 1H NMR spectroscopic titrations for the three isolated 
configurational isomers in acetonitrile (0.5% D2O v/v).  Note: anions 
were used as their tetrabutylammonium salts. 
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Scheme 1.10 Synthesis of a novel, super extended deep cavity calix[4]pyrrole. 

 

In accord with the authors’ predictions, this compound was found to bind 

fluoride with high selectivity. No response was observed for any of the other 

anions tested, regardless of solvent. However, this high selectivity was also 

manifest in the binding constants that were substantially diminished in fact, on the 

order of 10-3 M-1. 

 One final example of previous work involving structural modifications 

leading to more selective binding was work done by Sato et al.  In this instance, a 
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palladium coupling procedure was used to synthesize dimeric calix[4]pyrroles.30 

As opposed to the other two examples discussed above, in which enhanced 

fluoride selectivity was targeted, the goal in generation the dimer was to 

recognize dianionic phthalate-type anions. The actual synthetic protocol, outlined 

in Scheme 1.11, involves the use of a modified Hay- like coupling to produce a 

diacetylene- linked dimer with defined geometry. 
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 Scheme 1.11 Synthesis of a diacetylene- linked calix[4]pyrrole using a modified 
Hay coupling. 

 

 This compound was then tested as regard to its ability to bind phthalate, 

isophthalate, and, as a control, benzoate anions.  Interestingly, a 50-fold 

selectivity bias was found for isophthalate over phthalate, as compared to a 60-

fold selectivityfor isophthalate over benzoate.  By contrast, the parent 

octamethoxycalix[4]pyrrole displayed only a roughly 2-fold selectivity for 

isophthalate compared to the two other compounds.  This example underscores 

how changes in structure and geometry can be used to modify anion binding and 

that, further, selectivity can be fine tuned for anions other than fluoride.   
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1.6 FORMATION OF HIGHER ORDER CALIXPYRROLES . 

 
 The synthesis of higher order calixpyrroles is one of the focal points of 

this dissertation and is discussed in length in Chapter 4.  In contrast to what is 

found for calixarenes, phenol formaldehyde-derived macrocycles, examples of 

higher order calixpyrroles (i.e. calix[n]pyrroles where n > 4) have been few and 

far between.  Other than methods covered in this dissertation, there have been no 

other examples of direct one step condensations forming higher order 

calixpyrroles.  However, by employing some rather clever synthetic methods, it 

has proved possible to generate a few limited examples of these types of 

molecules.  

 The first example of a higher order calixpyrrole was actually reported very 

early on, in the “modern era” of calixpyrrole chemistry.  Here, in work by Gale et 

al., five methyl ketones were appended in a cis geometry onto the rim of a 

calix[5]arene.31 By condensing pyrrole in a normal fashion with this pentaketone 

a calix[5]arene/calix[5]pyrrole adduct could be prepared in decent yield as shown 

in Scheme 1.12  

While appealing in concept, this specific product prepared using this 

template procedure suffers from the limitation that the resultant calix[5]pyrrole 

cannot be freed up from the covalent template upon which it was produced.  This 

has precluded any exploration of its putative anion binding modes. Nonetheless, 

the use of a template strategy is important since it sets precedent for future 
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synthesis and, as importantly, defined calix[5]pyrrole as a viable target for a 

future synthetic efforts. 

O
5

O

BF3
.OEt

pyrrole O 5

HN
5  

Scheme 1.12 Synthesis of a calix[5]arene/calix[5]pyrrole conjugate system 
prepared using a covalent template procedure.  

 

 The first example of a stand alone higher order calix[n]pyrrole was 

calix[6]pyrrole.  It was produced as the result of a stepwise procedure developed  

by Eichen et al.32 The synthetic strategy, shown in Scheme 1.13, reflects the fact 

that initial condensation of pyrrole with a bis-aryl ketone led to little or no 

formation of calix[4]pyrrole, a finding that had been actually been noted before. 

However, the authors found that with some tuning of the system, the 

dipyrrolylmethane or [2 +1] adduct, could be isolated in low-to-moderate yields, 

depending on the substrate and conditions employed.  Subsequent condensation of 

this dipyrrolylmethane with a bis-aliphatic ketone in the presence of Brönsted 

acid catalyst led to formation of the calix[6]pyrrole in addition to some 

calix[4]pyrrole (the primary product when a Lewis acid catalyst like BF3
.OEt was 
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used). One key feature of this procedure was that very slow reaction times were 

used.  The relevance of this fact to the present dissertation research will become 

clear with the discussion presented in Chapter 4. 
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Scheme 1.13 Stepwise synthesis of the first calix[6]pyrrole. 

 

A closer look at the crystal structures of both the calix[6]pyrrole, Figure 

1.15,  and calix[4]pyrrole, Figure 1.16, products provides some insight as to why 

the use of a diaryl ketone leads to an additional, higher order product is observed 

for the case where less bulky ketones are used. 
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Figure 1.15 X-Ray crystal structure for Eichen’s calix[6]pyrrole.  This hexaaryl 
substituted derivative gives rise to a very symmetric binding pocket.  

 
 In a subsequent publication,33 the authors took an exhaustive look at the 

binding properties of the benzonphenone-derived (R = phenyl in Scheme 1.13) 

derivative.  Not only were the standard anions investigated, a few halogenated 

neutral substrates were also studied.  While overall, the selectivities of binding 

were seen to diminish as a result of increasing the steric bulk about the 

calix[n]pyrrole core, a shift in selectivity towards larger anion was observed upon 

expansion as shown in Table 1.9 The strong affinity of calix[6]pyrrole to iodide is 

what stands out, but as can be seen in the crystal structure, these compounds may 

not behave in the normal fashion when compared to symmetrical versions. 
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Figure 1.16 X-Ray crystal structure for Eichen’s calix[4]pyrrole.  Notice the 
distortion compared to standard calix[4]pyrroles.  This structure 
doesn’t even fall into the four archetypical conformational 
categories. 

 

Subsequent to Eichens report, Kohnke et al. reported an alternative route 

to calix[6]pyrroles.  While very different in concept, it also relies on stepwise 

procedures.  However, it takes specific advantage of the fact that calixfurans do 

not demonstrate the same finicky behavior with respect to core size as do 

calix[n]pyrroles (where only n = 4 is readily formed), meaning higher order 

species may be readily isolated..34 
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guest C[4]P C[6]P 

F- 23800 1080 

Cl- 6800 650 

Br- 270 150 

I- <10 6600 

SCN- <10 <10 

p-MeC6H4SO3
- <10 150 

BF4
- <10 2350 

MeCO2
- 400 <10 

CF3CO2
- 70 1150 

EtOH <10 <10 

CF3CH2OH <10 80 

CCl3CH2OH <10 60 

 

Table 1.9 Affinity constants (M-1) for the binding of anions and neutral 
substrates to Eichen’s calix[4]pyrrole and calix[6]pyrrole adducts as 
determined by 1H NMR spectroscopic methods.  Note: The solvent 
system used for these results was an acetonitrile:dichloromethane 
mixture (1:9). 
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Scheme 1.14 Kohnke’s synthesis of a symmetrical calix[6]pyrrole via a stepwise, 
calix[6]furan based approach. 

 

  As outlined in Scheme 1.14 Kohnke’s synthesis starts with calix[6]furan, 

a known macrocyclic species.  Initial opening of the rings, affected by treating 

with a slight excess of MCPBA per furan equivalent, then produced the 

corresponding unsaturated dodecaketone.  Next, reduction with Zn/formic acid 

gave the saturated dodecaketone precursor.  Finally, treatment with ammonium 
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acetate effected ring closure and produced the symmetrical calix[6]pyrrole in 

roughly 42% in the final step.    

These researchers also found that, when less than a full equivalency of 

MCPBA was used per furan subunit, partial ring opening occurred.  This 

permitted the isolation of oligioketo singly, doubly, and triply polyfuran 

derivatives. These molecules were then carried through the same synthetic 

protocol as shown in Scheme 1.14 to form mixed calix[n]furan[m]pyrroles, for 

which two representatives have been drawn in Figure 1.17.  It is noteworthy to 

mention that  in a very recent publication,  this same approach was used to target 

and isolate decamethylcalix[5]pyrrole.35 
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Figure 1.17 Two higher order chimeric calix[n]furano [m]pyrroles. 

 

 Rather than using 1H NMR titrations to determine Ka values, Kohnke and 

co-authors used a partitioning-based approach.  36  Specifically, the authors looked 

at the partitioning of four standard anions (F-, Cl-, Br- and I- as their TBA salts) 
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between an aqueous, deuterated water phase and dichloromethane in the presence 

and absence of calix[6]pyrrole.  Quantification of the percent extracted then 

allows for a comparison of to anion selectivities. The results of these experiments 

are summarized in Table 1.10.  

 

 

Anion 

No Host 

   D2O     CD2Cl2 

Calix[4]pyrrole 

   D2O     CD2Cl2 

Calix[6]pyrrole 

   D2O     CD2Cl2 

Fluoride <2 <2 <2 <2 <2 <2 

Chloride -4 Nd -4 +4 -65 +65 

Bromide -20 Nd -22 +22 -31 +31 

Iodide -86 Nd -86 +86 -86 +86 

 

Table 1.10 Partitioning, showing the change in relative percentage between water 
and dichloromethane as determined by 1H NMR for 
dodecamethylcalix[6]pyrrole. 

 

  

In accordance with Hofmeister selectivity, in all cases examined the 

highly hydrated fluoride was not extracted from the aqueous phases at all.  

However, the other anions were readily extracted into the dichloromethane layer. 

The only case that was notable in terms of its behavior involved the chloride 

anion and calix[6]pyrrole, where a greater than ten fold increase in extraction was 
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observed.  Likewise, relative to the analogous calix[4]pyrrole system, some 

relative enhancement effect was seen for bromide in the case of the 

calix[6]pyrrole, although the effect was very minimal. 

 One example of a hybrid calixfuranopyrrole, coming from the group of 

Chang-Hee Lee, warrants mention in the context of this introduction. Although no 

pure calix[n]pyrroles were formed in the context of this work, the strategy 

employed did give higher order species, making the molecules in question 

relevant to the  research presented in Chapter 4.  However, in contrast to the work 

of Chapter 4, this strategy employs a stepwise approach similar to that used to 

make higher order porphyrin analogues.  In terms specifics, Lee et al. used three 

different building blocks.37  In the first case, a linear mono-furano bis-pyrrolyl 

compound was reacted with an independently synthesized hydroxymethyl 

difuranylmethane-type compound and combined in both a 1 + 1 and 2 + 2 fashion 

to give to the chimeric calix[3]furano[2]pyrrole and calix[6]furano[4]pyrrole 

products shown in Scheme 1.15. 
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Scheme 1.15 Synthesis of higher order calix[3]furano[2]pyrrole and 
calix[6]furano[4]pyrroles. 

 

A related synthetic protocol involved reacting bis- furano bis-pyrrolyl 

precursors with the same bis-furan to give the mixed calix[4]furano[2]pyrrole and 

calix[8]furano[4]-pyrrole adducts shown in Scheme 1.16.  Unfortunately, neither 

these products, nor those of Scheme 1.13 have been analyzed in terms of their 

binding properties.  
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Scheme 1.16 Synthesis of higher order calix[4]furano[2]pyrrole and 
calix[8]furano[4]pyrroles. 

 

This type of methodology was further developed by the same authors and 

reported in a follow-up publication.  38 This paper describes how thiophene 

subunits may be incorporated into the precursors and be used to form macrocycles 

of mixed higher order calixpyrroles wherein thiophene and furan subunits replace 

some of the “normal” pyrroles (Figure 1.18). 



 51 

 

Y

HNX

NH

X HN

Y

HNX

NH

N
H

Y

NH
HN

H
N

Y
X

X = Y = O
X = Y = S
X = O,  Y = S

X = Y = O
X = Y = S
X = O, Y = S

X = Y = O
X = Y = S
X = O, Y = S  

 Figure 1.18 Schematic representations of three mixed calix[n]furano[m]-
thiopheno[o]pyrroles showing some of the many combination 
possibilities. 

 

Lee and coworkers also synthesized some higher order 

calix[n]furano[m]pyrrole hybrids where n was as high as 15 in a single step from 

preformed trypyrrane type structures as shown in Figure 1.19.  As with the other 

systems from this group, as yet no anion (or other substrate) binding data have 

been reported for these new molecules. 
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Figure 1.19 Calix[n]furano[m]pyrroles with core sizes of up to 15 subunit 
macrocycles. 

 

A final example of a novel calixpyrrole is the cryptand-like calixpyrrole 

recently reported by Bucher et al.39 The key step in the preparation of this 

topologically non-planar system is a tetramethyldiformyltripyrane.  It was 

prepared in low yield from the statistically controlled reaction of pyrrole with 

acetone.  This intermediate was then condensed was then bis- formylated with 

triethylorthoformate as shown in Scheme 1.17.   
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Scheme 1.17 Synthesis of Bucher’s diformyl tripyranne. 

 

 In a divergent/convergent approach, this diformyl tripyranne, was then 

condensed with the formyl free tripyrrane under acidic media, leading to isolation 

of the cryptand-type product shown in Figure 1.20.  While it can be debated this 

cryptand is or is not  a calixpyrrole, it certainly shows anion binding properties 

that are calixpyrrole- like, binding a number of anions in a calix[6]pyrrole type 

fashion.  In unpublished work, Bucher succeeded in oxidizing this system to 

produce a calixphyrin- like species with sp2 hybridized apical carbon bridges. 
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Figure 1.20 First cryptand- like calixpyrrole-type molecule. 
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 It is hoped that the examples presented in this chapter have helped put into 

perspective the current state-of-the-art of calixpyrrole chemistry.  Efforts are 

ongoing to expand the size of the macrocycle, modify the structure of the parent 

calix[4]pyrrole skeleton, introduce heteroatoms, and modulate the inherent anion 

selectivities.  In the ensuing chapters of this dissertation, alternative approaches to 

fulfilling some of these objectives are discussed.  Chapter two presents ongoing 

effort towards the diversification of functionalized calix[4]pyrroles.  While 

expanding upon some of the early work laid out by Genge and Gale, we target 

novel applications such as cooperative effects and the synthesis of an anion 

sponge.  Chapter three deals with structural aspects of calix[4]pyrroles.  Herein, 

the synthesis of a novel steroid-containing calix[4]pyrrole is discussed with some 

remarkable trends in its affinity towards more complex anions.  Chapter four 

provides the core of my research from chemistry derived out of 3,4-

difluoropyrrole.  Free higher order calix[n]pyrroles are synthesized and inferences 

into the mechanism for their formation was noted.  Chapter five is a treatise on 

near-term future directions of calixpyrroles as they relate to biological targets, and 

specifically possibilities for anion transport across a membrane. 
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Chapter 2.  Functionalized calix[4]pyrroles 

 

2.1 INTRODUCTION 
 
 As discussed in Chapter one, the fact that the range of functionalized 

calix[4]pyrroles are starting to increase allows us to begin thinking seriously 

about applying them to real world applications.  One set of these applications 

involves appending calix[4]pyrroles with easily manipulated reactive groups, and 

then appending them to, or incorporating  in solid supports for, e.g. anion capture 

or separation.  Another general set of applications involves functionalizing the 

calixpyrrole skeleton with other small molecules that would modify their 

properties and response.  Since the same functionalized calixpyrroles can, in 

theory, be used for both the generation of heterogeneous polymer phases in 

addition to modification with small molecules, there can be overlap and synergy 

between these applications at least at the level of the synthesis. 
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2.2 GOALS 

 
 The long-term goals of the research associated with this chapter included: 

the treatment of radioactive waste, wastewater remediation, and possible 

biological targets with respect to dialysis. 

 On a more specific and immediate note, we hoped to develop a general 

procedure for the simple functionalization of calixpyrroles for the use with any 

moderately reactive electrophile.  After formation of these diverse sub-units, we 

hoped to apply them to form water-soluble groups for possible use in aqueous 

media.  Another use for these “hooked” calixpyrroles would be to create a ditopic 

receptor capable of binding a cation and anion simultaneously.  By pursuing this 

approach we hoped to increase the apparent binding costants for anion recognition 

(or anion-cation pair) by calixpyrroles.  

The final, and most ambitious goal was to develop a novel, polyurethane 

based anion sponge.  It was hypothesized that this material would be able to bind, 

or at least retain, an anion in aqueous media though the use of cationic receptor 

sites concurrent in the polymer matrix.  For early studies, it should be noted that 

we used functionalized calix[4]pyrroles due to cost effectiveness. We recognized 

that stronger binding molecules, such as sapphyrin, existed. However, these 

spieces are not as cost effective and are hard to make.  Further, we appreciated 
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that this process is not limited to a specific macrocycle and after “fine-tuning” the 

synthetic aspects of this process using cheap calixpyrrole, we expected it could be 

applied to other macrocycles.  On the other hand, we have recently learned that 

anti-Hofmeister selectivity has been observed in the case of  calixpyrroles which 

would make systems based on these kinds of cores of interest in their own right. 

On a different level, the tools needed to develop the synthetic chemistry of 

calix[4]pyrroles will be expanded, giving further means of altering the molecule 

to target more defined functions in this burgeoning field. In addition, the diversity 

of known binding affinities and selectivities for these types of molecules expands.   
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2.3 LITHIATION AS A MEANS OF FORMING A VARIETY OF DERIVATIZED 
CALIX[4]PYRROLES . 

 
 One of the first tasks that was undertaken in the context of this 

dissertation, almost a side project, involved a collaborative effort to improve the 

synthesis and scope of the deprotonation/electrophile addition functionalization 

methodology mentioned in Chapter one.   Prior to the introduction of this 

methodology, syntheses of functionalized calix[4]pyrroles had to rely upon an 

ability to “fish out” a particular product from the statistical mixtures generated by 

starting with two different ketones. Other attempts to produce selectively a 

particular substituted calix[4]pyrrole by reacting mixtures of two different 

pyrroles with a single ketone have generally given the desired mono-substituted 

products in yields of less than 2% or less.  Thus, the ability to effect β-substitution 

directly was viewed as a real step forward at the time of publication.  40  

The starting material needed to effect the deprotonation/electrophilic 

addition procedure, meso-octamethylcalix[4]pyrrole 2.1 was prepared according 

to previously published procedures. In what is referred to as Method A, this 

material was then lithiated with four equivalents of n-butyllithium in hexanes in 

THF at –78 oC to give a polyanion, 2.2, of indeterminate structure.41, 42, 43 The 
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reaction mixture was stirred for 1-2 hours at –78 oC and the calix[4]pyrrole anion 

was then treated with either ethyl bromoacetate or 2-(2-bromoethoxy) tetrahydro-

2H-pyran followed by quenching with water to give 2.3 and 2.4, respectively, as 

shown in Scheme 2.1. 
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Scheme 2.1 Synthetic protocol for the formation of β ”hooked” calix[4]pyrroles 
through a presumed polylithiated intermediate. Note: the reaction 
was carried out in THF solvent.  

 

The quantity of butyl lithium used in these reactions was altered in order 

to give an optimum yield of mono-substituted product.  Although the 1:4 

calixpyrrole to butyl lithium molar ratio (Method A, 4 molar equivalents) proved 

optimal for the reaction with 2-(2-bromoethoxy) tetrahydro-2H-pyran, when ethyl 
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bromoacetate was reacted, it was found advantageous to use fewer equivalents of 

n-BuLi.  Here, three equivalents proved sufficient (referred to as Method B).  

A possible explanation as to why the substitution  reaction still proceeds 

on the periphery of the calix[4]pyrrole, even when only three equivalents of anion 

are used, could involve a delocalization of the anion throughout the pyrrolic 

macrocycle. To the extent such delocalization exists, alkylation would be “forced” 

to proceed on the outside rim due to unfavorable steric interactions with the 

macrocyclic core. Support for this explanation is reflected in the difficulty seen 

when trying to synthesize N-alkylated calix[4]pyrroles when the alkyl group is 

larger than methyl. In contrast to benzene, the energetic price paid for the 

temporary loss of aromaticity is minimal, meaning that a non-aromatic radical 

anion can be produced more readily (Scheme 2.2).  In addition, unfavorable 

electrostatic repulsions between adjacent deprotonated pyrroles should force some 

electron density onto the periphery of the calixpyrrole. 

HN

NN

N HN

NN

N

 

Scheme 2.2 Alternative resonance forms highlighting how C-alkylation can 
occur, even when one pyrrolic NH site remained available for 
deprotonation.   
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In practical terms, the use of method A, often gave rise to a statistical 

distribution of mono-, di-, tri- and tetra-substituted calix[4]pyrroles when ethyl 

bromoacetate was used as the electrophile. Therefore, as mentioned above, 

Method B was often used in the case of this electrophile.  Unfortunately, the price 

of increased production of the monosubstituted derivative was a lower overall 

conversion of the starting material.  The goal of the present study therefore, was 

to generate an optimized procedure.  Here our objectives were to obtain the 

highest yield of the monosubstituted derivatives, while keeping the contamination 

due to disubstituted (or even more substituted) products to under 5% (based on 

the starting macrocycle). Separation of isomers by column chromatography was 

preceded by an initial recrystallization from dichloromethane:methanol (1:1). This 

process was effective in removing, on average, 80% of the unreacted starting 

material. 

Towards this end we sought to gain additional insight into the mechanism 

for the formation of the β-“hooked” calix[4pyrrole. Here, account we accounted 

for the fact that the reaction did not proceed when only one equivalent of base 

was used for the condensation.  Reaction times, and temperatures, were also 

found to play an important role in modulating the product distribution.  If the 

reaction is allowed to warm too quickly, more of the higher substituted congeners 

are formed, thus suggesting a thermodynamic and kinetic link to this reaction 
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It must be noted, that for the THP derivative, the reaction proceeded rather 

slowly and it was difficult at best to even place one tether upon the macrocycle.  

No matter how many equivalents of electrophile or base were used, only the 

monosubstituted product was ever obtained in isolable quantities, and then in low 

yields.  LRMS analysis did reveal the presence of very small amounts of a 

product whose mass coincides with the disubstituted product.  However, in all 

cases, the associated peak displayed an intensity that was less than 10% of that of 

the monofunctionalized product.  This could be due to poor reactivity based on a 

steric interaction of the large THP protecting group. 

After optimization of these synthetic methodologies, we undertook 

structural evaluation for the original β- “hooked” ester, 2.3.  Proof that the 

monofunctionalized system was in fact made, came from an X-ray diffraction 

analysis of single crystals of the ester derivative (2.3).   In this case the crystals of 

the non-saponified ester were grown from slow diffusion of hexanes into ethyl 

acetate. The resulting structure revealed a supramolecular hydrogen bonding 

interaction between  the ester carbonyl oxygen and an adjacent pyrrole NH group 

(Figure 2.1).  As a result of this narcisstic interaction, no substrate or solvent is 

found bound within the calixpyrrole cavity in the solid state. Unfortunately, a 

crystal could not be grown for the THP-containing calix[4]pyrrole 2.4,  or its 

saponified alcohol product 2.5. So, characterization was carried out by more 

traditional means. 
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Figure 2.1 View of 2.3 showing a partial atom-labeling scheme. Thermal 
ellipsoids are scaled to the 30% probability level.  Hydrogen atoms 
shown are drawn to an arbitrary scale.  Dashed lines indicate an 
intramolecular H-bonding interaction with geometry: N2-H2N…O23, 
N…O 3.000(3) Å, H…O 2.23(3) Å, N-H…O 155(2)°. 

 
The presence of hydrogen bond donating and accepting moieties in these 

receptors, coupled with the observation of various hydrogen bonding interactions 

in the solid state, led to the suggestion that functionalized calixpyrroles may act as 

receptors for a variety of substrates under solution phase conditions.  The 

synthesis of these β-“hooked” systems thus served a secondary purpose in 

research.  The end target was to make second-generation type molecules, which 

would have viable real life functions.  These, and the underlying chemistry and 

will be covered in the remainder of this chapter.   
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2.4 NEXT GENERATION FUNCTIONALIZED CALIX[4]PYRROLES . 

 
 With the general method worked out for how to obtain β-“hooked” 

calix[4]pyrroles in optimal yields, the next challenge was to append other 

functional groups to these derivatives.,  The goals were to obtainin systems with 

increased water solubility or modify the core with different functional derivatives. 

Here, the solubility modification aspects were viewed as being particularly critical 

since solubility would dictate whether the compound could be used either in 

biological applications or in the arena of waste water management (Figure 2.2).   

HN

HNNH

NH

O
OH

2.6  

Figure 2.2 Structure of the free acid β-“hooked” calix[4]pyrrole formed from the 
saponification of 2.3. 

 

 With these goals in mind, 2.3 was subject to saponification and 

reprotination to give free acid 2.6.  With this acid in hand, we set out to make a 

few of these targets.  The first solubilizing system looked at was a glucosamine 

functionalized calix pyrrole. It was prepared via the synthetic strategy shown in 



 65 

Scheme 2.3.  Briefly, glucosamine in its pyranose form, selectively protected in 

the hydroxyl positions according to literature precedence, was attached via 

standard BOP conditions to give 2.7.  This was followed by basic deprotection to 

give the free glucosamine functionalized calix[4]pyrrole 2.8,  a system that 

possessed a small degree of water solubility. 

 

HN

HNNH

NH

O
OH

2.6

HN

HNNH

NH

O

BOP

O

HAcO

H

AcO

H

H
NH

H

OAc

OAc

HN

HNNH

NH

O O

HHO

H

HO

H

H
NH

H

OH

OH

NaOH

2.7 2.8  

 Scheme 2.3 Synthetic protocol for the formation of a glucosamine functionalized 
calix[4]pyrrole. 

 

In a further effort to illustrate the utility of these second generation 

calix[4]pyrroles, a calix[4]pyrrole-crown ether conjugate system was prepared.44 

This approach served the duel purpose of adding a solubilizing crown ether 

groups group augmenting solubility in both to aqueous and organic media and 

adding a cationic host site that would allow for the possibility cooperative binding 

effects to be explored.45 This product was prepared in 44% yield by coupling a β-
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”hooked”-calix[4]pyrrole with 4-aminobenzo-15-crown-5 using  (benzotriazole-1-

yloxy)-tris-(dimethylamino)-phosphonium-hexafluorophosphate (BOP)  and 

triethyl amine in DMF over a period of two days at room temperature.  An 

“appropriate” control system was synthesized by the same synthetic protocol 

using 4-aminoverital (3,4-dihydroxyanaline) as the amine source.  This control 

product was obtained in 65% yield.  The synthesis of these two compounds is 

detailed in Scheme 2.4. 
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 Scheme 2.4 Synthetic scheme for the formation of a calix[4]pyrrole/crown ether 
conjugate system and a corresponding control system.  
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With this complementary set of  two compounds in hand, we set out to 

perform binding studies using 1H NMR spectroscopic titrations, and standard data 

analysis using EQNMR.  The goal was to see if, relative to the control, the 

“crowned” system, 2.9, displayed cooperative binding towards any anion/cation 

pair.  Relative to 2.10, 2.9 was found to display an approximately 15-fold higher 

affinity for both chloride and bromide in the presence of TBA in 

dichloromethane.  Fluoride was not looked at due to its high inherent affinity for 

all calix[4]pyrroles, which would mask any possible difference in Ka between 2.9 

and 2.10 (Table 2.1).  For the case of TBA chloride, job plot analysis indicated a 

1:1 anion:host binding stoichiometry in dichloromethane.  For bromide, the plot 

was more complex and led the inference that the binding stoichiometry was 

somewhere between 1:1 and 1:2 (anion:host).  As noted in Chapter one, the 

synthetic addition of an ancillary amide binding site serves not only, as a general 

rule, to raise the anion binding affinities but also to add a degree of complexity to 

the binding process.  Such effects could be responsible for the non-optimal 

stoichiometry seen in the case of the bromide anion.  Certainly, relative to simple 

octamethylcalix[4]pyrrole, both 2.9 and 2.10 display an increased binding 

affinity.  
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Anion/Cation  Ka for 2.9 (M-1) Ka for 2.10 (M-1) Ka for 2.1 (M-1) 

NBu4Cl 14000 900 350 

NBu4Br 580 30 <10 

 

Table 2.1 Binding constants (Ka) for calix[4]pyrrole crown system 2.9, its control 
system 2.10, and the parent structure 2.1 in dichloromethane. Note: 
Anions were used as their tetrabutylammonium salts. 
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2.5 DEVELOPMENT OF AN ANION SPONGE.   

 
The concept of an anion sponge, wherein a calixpyrrole would be directly 

incorporated into a polymeric host, derived from the need to deve lop a material 

capable of extracting and holding anions from aqueous media. Current systems 

including anion exchange resins such as the Lewatit MP62, ZnCl resin,46 can 

perform this function for a specific anion or anion/cation pair.  However, they do 

not posess the diviersity of our proposed system. By using our developed 

approach, any properly functionalized molecule is a potential candidate for 

copolymerization.   

End point targets for this application include the removal of chloride from 

brackish water streams, such as those found in southeastern Texas along the Rio 

Grande, as well as pertechtenate anion radioactive waste streams.  In addition, one 

could envision this system working as an anion dialysis filter, thus addressing an 

important medical need. Intellectually, the idea of an anion sponge is meant to 

stand in contrast to the already developed reverse phase type silica gel, which 

relied on dynamic on/off interactions to be effective.  For a sponge system such as 

this to work, we felt it necessary to tailor the polymer properties to augment the 

modest thermodynamic binding properties normally displayed by 

calix[4]pyrroles. Thus, in developing the anion sponge concept, we sought a 

polymer that was water stable, gave appropriate swelling for ease in permeability, 
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and would retain enough of its structure to allow for easy disposal after saturation 

with the targeted anions.   

 In light of the above considerations, we decided to use a polyurethane 

based system.  This choice was made in part because of the large availability of 

different long chain linear diols as well as their branched congeners, which would 

allow us to address various needs as they arise. In addition, many polyethylene 

oxides derivatives were commercially available.  Such diols, could serve not only 

as water permeable media for the bulk of the polymer, but also aid in the 

complexation counter-cations that would necessarily be associated with targeted 

anions. We also secured a collaboration with John McClusky, whose specialty is 

in high strength polyurethanes based on long chain polyols. 

An example of what this polymer may look like after the condensation of 

diisocyanate, a long chain diol, cross- linker and a generic macrocycle is shown in 

Figure 2.3. The cross linker is necessary for strength and incorporated into the 

polyol or if useful, built into the macrocycle.  
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Figure 2.3 Schematic representation of a portion of a  macrocycle-containing 
polyurethane polymer (left panel).  The cartoon scheme (right panel) 
highlights the need for crosslinking when developing a polymer of 
this type. 
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2.6 SYNTHESIS OF ALCOHOL SUBSTITUTED CALIX[4]PYRROLES  

 
 With the initial choice of polymer made, we needed to make a variety of 

calix[4]pyrroles that would be amenable to co-condensation with the other 

polymer precursors.  We were also aware that any leeching of our macrocycle into 

the medium that we are targeting for anion removal would limit its utility.  Thus, 

obvious choices of functionality were primary or secondary amines, primary 

alcohols, and to a much lesser extent free carboxylic acids.  A final decision was 

made to focus on primary alcohols so as to insure reactivity similar to that of the 

most available polyethylene glycol derivatives, as well as because it was thought 

that such functionality would have better solubility in organic media when 

compared to the amino or carboxylic acid alternatives.   

 The need for alcohol functionalized calix[4]pyrroles provided part of the 

impetus to prepare the THP protected calix[4]pyrrole, and its bis ethanol adduct, 

2.12. These two systems were initially prepared by an alternate method that 

involved reducing a mixture of 2.3 and its bis-functionalized coproduct (2.11) 

(actually a mixture of structural isomers), with LAH as shown in Scheme 2.5.  

The inefficiency of this procedure led us to design the alternate synthesis with the 

THP protected alcohol, in the hopes to avoid having to purify a hard-to-separate 

mixture of multiple products. 
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 Scheme 2.5 The reduction of two β-“hooked” calix[4]pyrrole esters leading to 
the corresponding mono- and diol derivatives. 

 

 Initial results showed one problematic issue when using alcohols such as 

2.5 and 2.12, namely poor solubility in neat polyethylene oxide (PEO). This 

limited the amount that could be incorporated into the polyurethane polymer to 1-

2% w/w. The best results, as will be discussed in more detail in the next sections, 

were obtained when the reactions are done neat. In any event, given that the PEO 

matrix more resembles an alcohol than a traditional less polar organic solvent, we 

considered that adding further alcohol groups might be a way to overcome this 
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initial setback.  With this in mind, we prepared a tetra-hydroxy bearing 

calix[4]pyrrole, 2.14, via a two  step synthetic approach as shown in Scheme 2.6. 
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Scheme 2.6 Two step synthesis of a tetrahydroxy substituted calix[4]pyrrole.  

 

 While this reaction sequence produced an inseparable mixture of four 

configurational isomers, it did generate a product with greatly enhanced solubility 

in PEO.  In addition, this reaction could be run on a 20 g scale without requiring 

anything other than minimal purification. Due to the floppy nature of the side 

arms, we were less worried about the fact tha t the structural incontinuity could 

give rise to differing anion binding environments, than we would have been were 

more rigid β-“hooked” calix[4]pyrroles being used. 

 While providing an improved solubility, insolubility once again became an 

issue when the condensations were run under teat conditions at a 5% w/w loading 

level.  Therefore one final attempt at increasing the solubility was made by the 

preparation of octahydroxycalix[4]pyrrole.  
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The preparation of an octahydroxycalix[4]pyrrole proved to be quite 

challenging but did lead to some very interesting side products.  Our first attempt 

involved the use of diacetoxy acetone, a species derived from commercially 

available dihydroxyacetone dimer (Scheme 2.7). In this case, condensation with 

pyrrole led to no isolable product.  Presumably this reflects the ability of the 

acetate groups, which leads only polymeric products in the condensation reaction.  

The failure to obtain well-characterized monomeric products proved true when 

both methanolic solvents with traditional protic acid methods were employed.  It 

even proved true when less harsh Lewis Acidic conditions (dichloromethane and 

BF3
.OEt) were used.  Although deterred initially by this result, it is to be 

appreciated that similar results were seen by other members of the Sessler group, 

when they tried using 1,3-dichloroacetone as a starting material. Further, the fact 

that acetate could be a good leaving groups is understood by the fact that it is 

often used in the synthesis of porphyrins. 

 Our second attempt involved taking the acetal dimer of dihydroxy 

acetone, 2.15, and condensing it directly with pyrrole in the normal fashion. The 

acidic labiality of the acetal protecting group led us to believe that a small 

quantity of the open monomeric form of dihydroxy acetone would be present at 

any given time.  The hope is that this concentration would suffice to allow for 

cyclization, while being low enough to preclude polymerization. Unfortunately, 
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attempts to carry out the reaction, led only to a solid black mass that was insoluble 

in any solvent, including DMSO.   
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Scheme 2.7 A first, unsuccessful attempt to synthesize an octaacetoxycalix-
[4]pyrrole derivative,  2.16. 

 

In spite of attempts to prevent it, the polymer reaction was likely more 

facile than cyclization.  Presumably, this unfavorable reaction reflected the fact 

that the hydroxyl groups could, after protonation, give rise to electrophilic 

carbocations or methylene sites that would allow for polymerization.  To test this  

hypothesis, the reaction mass was drowned in pyridine and treated with acetic 

anhydride to trap out any free alcohol groups and increase its organic solubility. 

Removal of excess anhydride and pyridine by distillation, followed by dissolution 

in dichloromethane, gave rise to a small amount of material that could be 

dissolved out of the still insoluble mass.  Following recrystalization from 

dichloromethane/methanol the octaacetate derivative, 2.16, was isolated in ~ 5% 
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yield.  Isolated in this way, 2.16 proved very stable and easy to characterize, 

including via X-ray diffraction means.  The resulting structure is shown in Figure 

2.4. 

 

 

Figure 2.4 X-Ray crystal structure of 2.16 as grown from CH2Cl2/methanol.  
Atoms C34A, C35A and O12A are the lower occupancy atoms of 
the disordered ester group.  

 

Scheme 2.8 provides a graphic summary of successful synthesis, including 

the subsequent saponification with LiOH to form the free octahydroxy version, 

2.17.  In the context of the basic chemistry outlined in this scheme, it is to be 

noted that by making adjustments in the reaction times used, we were able to 



 78 

increase the yields to 13%. Given the cost of the starting materials and the lack of 

chromatography involved, such yields were considered to define a cost effective 

synthesis.  
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Scheme 2.8 Synthetic protocol for the eventual isolation of both mesoocta-
hydroxymethylcalix[4]pyrrole and its peracetated congener 2.16. 

 

 Unfortunately, following saponification, compound 2.17 proved to be less 

soluble than any of the calix[4]pyrroles made to date in any organic solvent.  In 

fact, for NMR spectroscopic structural determination, the only solvent in which a 

detectable quantity as formed was in DMSO.  It should be noted, that 2.17 did 

prove to be slightly soluble in water, which made it possible to record a UV/Vis 
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spectrum at the ca 10 µM level.  One plausible explanation for this poor solubility 

is that the compound adopts a “balled up” structure that is held together with 

intramolecular hydrogen bonds (Figure 2.5). To the extent this is true, it would 

preclude complete solvation of the molecule in almost all solvents. 
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Figure 2.5 Presumed intramolecular hydrogen bonding interactions that provide a 
possible rationale for the low solubility of  2.17. 

 

In the course of this sequence, efforts were made to get a second crop of 

product from the crystallization mother liquor.  Rather than giving 2.17, this 

procedure led to the isolation of an interesting side product, namely the intriguing 

pyrrole/pyridine compound, 2.18.  While not determined definitively, apparently a 

small amount of pyrrole, left over in the reaction mixture, underwent reaction 

with the acetic anhydride/pyridine adduct, giving rise to 2.18.   The X-ray 

diffraction structure of 2.18, for crystals grown from dichloromethane, is shown 

in Figure 2.6.   
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Figure 2.6 X-Ray structure of the pyrrole-pyridine dimer 2.18.  

 

 The synthesis and a proposed mechanism for the formation of 2.18  is 

proposed in Scheme 2.9.   
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Scheme 2.9 Proposed mechanism for the formation of bi-product 2.18. 

 

 We decided to also pursue a synthesis of an alternate chiral molecule using 

this “capping” method to isolate 2.16.  Through the use of an analogous protocol 
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we capped the terminal hydroxyl groups using a chiral anhydride as described in 

Scheme 10.  This led to a C4 symmetric calixpyrrole, a system of interest as a 

prototype for other molecules of this type. Unfortunately we were unable to see 

any selective binding of chiral anions in Dichloromethane as tested by MS.  Nor 

were we able to grow a crystal suitable for X-ray diffraction analysis.   
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Scheme 2.10 Synthetic of what is believed to be the first C4 symmetric 
calix[4]pyrrole.   
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2.7 APPLICATION AND SYNTHESIS OF THE ANIONIC SPONGE. 

 
 With the above precursors in hand, we set out to make a first generation 

anion sponge. Here, the main goal was not to obtain a usable product, but, rather 

to test incorporation into the polymer.  Early attempts involved using two linear 

polyethylene oxides co-condensed with 4,4’-methylenebisphenylisocyanate 

(MDI), and, either a mixture of 2.5 and 2.12, or pure 2.5 using glycerol as the 

crosslinker at a 10 kDalton crosslink density. In addition, ethyl tinhexanoate was 

used as a catalyst to speed up the reaction.  With some modifications of the 

synthetic protocol, both these polymers could be made as either as uniform films, 

or as sponge- like material via the addition of a small amount of water to promote 

bubble formation. The 10,000 MW PEG yeilded a polymer that was very weak 

and brittle, so we settled on the 2,000 Dalton PEG in the final synthesis of these 

first stage polymers as shown in Scheme 2.11.   
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 Scheme 2.11 Partial structure of a polyurethane polymer prepared using a 
containing monofunctionalized calix[4]pyrrole and glycerol as 
the crosslinker. 

  

  Purification of these starting materials is a very real issue.  Stoichiometry 

plays a very exacting role in the formation of a polymer that is effectively “one 

molecule”. The MDI was purified by hot filtration of a melt through filter paper.  

This was done to remove dimeric or polymeric impurities that form from the 

diisocyanate over time. In the case of the PEO derivatives, the major impurity is 

water. To prevent, or at least minimize, the effect water could have on the 

polymerization process, these starting materials were melted and dried via rotary 

evaporation for a period of 2 hours at 80° C. In its melted form, the dry PEO was 

placed, as a film, on aluminum foil and allowed to dry. After solidifying, the PEO 
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was broken up into flakes ease in weighing for future reactions.  The glycerol was 

also dried in the fashion of high temperature water removal at reduced pressure. 

In addition to using functionalized calix[4]pyrroles as starting materials, 

both of these polymers were also prepared using a bis-hydroxyl functionalized 

sapphyrin we formed both of these polymers using a bis-hydroxyl functionalized 

sapphyrin, 2.19, which was supplied by Julian Davis. Sapphyrin 2.19, is shown in 

its neutral form in Figure 2.7.  
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Figure 2.7 Structure of the di- functionalized sapphyrin 2.19 used in the formation 
of sapphyrin based “smart” polymer. 

 

 As can be seen in Figure 2.8, a picture of a water-entrained polyurethane 

polymer, these polymers indeed allow water permeability while a retaining their 

form to a significant extent when exposed to an aqueous environment. Figure 2.9, 

shows neat film versions of all three polymers (macrocycle free, calix[4]pyrrole 

containing, and sapphyrin derived).  From this figure, one can clearly see 

differences in color, even at a 0.1% loading level. 
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Figure 2.8 Portion of the macrocycle free polymer entrained with water.  The 
water is being removed physically by squeezing the polymer. 

 

 

Figure 2.9 First generation polyurethane polymers (at the.1% w/w loading level) 
are shown.  Polyurethane A contains no macrocycle, Polyurethane 
B contains 2.5, and Polyurethane C contains 2.18 and these 
polymers are shown from right to left in a respective fashion. 

 

As expected, characterization of the polymeric products turned out to be 

challenging.  It was thus decided that the best tests would involve looking at their 
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structural properties. What we were looking for mostly, with this first generation 

test polymer, was a substance that had full incorporation of the macrocycle into 

the polymer matrix.  Fur ther, if possible, we wanted a swellable and elastic, yet 

structurally strong material capable of standing up to harsh conditions. Finally, we 

wanted to show that polymers could be made without having to resort to the use 

of toxic starting materials. 

As regard the first point, the polymer did indeed seem to be fully 

incorporated into the mixture.  This was determined by placing the material in 

water for observation of any possible leaching. Under these conditions, the 

sapphyrin-containing polymer retained its color while the solvent remained clear.  

Thus it was concluded that full or nearly full macrocycle incorporation was taking 

place at these very small concentration ranges.  Another test for polymer 

incorporation involved taking the infrared spectrum of the polymer as a thin film 

on an IR card.  This test helped confirm the presence of the macrocycle within the 

polymer, as judged by the presence of a sharp NH stretch and the absence of the 

tell tale broad OH signals. In the event that full incorporation into the polymeric 

matrix did not take place, there are means by which the system can be swayed 

towards more full reactivity.  As was stated before, the first generation 

macrocycles were chosen so as to contain terminal primary hydroxy 

functionalities so as to enhance competition the PEO.  By altering the PEO 



 87 

terminal groups, the macrocycle can be made more reactive relative to the bulk 

polymer and this should help ensure more complete macrocycle inclusion.   

The issue of polymer strength and durability raises other questions and 

tests were needed to confirm such properties.  The first test involved looking at 

swellability in water. This was achieved by taking a small portion of the polymer 

in its thin film state, and measuring lateral growth when added to water.  In our 

case, addition of the polymer to an aqueous environment gave a 1.5 fold increase 

in the polymers diameter.  

 Strength measurements have traditionally been done by testing at what 

force the polymer breaks when a force is applied to a sample of known size.  

Unfortunately, this first generation polymer had the weakness of not being “one 

molecule” and some degradation on the polymer level was seen with prolonged 

exposure to solvent.  Although it was relatively stable and elastic, it still 

possessed a degree of brittleness when subjected to strong forces.  It effectively 

flaked off over time, which indicates that the polymer had weak structural 

integrity.  Fortunately, such deficiencies can be overcome by increasing the cross 

link density, or alterna tively, by developing a polymer possessing a greater degree 

of hydrogen bonding interactions. 

The final issue of toxicity, is one that, going forward, should be relatively 

easy to address.  The usual problem is the highly reactive diisocyanate, and in 

some cases the tin catalyst.  In the preliminary studies described above, MDI was 
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used precisely because it is much less volatile than toluenediisocyanate (TDI), 

which is normally used for urethanes.  Further, purification of MDI doesn’t 

require the high temperatures needed to distill TDI: it can simply be hot filtered 

through filter paper then “flaked out” on an aluminum foil surface as described 

before in more detail.  

The next stage in the development of this “smart” polymer, or anion 

sponge involved collaborative work with John McClusky at The University of 

Texas at San Antonio. His expertise is in the area of polyurethane polymer 

development and testing.  After providing him with samples of our initially 

developed first generation anion sponge, and supplying him with appropriate 

macrocyclic precursors, he went on to make some second generation polymers 

that were designed to show increased strength and anion loadability.  In fact, Dr. 

McClusky and his team have made a much stronger polymer by using a trimer 

type PEO and putting hydrogen bonding blocks into the matrix. This system also 

displayed better swelling characteristics than our initial products.  After 

incorporating 2.14 at 5% w/w loading levels (the solubility limit), these systems 

still failed as viable “anion sponges” and gave little response to fluoride. This 

could be due to Hofmeister selectivity so testing other anions is necessary. 

However, it is becoming clear that if viable systems were to be made, calixpyrrole 

systems with enhanced anion affinities would need to be developed.  Efforts to 

address this problem will be discussed in Chapter 4. 
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2.8 CONCLUSION 

 
In section 2.3, in conjunction with the coauthors of the cited paper, we 

successfully developed a general methodology for the synthesis of β-rim 

functionalized calix[4]pyrroles.  This was achieved through the reaction of a 

lithiated intermediate with a host of electrophilic spices.  In addition, we learned 

how to control the formation of polyalkylated products through the careful control 

of stoichiometry of n-butyl lithium. 

After the formation of these precursors, we then went on to create a water-

soluble calix[4]pyrrole, as well as a possible ditopic receptor.  While it still 

remains unclear whether or not cooperative binding is achieved, we do see a 

substantial increase in binding towards selected anions as compared to an 

appropriate control system. 

The development of the anionic sponge is still early in its development so 

few conclusions can be drawn.  Early tests failed to show affinity for fluoride in 

aqueous media.  However, no other anions have so far been tested. Recent 

extraction results lead us to believe that a less “hard” anion may give more 

positive results.  In any event, the basic synthesis of this polymer has been worked 

out.  Moving forward we will use a variety of macrocycles to help increase anion 

affinity.  In addition, we can apply the synthetic methodologies herein to 

calix[n]pyrroles containing electron withdrawing peripheral groups to increase 

their affinity towards anions. 
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Chapter 3: Calix[4]pyrroles as structural platforms, the synthesis 
of steroidal calixpyrroles 

3.1 INTRODUCTION 

 
 One issue, which has yet to be addressed fully, is that of using 

calixpyrroles as a rigid/semi rigid core system for further elaboration.  While 

many of the other elaborated calix[4]pyrroles have contained an appended  NH 

amide bond that was used to link further functionality to the calix[4]pyrrole core 

(and provide ancillary hydrogen binding motifs that enhanced anion recognition)  

neither they or any of the systems use the appended groups specifically to 

enhance anion complexation. This chapter provides a description of a system that 

takes full advantage of other hydrogen bonds with a defined geometry to affect a 

selective response.  This work, which relies on the use of steroid functionality that 

is intimately integrated into the calix[4]pyrrole skeleton, was done in 

collaboration with Professor Vladimír Král of the Prague Technical University.   

To date, most receptors containing steroid moieties have been prepared 

from cholic acid derivatives (e.g., 3.1 and  3.2) with these “building blocks” linked 

to a pre-formed receptor group via amide or ester bonds. Unfortunately, this 

approach is not conducive to the construction of receptors where such rigid 

subunits are directly incorporated into a polypyrrolic core. In previous work,47 

Professor Král and his coworkers had described the synthesis an aldehyde 

generated from cholic acid and its use in the construction of macrocycles, 
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specifically porphyrins and corresponding resorcinol-based systems. As an 

extension of this work, he and his team succeeded in preparing a series of steroid 

ketones; 3.3, 3.4, and 3.5.  
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3.2 GOALS 

 
 The goals of the research covered in this chapter were twofold in nature.  

The first goal was to form steroidal calix[4]pyrroles in hopes of altering the 

selectivity towards guest anions.  Using these structurally defined precursors, it 

was hoped that the binding pocket shows selectivity based on sterochemistry. 

Secondly, we wanted to find an effective method for the separation of 

configurational isomers; a problem inherent to calixpyrroles when unsymmetrical 

ketones are used.  Both of these goals approach scientific problems important in 

this field of study. 

Specifically, we wanted to test whether through the use of HPLC in 

conjunction with 1H NMR, we could effectively isolate and assign the four 

distinct configurational isomers possible in the reaction mixture of pyrrole with an 

unsymmetrical ketone.  After successful separation, we would then be able to 

probe the binding possibilities for these molecules and observe differences 

between configurational isomers.  We decided to use steroidal ketones for these 

experiments because these materials were readily available and possessed 

potential ancillary binding sites. 
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3.3 SYNTHETIC PROTOCOL FOR THE FORMATION OF STEROIDAL 
CALIX[4]PYRROLES  

 
The synthesis of the steroid containing calixpyrroles 3.6 and 3.7 departs 

from the methyl cholate derivatives synthesized in Professor Kral’s group.  

Commercially available materials 3.1 and 3.2, were converted without protection 

into the corresponding ketones 3.3 and 3.4 by treatment with excess methyl 

lithium(Scheme 3.1). At this juncture, ketones 3.3 and 3.4 were sent to Austin and 

condensed with pyrrole in a 1:1 mixture of methanol/dichloromethane under 

conditions of HCl catalysis. This gave the unresolved tetrasteroidal calixpyrroles 

3.6 and 3.7.48 

 

HO R

R
O

O

HO R

R
O

3.1, R = OH
3.2, R = H

H H

3.3, R = OH
3.4, R = H

MeLi

 

Scheme 3.1 Synthesis of steroidal ketones from cholic acid ester. 
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A related steroid-containing meso-tetramethyl-tetrakis(3ß-acetoxy-pregn-

5-en-21-yl)-calix[4]pyrrole 3.8 could also be made from compound 3.5 (Scheme 

3.2).  In this case, the key intermediate, 3.5, was prepared from methyl 3-

hydroxypregn-5-en-21-oate by treatment with dimethylsulfoxide followed by 

acetic anhydride and amalgamated aluminum. Standard condensation then 

produced 3.8.  
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Scheme 3.2 Synthesis of control compound 3.8 containing no appended hydroxyl 
groups. 

 

It was thus of interest to explore whether these building blocks could be 

used to construct novel enantioselective calix[4]pyrrole receptors, namely 3.6 and 

3.7 (Figure 3.1). Such systems, to the extent they could be prepared, were 

expected to be characterized by rigid steroid backbones and paired hydrophobic 

and hydrophilic faces rich in hydroxyl group functionality. The hope was they 

would act as novel and useful receptors. 
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Figure 3.1 Structures for acetoxy and hydroxy containing steroidalcalix[4]-
pyrroles showing their relative geometries. 

 

 As discussed previously in this dissertation, calix[4]pyrroles generally 

display the same intrinsic substrate selectivities (F- >> Cl- ≅ H2PO4
- > Br-, I- >> 

neutrals) even when changed in the electronic structure are made.  It was this 

challenge that provided the impetus for the present work.  Specifically, 

appreciating that cyclic oligo-steroidal layouts based on porphyrins act as 

selective carbohydrate receptors, we reasoned that calix[4]pyrroles built from 3.3, 

3.4 or 3.5 might show modified substrate affinities, perhaps even displaying a 

degree of  enantioselectivity. 
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3.4 HPLC SEPARATION OF THE FOUR POSSIBLE CONFIGURATIONAL 
ISOMERS. 

 
In each case, final condensation leading to the desired calix[4]pyrrole 

proceeded in very good yield (> 90% in all cases). However, the products were 

not pure. Rather, they were obtained as a mixture of up to four different 

configurational isomers further contaminated in some cases by small amounts of 

uncyclized products. 

 This large number of isomers made separation by conventional 

chromatography impractical if not impossible.  Accordingly, HPLC methods were 

used to effect separation. Structures in question vary considerably in their degree 

of compactness, as can be seen by inspection of compounds 3.6a-d and 3.7a-d in 

Figure 3.2, and this we reasoned would allow for their separation.    

Using a Varian 9000 series isocratic pump/detector with UV detection at 

254 nm on a Supelco column packed with 5 Å spherical silica gel and a mixture of 

CH2Cl2/MeOH as the eluent (19:1 for 3.7; 99:1 for 3.6), separation of all four 

isomers was achieved in the case of both 3.6 and 3.7. Independent HPLC- +CIMS 

analysis using 5% methanol in DCM as the eluent for 3.7 and DCM for 3.6, led to 

the separation and identification of all isomers as well as two minor by-products. 

Sample chromatograms for 3.6 (Figure 3.3) and 3.7 (Figure 3.4) are shown with 

relevant assignments. 
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Figure 3.2 Schematic Depiction of the four possible configurational isomers for 
the steroidal calix[4]pyrroles derived from 3.3 and 3.4 showing their 
large structural variance.  These isomers are labeled 
αααα, αααβ, ααββ, and αβαβ in analogy to what is used to 
describe atropeisomers in the porphyrin literature. 
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Figure 3.3 Sample HPLC-chromatogram for compound 3.6 showing the effective 
separation of all four configurational isomers.  For this system neat 
dichloromethane was used as the solvent system under isocratic 
flow.  

 

 

Figure 3.4 Sample HPLC-chromatogram Trace for compound 3.7 showing the 
effective separation of all four configurational isomers.  For this 
system dichloromethane/Methanol 19:1 was used as the solvent 
system under isocratic flow. 

On the basis of +CIMS analysis, the minor peaks were assigned to open 

chain species arising as the result of either incomplete cyclization during the 
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reaction or, a small degree of degradation on the column. Among the cyclized 

isomers, the ratios of product formation as calculated by integration of the HPLC 

peaks while assuming similar extinction coefficients for all calixpyrroles at the 

monitoring wavelength.  Results from this integration is summarized in Table 3.1. 

 Using the polarity argument that was demonstrated and recently shown to 

be true for deep cavity calixpyrroles, we tentatively assigned these peaks, in order 

of elution, to structures 3.6a, 3.6b, 3.6c, and 3.6d, and 3.7a, 3.7b, 3.7c, and 3.7d, 

in the case of both 3.6 and 3.7, respectively.  Careful evaluation of the 1H NMR 

spectra of the individual species in question supported this assignment.  

 

Isomer  αβαβ     “a“ ααββ     “b“ αααβ     ”c” αααα     ”d“ 

3.6 1 2.60 3.86 2.30 

3.7 1 1.56 2.73 1.46 

 

Table 3.1 Product ratio analysis for steroidal calix[4]pyrroles. All product ratios 
were calculated from HPLC analysis after isolation and 
determination of structure by CIMS and NMR spectroscopic means.  
Ratios were normalized relative to the peak area of the αβαβ  isomer. 
In the case of both 3.6 and 3.7, it was this isomer that was obtained 
in the lowest yield. 
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3.5 BINDING EVALUATION THROUGH THE USE OF –FABMS. 

 
The mobile nature of the linking arms used to attach the steroid subunits to 

the meso-positions in 3.6 and 3.7 imparts a large degree of flexibility that should 

allow these systems to adopt geometries suitable for substrate complexation. To 

the extent this proved true, we reasoned that these steroid functionalized 

calixpyrroles would be useful as anion and/or neutral substrate receptors. As a 

first test of the above hypothesis, -FABMS was used to test the molecular 

recognition properties of 3.6 and 3.7. After looking at a number of sugars, and 

amino acids, using -FABMS to screen for their affinity toward receptors 3.6 and 

3.7, a positive “hit” was obtained when tartaric acid was used as a substrate in the 

case of 3.7. Here, complex formation was evident in the gas phase as inferred 

from the presence of ion peaks corresponding to the complex anion. Further, a fair 

degree of enantioselevtivity was observed, with the extent of this selectivity being 

highest for the αααβ  isomer. This positive result for receptor 3.7 stands in 

contrast to what was observed with 3.6.  Here, a much lower degree of interaction 

was seen in the gas phase as can be inferred from an inspection of Figures 3.5 and 

3.6. In fact, in contrast to what proved true for 3.6, calixpyrole 3.7 showed such 

strong binding that enantioselective recognition is apparent even when this system 

was tested in the form of a crude mixture of unseparated configurational isomers.  
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Figure 3.5  -FABMS results for compound 3.7 with selected anions.  Note: For 
these studies a large excess ( > 100-fold) of the carboxylic acid in 
question was mixed with the receptor in methanol and subjected to -
FABMS analysis. The ratios depicted, are the ratios in percentages 
with relation to the parent ion peak. It is of note that in all cases the 
parent ion peak was either 3.7a, 3.7b, 3.7c, 3.7d, or that associated 
with the complex anion formed from these receptors and the 
deprotonated form of the acid in question. 
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Figure 3.6 -FABMS results for compound 3.6 with selected anions.  Note: For 
these studies a large excess ( > 100-fold) of the carboxylic acid in 
question was mixed with the receptor in methanol and subjected to -
FABMS analysis. The ratios depicted are the ratios in percentages 
with relation to the parent ion peak. It is of note that in all cases the 
parent ion peak was either 3.6a, 3.6b, 3.6c, 3.6d, or that associated 
with the complex anion. There is also a large difference in scale for 
this figure as compared to Figure 3.5. 
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From the above data, as well as independent studies, important insights 

were gained into the way in which the steroid calixpyrrole receptor 3.7 interacts 

with tartaric acid. One key hint came from noting tha t the extent of interaction 

with the squaric acid remained relatively constant for both 3.6 and 3.7.  However, 

when a more complex substrate, such as tartaric acid, was employed, a 

pronounced relative enhancement in binding is seen in the case of 3.7, with a 

corresponding decrease in binding to 3.6 being observed. Further, in the case of 

3.7, enhanced enantioselectivity is observed.  By contrast, no stereoselectivity is 

seen for 3.8, a system that is also a poor receptor as far as net overall affinity is 

concerned.  This led us to conclude that the large number of hydroxyl groups 

present in 3.7 are required to achieve appreciable selectivity.  It also raised the 

intriguing possibility, at least in our mind, that normal tetrapyrrolic NH-to-anion 

hydrogen bond ing interactions may not be responsible for the binding of tartaric 

acid and the other complex substrates of this study.  To test this latter hypothesis, 

we studied the binding of R-tartaric acid to 3.7 in competition with tetrabutyl 

ammonium fluoride. Under these conditions, both anions are bound as inferred 

from –FABMS analysis, a finding that is consistent with tartaric binding taking 

place largely within the core of the steroidal scaffold.   

Once the above findings were made, a substrate that was sought might 

provide an alternative spectroscopic handle.  After further screening studies, it 

was found that mandelic acid also gave a positive hit, as judged from –FABMS 
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analysis.  Again, the best enantioselectivity was seen in the case of the αααβ 

isomer and once again for the R- stereoisomer, as can be seen in Figure 3.7. 
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Figure 3.7 -FABMS results showing the interaction compound 3.6 with selected 
anions.  Note: For these studies a large excess ( > 100-fold) of the 
carboxylic acid in question was mixed with the receptor in methanol 
and subjected to -FABMS analysis. The ratios depicted are given as  
percentages relative to the parent ion peak. It is of note that in all 
cases the parent ion peak was either 3.7a, 3.7b, 3.7c, 3.7d, or that 
associated with the complex anion. 
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3.6 EXTRACTION OF TARTARIC AND MANDELIC ACIDS FROM AQUEOUS 
SOLUTION USING STEROIDAL CALIX[4]PYRROLES. 

 
To put on a more solid footing the preliminary results we were observing 

in the gas phase using -FABMS analysis, direct extraction studies were carried 

out. As shown in Figure 3.8, the R antipodes of both tartaric acid and mandelic 

acid were extracted more efficiently when isomer 3.7c was used as an extractant.  

Further, as in the case of the -FABMS analyses, the enantioselectivity matched 

what would be expected for a mechanism that involved direct interaction between 

the chiral, steroid-derived walls of the extended cavity calixpyrrole and the 

anionic form of the carboxylic acid in question.  Consistent with this hypothesis 

were the expected further findings that neither the isomeric mixtures of 3.6 or 3.7, 

or even the αααβ  isomer of 3.6, proved as effective as extractants, as judged by 

both enantioselectivity and absolute into-dichloromethane mass transfer ability. 
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Figure 3.8 Receptor-mediated extraction of non-racemic carboxylic acids from 
water (pH = 7) into dichloromethane.  Note: The data is from an 
average of two extractions and depicts the amount of anion extracted 
by 3.7c into dichloromethane after vigorous shaking for a total of 5 
minutes, followed by letting the bi-phasic system stand for one hour.   
For this experiment, one mL each of both dichloromethane 
containing a stock solution of calixpyrrole 3c (0.26 mmol) and water 
containing a stock solution of α-hydroxy acid (6.60 mmol).were 
used.  
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3.6 CONCLUSION 

 
In conclusion, a high yield synthesis of non-racemic, steroid-based 

carboxylic acid receptors that are predicated on the use of calix[4]pyrroles as a 

semi-rigid scaffold has been developed. The best of these receptors, the 

polyhydroxylated αααβ  configurational isomer, 3.7c, shows evidence for 

enantioselective binding in the case of tartaric acid and mandelic acid.  This 

finding is rationalized in terms of multiple substrate-receptor hydrogen bonding 

interactions that involve not only specific anion-pyrrole NH contacts, but also less 

well-defined steroid-substrate interactions.  The importance of these latter 

ancillary contacts is underscored by the fact that receptors 3.6 and, especially, 3.8 

proved far less effective than 3.7, as judged by either mass spectrometric 

screening or more direct extraction methods.  

In addition, we successfully separated four configurational isomers 

through the use of isocratic HPLC techniques.  While separation was achieved, 

large-scale preparation of distinct configurational isomers remains elusive in that 

only very small aliquots can be separated.  Fortunately, our findings also 

highlighted the fact that receptors 3.7a-d, which contained the requisite hydroxyl 

donor functionality but presumably a less than optimal configurational geometry, 

displayed the same antipodal selectivity (R > S) as 3.7c, albeit at a diminished 

level.  This latter finding is important from a practical perspective since it leads to 
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the suggestion that for certain applications (e.g., bulk extractions) it may not be 

necessary to effect separation of the individual configurational isomers.  This, in 

turn, augers well for the eventual “real-world” use of systems such as those 

described in this chapter. 
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Chapter 4: The utility of 3,4 difluoropyrrole, synthesis of higher 
order fluorinated calix[n]pyrroles 

4.1 INTRODUCTION 

 
As was stated in the introduction, the synthesis of higher order 

calix[n]pyrroles defines a key goal in this field.  Modifying the core size is 

perhaps the most obvious way to alter affinities towards anions. While several 

syntheses of calix[n]pyrroles have been introduced, particularly for n = 6, the fact 

remains that higher order calix[n]pyrroles, are generally not the thermodynamic 

products in most cases and are therefore, generally not stable under moderately, 

and in most cases, mildly acidic conditions. 
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4.2 GOALS 

 
 The primary goal of the research described in this chapter was to prepare 

higher order calix[n]pyrroles.  In doing so, we also wanted to alter the inherent 

selectivity order found in nearly every other example of calix[4]pyrroles.  This let 

us to consider using 3,4-difluoro pyrrole as the precursor. This species is electron 

deficient. We expected it to react more slowly, hence, giving more control over 

the progress of the reaction, thus allowing for the possible isolation of higher 

order calix[n]pyrroles.  While this approach has failed in the past, the extremely 

electron deficient 3,4-difluoropyrrole may overcome these prior difficulties. 

 Even if only the calix[4]pyrrole product was formed, this method would 

be useful in that increased binding in relation to its non-fluorinated congeners 

would be espected.  Previous work had shown that other electron-donating (or 

withdrawing) β-substituents induced major changes in the binding affinity. 
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4.3 ATTEMPTED SYNTHESIS OF A CALIX[6]PYRROLE VIA A COVALENT 
TEMPLATING APPROACH. 

 
 Early reactions in both Lewis acidic and protic conditions showed 

evidence for the formation of trace quant ities of higher order calix[n]pyrroles 

where n = 5-8.  Unfortunately, repeated attempts to isolate these by-products 

generally proved unsuccessful.  Only in one specific case, where the meso groups 

were hydroxymethyl, could anything be isolated and only then as a mixture of 

calix[5]pyrrole, 4.1, and calix[6]pyrrole, 4.2 (Figure 4.1).  This precluded any 

kind of characterization except by HRMS techniques.  In fact, further attempts to 

separate this mixture by chromatography over silica gel led to full degradation of 

this mixture on the column, presumably due to the weak Lewis acidic nature of 

silica gel.  Such degradation, or at least “reversion” back to the corresponding 

calix[4]pyrrole was seen in all cased save one that will be covered later in this 

chapter.  
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Figure 4.1 Structures of two higher order calix[n]pyrroles that were formed under 
the conditions of a “normal” condensation, but never isolated. 

 

 As stated before, the first higher order calix[n]pyrroles synthesized by 

Gale et al. in which a preorganized calix[5]arene pentaketone was used as a 

template for the formation of the calix[5]pyrrole.  Unfortunately, this system 

suffered from the drawback of being tethered with strong, covalent bonds that 

precluded release of the calix[5]pyrrole from the template.  It did, however, 

demonstrate  the viability of the template approach, assuming a way to remove the 

calix[n]pyrrole product could be designed.   

 To form this type of a system, we looked towards a covalent bond that 

could be labilized by treatment with base or a reductant following the reaction, 

since it was expected that the calix[n]pyrrole would retain its form when 
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subjected to such conditions.  In addition, we needed a system that was able to 

preorganize between five to eight pyrrole subunits in a geometric arrangement 

suitable for cyclization.   This approach led us to target a calix[6]pyrrole system, 

with benzene as the likely covalent template.  This choice provides a six-point 

template, while also offering the possibility of using N-benzyl bonds as the labile 

function to free up the macrocycle after its putative formation. 

 With these considerations in mind octrabromomethylbenzene, a 

commercially available product, was chosen as the starting material.  Following a 

known procedure for preparing N-benzylpyrrole, we converted this material into 

the hexasubsituted product, 4.3, in good yields as shown in Scheme 4.1. 
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Scheme 4.1 Synthetic protocol for the formation hexapyrrolylmethylbenzene. 

 

In addition, to 4.3 a montage of partially reacted species were also formed.  

These, could be resubject to reaction to produce even more of the N-
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hexapyrrolylmethylbenzene, 4.3. Product 4.3 proved moderately soluble in a 

range of organic solvents and upon crystallization from ethyl acetate overlaid with 

hexane beautiful hexagonal crystals were formed.  This allowed the structure  of 

4.3 to be determined by X-Ray crystallographic analysis; it is shown in Figure 

4.2. 

 

 

Figure 4.2 X-ray crystal structure of the hexapyrrolylmethylbenzene 4.3.  Notice 
the alternate conformation of the pyrrole appendages with respect to 
the benzene plane. 
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Following the synthesis of this stable starting material, attempts were 

made to effect cyclization to the corresponding “capped” calix[6]pyrrole system, 

4.4.  Analysis of CPK models for this system, predicted that the product could 

indeed be stable, and a variety of conditions were attempted as shown in Scheme 

4.2.  Unfortunately, in all cases, incomplete cyclization was always seen as judged 

by MS analysis.  In fact, as a general rule, only four, and not six, pyrroles ended 

up getting bridged to produce  a mixture of isomers.  In one case, linkage between 

five of the six pyrroles was inferred.  However, the product was found in very 

small quantity.  
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Scheme 4.2 Attempted synthesis of a covalently templated calix[6]pyrrole. 

 

While somewhat disheartened by these early results, a closer inspection of 

the crystal structure and its conformation involving alternating pyrroles, provided 

a rationale for the incomplete reaction.  In particular, we came to appreciate that 
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the percentage of time where all the pyrroles are lined up on the same side of the 

benzene, was vanishingly small.  This and the fact that the reaction itself is more 

than likely under thermodynamic control, simply didn’t allow this reaction to take 

place to any appreciable extent.  Therefore, using the same strategic method, we 

synthesized a pinwheel type structure bearing three, instead of six, appended 

pyrrole units (4.5). Here, 1,3,5 trihydroxymethylbenzene was used as the starting 

material as outlined in Scheme 4.3. 
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Scheme 4.3 Direct synthesis of 1,3,5-tripyrrolylmethylbenzene. 

 

This reaction proceeded in excellent yields, with no incompletely 

condensed side products being observed at the completion of the reaction.  Using 

this new starting material, a condensation with acetone was attempted in the 

hoped of forming a sandwich-type structure, 4.6, in which the calix[6]pyrrole was 

capped with benzene rings on either side of the structure.  However, as in the case 
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for 4.3, incomplete condensation were observed under all attempted reaction 

conditions (Scheme 4.4).   
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Scheme 4.4 Attempted synthesis of a bis-capped calix[6]pyrrole. 

 

In conclusion, although this method appeared quite viable from modeling 

studies, it failed to produce any of the desired calix[6]pyrrole products.  

Presumably this reflects the fact that, even at heightened temperatures, sufficient 

energy could not be brought to bear to overcome the threshold to forming the 

capped higher order calix[6]pyrrole systems.  However, by this point in the 

research project, we had become more aware of the fact that, even when they 

formed, the calix[n]pyrrole systems where n > 4  would likely be unstable from a 

thermodynamic perspective. This led us to consider the preparation of fluorinated 

systems, which unlike other calix[n]pyrroles, were expected to be stabilized from 

a kinetic perspective for many values of n.   
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4.4 SYNTHESIS AND FORMATION OF THE FIRST FREE HIGHER ORDER 
CALIX[N]PYRROLES BY DIRECT CONDENSATION APPROACH. 

 
 With the acquisition of 3,4-difluoropyrrole, 4.7, in reasonable quantities 

from Dr. Manuel Marquez of Kraft Foods, Inc., our group succeeded in preparing 

the octafluorinated calix[4]pyrrole, 4.8,  (Scheme 4.5).49  As might be expected, 

its affinity towards the usual set of anions was increased relative to 

octramethylcalix[4]pyrrole as was judged by simple 1H NMR binding studied in 

acetonitrile.  During this reaction, the formation of some higher order 

calix[n]pyrroles was also noted.  These species appeared to be formed in larger 

than during the preparation of simple calix[4]pyrroles.  However initial isolation 

and characterization by normal means proved difficult. It was at this point that I 

entered this project, working in collaboration with a post doc in the group, Dr. 

Pavel Anzenbacher, Jr.. 
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Scheme 4.5 Synthetic scheme for the formation of octafluorocalix[4]pyrrole. 
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 The synthesis of 3,4-difluoropyrrole,50 while published, is not easy to 

accomplish on a multigram scale.  While the bulk of the material used to prepare 

4.8 and the other calixpyrroles described in this chapter, it was recognized that for 

more in depth studies, we had to be able to produced this material for ourselves.  

We thus sought to study the first two steps in the synthesis of 3,4-difluoropyrrole 

starting from commercially available 2,2,3,3-teterafluoro succinic acid, 4.9.  This 

process proceeded in accord with the published procedure, even when scaled to a 

25 g scale. These first two steps are shown in Scheme 4.6. and involved the initial 

formation of the fluorinated diester, 4.10,  by standard Fischer esterification in 

90% yield.  The next step involved converting this product to the diamide 4.11 by 

simply bubbling dry ammonia through a solution of 4.10 in ether followed by 

filtration of the solid precipitate.51 This gave 4.11 in 85% yield. 
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Scheme 4.6 Synthesis of tetrafluorosuccinate diimide via esterification and its 
subsequent, amide formation. 
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The third step, shown in Scheme 4.7, proved much more difficult to scale 

up.  Presumably, this reflected the instability of the product under reaction 

conditions.  Literature precedence, coming from a very old preparation, called for 

addition of 1 equivalent of concentrated sulfuric acid under reduced pressure and 

then distilling off the succinimide product 4.12.  It was noted in the first attempt 

at this reaction on a small scale, that although sublimation of the product very 

little in the way of the expected distillation was seen. Coaxing the product to 

distill off may require precise control of the pressure.  However, since we were 

looking for a relatively easy and reproducible method for preparing 3,4-

difluoropyrrole in bulk, we decided to exploit the sublimable nature of 4.12.  

Before discussing this strategy, comments on some of the other problems are 

warranted.  Prime among them was that hydrolysis of the diamide to the diacid 

was seen, often with up to 50% hydrolysis occurring in some instances.  

Separation of the resulting mixture proved difficult at best, particularly when 

attempts were made to exploit acidity differences to separate the products.  

Fortunately, we were able to recycle hydrolyzed diimide back into the reaction 

procedure through bulk transesterification. 

 Looking at the structure of the product for this reaction, 4.12, in Scheme 

4.7, led to some insights into possible problems that may have incurred.  As can 

be seen by inspection of its line drawing structure, the tetrafluorosuccinamide is 

expected to be quite acidic.  In fact, we found that we could not even extract it 
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into the organic phase with 4M HCl.  If you consider that there is a five pKa 

acidity reduction between acetic acid and trifluoroacetic acid, one might expect at 

least an eight pKa unit decrease  for 4.12 as compared to succinamide itself.  The 

extent this is true, the acidity of 4.12 is on the order of that of the hydronium ion.   
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Scheme 4.7 Ring closure of diimide 4.11, leading to perflourinated succinamide 
4.12. 

.   

To exploit the ease in sublimation of key intermediate 4.12, a sublimation 

apparatus was connected directly to the flask on the imide forming reaction in 

sulfuric acid.  Initially, a small amount of water condensed on the apparatus, but 

after removal, we saw sublimation of the derived product, leading to an 80% yield 

of isolated product.  This method proved very convenient in that the product was 

removed from the reaction vessel immediately upon its formation.  This 

minimized the possibility of it undergoing hydrolysis or other side reactions.  

Further, it allowed the acidity to an extent where it was easy to ensure the product 

was found in its protonated state.  
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The next step was reduction of the succinamide to the corresponding 

pyrrolidine 4.13.52 Initially, this was attempted using a borane/THF complex with 

the expectation that the reaction would prove straight forward.  In fact, difficulties 

were encountered, apparently due to the high vapor pressure of the borane 

complex and the decreased reactivity of 4.12 compared to other imides as a result 

of the electron withdrawing nature of the fluorine substituent.  Nonetheless, this 

reaction may be scaled up to the gram scale, provided one is content to isolate the 

HCl salt as shown in Scheme 4.8.  Currently, efforts are being devoted to scaling 

this reaction up further. 
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Scheme 4.8 Reduction of the tetrafluorosuccinimide 4.12 to the pyrrolidine 
intermediate 4.13. 

 

The final step in the synthesis of 3.4-difluoropyrrole relies on a more 

modern technique that involves dehydrofluorination under basic cond itions 

(Scheme 4.9).  According to the literature, this reaction can be run on multi-gram 

scale and, upon isolation of larger quantities of 4.13, should allow large amounts 

of 3,4-difluoropyrrole, 4.7, to be isolated 
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Scheme 4.9 The final step in the synthesis of 3,4-difluoropyrrole 4.7. This 
sequence involves the dehydrofluorination of pyrrolidine 4.13. 

 

With moderate quantities of 4.7 in hand, mostly as the result of gifts from 

Dr. Marquez, we then went on to test the reaction conditions needed to optimize 

the formation and isolation of higher order fluorinated calix[n]pyrroles (Scheme 

4.10).53  Here, in order to test for product distribution, aliquots of the reaction 

mixture were injected into a normal phase HPLC system using acetone/hexanes as 

the eluent with monitoring being effected at 215 nm. This wavelength 

corresponds to the pyrrole absorption while remaining transparent to acetone. The 

resultant peaks were analyzed via + CIMS to determine the order of elution and to 

facilitate their studies. A sample of a chromatogram for a standard reaction is 

shown in Figure 4.3.   
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Scheme 4.10 Product formation for standard macrocycle forming reaction 
conditions. 

 

Figure 4.3 HPLC chromatogram of a reaction in its early progression.  
Assignment of the peaks are as follows:  a, solvent front (differences 
in reaction media to eluent); b, 1,3-dibromobenzene (internal 
standard); c, 4.8; d, 4.14, e, 4.15, f, dipyrrolylmethane; g, tripyrrane; 
h, tetrapyrrane; j, higher order linear products. 
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After determining the order of elution and making tentative assignments of 

the various peaks, we achieved separation of not only the 

octafluorocalix[4]pyrrole, 4.8, but also decafluorocalix[5]pyrrole, 4.14, and 

hexadecafluorocalix[8]pyrrole, 4.15.  This was done using flash chromatography 

over silica gel  using the same eluent system as for the HPLC system.  It should 

be noted, that under the standard reaction conditions, we were initially unable to 

detect the presence of either dodecafluorocalix[6]pyrrole, or 

tetradecafluorocalix[7]pyrrole by this means.  In fact, careful analysis of the 

+CIMS spectrum for the whole reaction mixture revealed the presence of only 

tiny signals that could be ascribed to these two species. On the other hand, 

successful separation and isolation of the calix[5]- and calix[8]pyrrole species 

served a two-fold purpose.  Obviously, it allowed for successful characterization 

by traditional means, while allowing quantification of the conditions needed to 

optimize the reaction.   

 Decafluorocalix[5]pyrrole was isolated early on in the course of this study 

and crystal growth was effected by slow evaporation of an acetone solution.  As 

can be seen from inspection of the  resulting crystal structure, shown in Figure 4.4, 

the product had a slightly deformed structure.  Perhaps this reflects an inability to 

adopt, for steric reasons, alternating conformation.   
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Figure 4.4 View of 4.14 showing the heteroatom labeling scheme.  Thermal 
ellipsoids are scaled to the 30% probability level.  Hydrogen atoms 
shown are drawn to an arbitrary scale. 

 

Crystals of the hexadecafluorocalix[8]pyrrole were grown by the same 

method and the resulting X-ray structure (Figure 4.5) revealed a twisted structure 

in which there is an internal inversion center and two intramolecular hydrogen 

bonds between the β-fluorides and the NH pyrrolic hydrogens. 
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Figure 4.5 View of 4.15 showing the hydrogen bonding interactions.  Thermal 
ellipsoids are scaled to the 30% probability level.  Hydrogen atoms 
shown are drawn to an arbitrary scale.  Additionally, there are two 
N-H…F intramolecular interactions.  The geometry of these 
interactions are:  N1-H1N…O1A, N…O 3.000(2) Å, H…O 2.14(2) Å, 
N-H…O 171(2)°; N2-H2N…O1b, N…O 2.926(2) Å, H…O 2.08(2) Å, 
N-H…O 171(2)°; N3-H3N…F7 (related by -x, -y, 1-z), N…F 2.932(2) 
Å, H…F 2.27(2) Å, N-H…F 138(2)°.  
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4.5 IN-DEPTH CONDITION STUDY FOR THE CONDENSATION BETWEEN 3,4-
DIFLUOROPYRROLE AND ACETONE. 

 
 In the course of these first syntheses of free higher order calix[n]pyrroles 

in a single condensation step, a great deal was learned about how to optimize the 

conditions to favor a given set of products.  Insights were also gained into why, 

when 3,4-difluoropyrrole was used as a pyrrolic precursor, we were able to isolate 

the calix[5]- and calix[8]-species that have previously proved so elusive.  

 By adding an internal standard, during the HPLC optimization studies, we 

were able to quantify the relative amount of each of the calix[n]pyrroles formed 

under any given experimental conditions.  Here, the choice of a internal standard 

was non-obvious.  Thus, after a few examples were tested, 1,3 dibromobenzene 

was chosen as the internal standard.  To make the analysis reasonably 

reproducible, the amounts of materials put into the reaction mixture had to be 

controlled to very precise levels.  The experimental procedure was adjusted 

accordingly. Finally, we wanted to be able to monitor the kinetics of the reaction 

to test for the effects of reactant  on variations in concentration and reaction times. 

 With these considerations in mind, a standard stock reference solution 

containing the internal standard 1,3-dibromobenzene in hexanes:acetone eluent 

was prepared in volumetric glassware.  A small aliquot of the reaction mixture 

was then added to a known volume of this solution, meaning that, after correcting 

for volume, it would be possible to back calculate the various concentration 
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values involved.  An example of a concentration vs. time profile for the initial 

reaction conditions is shown in Figure 4.6, with the concentration of each of the 

calix[n]pyrroles formed being sampled at each time point. The concentration of 

both 4.7 and acetone were on the order of 50 mM for these experiments.  In all 

cases, the curves were pretty smooth, giving us confidence that the internal 

standard method is viable.  In no cases, however, was it possible to construct a 

full time course profile, since no fewer than ten species are present in the solution 

as stable entities. 
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Figure 4.6 Concentration profile, showing the concentration of products present 
at each given time point.  Initial concentrations of 50 mM were used 
for both 3,4 difluoropyrrole and acetone in methanol with 
methanesulfonic acid catalyst. 

 

As a comparison, similar profiles were made up starting with initial 

concentrations of 4.7 and acetone that are on the order of 200 mM.  As can be 
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seen from the resultant curves, this modification led to a reaction that was deemed 

complete in approximately half the time as when the initial concentrations were 

50 mM.  Under these conditions, little of any degradation of the calix[5]pyrrole or 

calix[8]pyrrole was seen with time as shown in Figure 4.7. 
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Figure 4.7 Concentration profile, showing the concentration of products present 
at each given time point.  Initial concentrations of 200 mM were 
used for both 3,4 difluoropyrrole and acetone in methanol with 
methanesulfonic acid catalyst. 

 

It was deemed instructive to look at the reaction run at higher initial 

concentrations by constructing a plot where the observed concentrations of 4.8 at 

any given time are compared to those of 4.14 and 4.15.  This representation also 

helps underscore the lack of degradation, or even product redistribution, over a 

time under acidic reaction conditions (Figure 4.8). 
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Figure 4.8 Ratio of higher order fluorinated calix[n]pyrroles to standard 
fluorinated calix[4]pyrrole formed as a function of time.  The 
reaction conditions are those identical in the caption to Figure 4.7.  
Note how there is little to no degradation or redistribution of these 
higher order products as the reaction is allowed to proceed for a long 
time. 

 

 The results of analogous optimization studies are summarized in Table 

4.1.  They, and the results of the experiments described above, help to highlight 

the extreme stability of these higher order calix[n]pyrroles. 
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Temp °C Timea, h [acetone] mM [4.7], mM Yield of 4.14 Yield of 4.15 

25 193 50 50 21.0 4.3 

25 73 75 50 31.5 8.8 

25c 388 100 50 23.2 0 

25 40 200 200 27.7 16.0 

64 23 50 50 0 0 

25 2 1000 1000 0 0 

 

Table 4.1 Results of yield optimization studies for fluorinated calix[n]pyrroles. 
Note: All reactions were run in methanol, with the same concentration of 
methanesulfonic acid as the catalyst in each experiment. a The optimum time was 
arbitrarily chosen as that when the concentration of 4.8 was at a maximum.b Appreciable peaks 
corresponding to starting material and open chain oligomer products were noted under these 
reaction conditions. 
 

 Careful inspection of this reaction table shows how the initial reactant 

concentrations play a critical role in determining the ratio of products formed in 

the reaction.  We were able to control these conditions to optimize the yield of 

4.15 up to a ca. 31.5% yield.  We were also able to increase the yield of 4.16 up to 

a maximum of 16.0%.  Thus good yields were seen at initial high concentration 

values, something that could just reflect an increase in collision frequency.  From 

a mechanistic, as opposed to a preparative, perspective the final two entries are 

the most intriguing.  They show that high temperatures obviate the formation of 

the higher order calix[n]pyrroles.  In addition, increases in effective polarity can 

tune the reaction towards similar trends.  
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 As implied above, at elevated temperature, no detectable higher order 

calix[n]pyrroles were isolated, just the parent molecule 4.8.  Such a “failure” was 

not entirely unexpected. It was thought to reflect the fact that under these 

conditions the reaction was under true thermodynamic control, just as in the case 

of all other calix[n]pyrrole forming reactions studied to date. To the extent this 

was true, it would mean that 4.14 and 4.15 were kinetic products, and only 

metastable as regard to “reversion” back to the calix[4]pyrrole form, 4.8. 

As a test for this hypothesis, we subjected pure, isolated 4.14 and 4.15 to 

the reaction conditions at both room and elevated temperature as shown in 

Scheme 4.11.  What we observed was that both species remained intact at ambient 

temperature, but after 24 hours at elevated temperature, were converted 

completely “back” to 4.8.  In addition, when 4.7 and acetone were condensed at a 

1 M concentration, similar thermodynamic-type behavior was seen. This is 

rationalized in terms of the enhanced solution polarity stabilizing the benzylic 

carbocation-like transition state associated with macrocycle opening or reversion 

back to the calix[4]pyrrole form.   
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Scheme 4.11 Illustration of how the higher order calix[n]pyrroles, 4.14 and 4.15, 
undergo “reversion” back to the corresponding calix[4]pyrrole 
when subjected to the reaction conditions at increased 
temperature. 
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4.6 MECHANISTIC AND THERMODYNAMIC EXPLANATION OF THE REACTION 
PROFILE. 

 
 As hinted at in the preceding section, we feel that we have finally solved 

the puzzle as to why simple, fluorine-free higher order calix[n]pyrroles have 

remained so elusive.  If any is formed, reequillibration generally occurs, leading 

to isolation of the parent calix[4]pyrrole product.  Such reversion is facilitated by 

acid or heat but, in contrast to what is true for the fluorinated species, actually 

requires neither to be rapid.   

 The above explanation can be formulated on a more mechanistically solid 

basis, by considering the first “reversion” step while taking into account that 

similar steps occur along the reaction coordinate between acetone, pyrrole, and 

calix[n]pyrrole.  Briefly, calixpyrrole, under acidic conditions, can protonate. This  

event can be followed by an opening of the macrocycle to form a carbocationic 

species as shown in Scheme 4.12. 

 In the case where the β-pyrrolic substituents are H, the incipient benzylic-

like carbocation is also tertiary and thus very stable.  With the addition of very 

electron withdrawing groups, however, the stability of this carbocation is 

decreased. This, in turn, makes it harder to generate and it is this difficulty that in 

fact limits the reverse reaction in the case of the fluorinated cases.  This can also 

be explained in terms of the reaction path diagram shown in Figure 4.9 
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Scheme 4.12 Proposed mechanism that illustrated the first step in the ring 
opening of calix[n]pyrroles after protonation of calixpyrrole.   

 

Figure 4.9 Reaction path diagram for the condensation of acetone with, 
separately, 3,4 difluoropyrrole and pyrrole. It should be noted that 
this reaction path diagram is simplified to show the two steps 
covered in Scheme 4.12.  Note: the energy for the protonated 
calix[4]pyrole (CpH+) has been held constant for ease in 
comparison.   



 136 

 

 In the case of the condensations run at high initial reactant concentration, 

assuming a higher reaction medium polarity, solvation becomes more complete 

for the carbocation, thereby lowering the energy of the transition state.  This 

concept is illustrated schematically in Figure 4.10.  

 

Figure 4.10 Reaction path diagram for the condensation of acetone with 3,4 
difluoropyrrole at two different concentrations (and thus, solvent 
polarity). It should be noted that this reaction path diagram is 
simplified to show the two steps covered in Scheme 4.12.  Note: the 
energy for the protonated calix[4]pyrole (CpH+) has been held 
constant for ease in comparison. 
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4.7 ANION TEMPLATION AND THE FORMATION OF DODECAFLUORCALIX -
[6]PYRROLE. 

 
 While providing considerable insight into the reaction mechanism for 

calix[n]pyrroles, the above analysis also generated some unanswered questions.  

In particular, why was little or no dodecafluorocalix[6]pyrrole, 4.16,  or 

tetradecacalix[7]pyrrole, 4.17 seen?  There are two obvious answers to this 

question: First, there could be extremely poor overlap between the electron-

withdrawing fluorine substituents and the presumed intermediate benzylic- like 

cation, which would reduce the presumed kinetic stabilizations these substituents 

impart.  Second, if and when formed, these products would be subject to steric 

strain that would make them inherently unstable.    

 While at present we are unable to distinguish between these two limiting 

mechanistic possibilities, a careful look at some of the intermediate 

chromatograms for the condensation of Scheme 4.9 revealed two peaks with 

much greater retention times than even 4.15 (Figure 4.11). However, as a general 

rule these two peaks would no longer be present by the time the reaction had 

reached completion.  Such a finding is consistent with these two higher order 

calix[n]pyrroles being formed, but being thermodynamically unstable.  It is also 

consistent with them having twisted structures that just suffices to add enough 

steric strain to render them unstable (in a thermodynamic sense) at room 

temperature, given that slightly twisted structures are seen 4.14 and 4.15.  It leads 
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us to suggest that intermediate-sized calix[n]pyrroles would also be sterically 

strained.  Certainly, this is the case for the non-fluorinated calix[6]pyrroles 

discussed in Section 1.6 (Figure 4.12).  

 

 

Figure 4.11 HPLC trace of an aliquot of the reaction mixture produced from the 
reaction of 3,4-difluoropyrrole and acetone taken after the start of the 
reaction.  The reaction was run at -10° C.   

 

In light of the above considerations, a method was sought that would 

allow these higher order calix[n]pyrroles to be synthesized directly under altered 

conditions that might allow for their isolation. In particular, by running the 

reaction at low initial concentrations and at reduced temperature (-10° C), it was 

found that the reaction proceeded very slowly to produce a small amount of 4.16, 
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albeit in very low yields.  To improve on this, we explored the use of an anion 

template to help form a desired macrocycle.   

 

Figure 4.12 Single crystal structure of a non fluorinated symmetrical 
calix[6]pyrrole synthesized by Kohnke.  The contorted, bowl shape 
of the molecule is apparent.  Note the inclusion of two water 
molecules within the unit cell.  This structure was produced from 
coordinates downloaded from the Cambridge database. 

 

 At reduced temperature, specifically -10° C, and in the presence of TBA 

chloride, the otherwise standard condensation procedure gave a 20% yield of 

4.16, along  with a trace of 4.17 (Scheme 4.13).  As was true when the reaction 

was run at room temperature, decomposition of 4.17 proceeded slowly until none 

was left.  This actually proved advantageous in the isolation of 4.16 (since the 
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major by-product proved so easy to remove). Of course, as in prior cases, the 

dominant products were 4.08 and 4.14. 
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Scheme 4.13 Additional products formed in the presence of a chloride anion 
template at reduced temperature. 

 

 Other anion templates were also tried, and interestingly when very large 

anions such as PF6
- were used, calix[n]pyrroles where n = 9-12 were detected by 

HPLC and MS.  Unfortunately, the quantities produced proved too small to 

isolate.  
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4.8 BINDING AND EXTRACTION DATA, A COLLABORATIVE EFFORT. 

 
 Several different approaches were pursued in an effort to study the anion 

properties of 4.14 and 4.15.  First, in collaboration with Dr. Pavel Anzenbacher, 

Jr., both while he was a postdoc in the Sessler groups and subsequently when he 

had in independent position at Bowling Green State University, standard 1H NMR 

binding studies were carried out.  These analyses revealed in accord with what we 

had assumed given the trends seen for the octabromocalix-[4]pyrrole towards 

stronger and weaker anion binding octamethoxycalix[4]pyrrole towards weaker 

binding, respectively the affinity towards anions for 4.08 in acetonitrile was 

substantially increased both relative to the parent calix[4]pyrrole, and, in fact, 

other calix[4]pyrrole derivatives made up to that date.  

The decafluorocalix[5]pyrrole was also studied early on by carrying out 

standard 1H NMR spectroscopic titrations in acetonitrile. These studies gave rise 

to Ka values for fluoride and chloride anion (studied as their TBA salts) of 

respectively  60,000 and 40,000 M-1.  While difficult to compare directly to 

previous 1H NMR spectroscopic studies of simple calix[4]pyrrole, since these 

studies were for the most part carried out in CD2Cl2, the values were found to be 

lower than those recorded by Schmidtchen using ITC measurements in 

acetonitrile solvent.  Sample binding curves, with appropriate experimental data, 

are shown in Figures 4.13 and 4.14. 
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Figure 4.13 1H NMR spectroscopic titration curve for 4.14 made by plotting the 
chemical shifts of the NH resonances as a function of varying TBA 
chloride concentration.  Acetonitrile-d3 was used as the solvent. 
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Figure 4.14 19F NMR spectroscopic titration curve for 4.14 made by plotting the 
chemical shifts of the β-fluorine as a function of varying TBA 
chloride concentration.  Acetonitrile-d3 was used as the solvent. 
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 Table 4.2 summarizes this data as compared to results found for 4.8 to 

note changes in affinity ratios. 

 

Anion 4.8 4.14 4.15 

Fluoride 17,000 62,000 Not determined 

Chloride 11,000 44,000 3500 

Pyrophosphate Not determined Not determined 36,000 

 

Table 4.2  Affinity constants (Ka) for calixpyrroles with selected anions.  All data 
was obtained in acetonitrile unless otherwise noted.  Anions were 
used as their tetrabutylammonium salts.  Units are M-1 where 
stoichiometry is known. a) Denotes the use of Methylene chloride as 
solvent.   

 

 For compound 4.15, the binding profiles are much more complex.  Such 

complexity has been seen in other studies of calix[n]pyrroles where n > 5.  In fact, 

the absence of a clean 1:1 binding process is likely one of the reasons Kohnke 

used an extraction type method to show trends in binding for his calix[6]pyrrole 

system.  A preliminary binding constant on the order of 3500 M-1 for TBA 

chloride was found by 1H NMR spectroscopic studies, a value that is an order of 

magnitude less than what was seen for 4.14.   A surprisingly high affinity of ca. 

36,000 M-1 was seen towards pyrophosphate dianion.  This latter species can 

presumably bind in a ditopic fashion making the Ka value consistent with the high 
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affinity one would expect for a twisted supramolecular structure in which both the 

host and guest are bound in a 1:1 fashion.  Unfortunately, to date we have been 

unable to assign the binding stoichiometry in a reliable manner. 
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4.9 EXTRACTION OF RADIOACTIVE CESIUM FROM WAS TEWATER. 

 
   The difficulties associated with making direct Ka measurements, coupled 

with a desire to begin exploring their possible “real” world utility, led us to 

explore the use of these systems as anion extractants and coextractants.  Initial 

efforts to carry out such studies at the University of Texas proved frustrating due 

to difficulties associated with quantifying the amount of anion extracted.  

Fortunately, at this juncture, we were able to enter into collaboration with Dr. 

Bruce Moyer at Oak Ridge National Laboratories.  The goals of this collaborative 

effort were twofold, namely a) to test the potential usefulness of these molecules 

as direct anion extractants and b) determine whether using calix[n]pyrroles as 

coextractants would improve the efficacy of known processes targeting the 

extraction of radioactive cations from aqueous wastes.  To date, only the second 

of these targeted goals has been pursued and then only in the context of 

radioactive cesium extraction (however, during the course of writing up this 

dissertation, I was informed that 4.08 acts as an effective sulfate anion extractant 

at high pH).   

Given this focus, a brief introduction to cesium extraction is appropriate.  

Cesium is found in almost all nuclear wastes, with concentrations ranging from 

10-6 M to 10-3 M.54 It cannot be removed by the conventional techniques of ion 

exchange.  Accordingly, extraction based methods are being pursued.  Currently, 
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the state-of-the-art  method involves the use of a calixarene, 4.18, as the primary 

extractant.  It is used in conjunction with a polyfluorinated alcohol coextractant to 

allow for a more complete solvation of the anion (usually nitrate), presumably as 

the result of breaking  up ion pairing effects.  Dr. Moyer in the U.S. and Dr. 

Jacques Vincennes in Strasbourg, France are the independent inventors of 4.18 

(shown in Figure 4.15), meaning both (or at least Dr. Moyer) have a keen interest 

in improving extraction processes based on its use. Initial extraction studies with 

simple calix[4]pyrrole revealed a ca. 10,000 fold increase in the cesium extraction 

efficiency when it was used in conjuncture with the cationic extractant, 4.18. 
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Figure 4.15 The structure of the biscrown ether strapped calixarene, 4.18, 
currently used to effect extraction of radioactive cesium from 
aqueous wastes. 

  This exciting result, led to testing a variety of calixpyrroles (both 

fluorinated and non-fluorinated) while we are currently evaluating the extensive 

body of complex data that had been obtained by Dr. Moyer and collaborators, 

preliminary indications are that when either 4.8 and 4.14 are used in conjunction 
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with 4.18, the extraction efficiency is drastically increased due to a breaking up of 

ion-pairing events. The enhancements are huge, being greater than 104, meaning 

that considerable excitement is now attendant to this project.   

The new preliminary results indicate that 2.1 can also “act alone” to 

extract Cs+ in the absence of coextractant 4.18.  A possible explanation for this 

effect is that the cesium cation binds into the polyarene core of the molecule when 

an anion is bound as shown in Figure 4.16.  Such cation-arene type binding 

behavior is not new and is something that has been seen in the case of calixarenes. 

That 4.8 and 4.14 fail to display analogous behavior can be explained in terms of 

the electron withdrawing nature of fluorine substituents that make the pyrrolic 

center too electron deficient to complex even the soft cesium cation. 
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Figure 4.16 Possible mode of binding for a three component calix[4]pyrrole, Cs+, 
and counter anion complexes.  While shown with nitrate as the 
counter anion, although a distribution of anions would be likely 
when applied in “real life” situations. 
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To support the coextraction studies, a quick, qualitative NMR titration was 

carried out to rule out the possibility of a direct interaction between the calixarene 

extractant 4.18, and the various calixpyrroles.  These tests revealed to no 

interactions between the two kinds of co-hosts, just as was expected. We are now 

attempting to co-crystalize 2.1 with a cation (namely cesium) to provide support 

for the proposal that it could act as a direct cation extractant.  We are also 

exploring the use of other electron rich calix[4]pyrroles, such as the known 

electron rich β-octamethoxycalix-[4]pyrrole. 
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4.10 CONCLUSION 

 
 As desired, we synthesized three higher order calixpyrroles using 3,4-

difluoropyrrole as a precursor.  Some preliminart binding studies were carried our 

by Dr. Anzenbacher.  While, selectivity inversion was not noted, a general trend 

towards the binding of larger anions with respect to core size was observed.  Such 

findings may enable future designed syntheses good basis for selectivity control.   

The key accomplishment of this research was insight into the 

thermodynamic and kinetic variables in calixpyrrole forming reactions.  

Specifically, the ability to control the product formation in certain instances, sets 

the stage for future calix[n]pyrrole design. 
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Chapter 5. Progress towards biological applications based on 
calix[4]pyrroles and similar non-conjugated polypyrrolic based 

entities. 

5.1 INTRODUCTION 

 
This chapter is designed to show briefly one direction in which 

calixpyrrole chemistry may go in terms of near-term future research.  Thus far, we 

have looked more at applications that are inorganic in nature; primarily, 

applications which target r wastewater remediation.  The next step of this reseach 

is to move on to biological endeavors.  To date, all the syntheses of structurally 

defined calixpyrroles have needed a large degree of fine-tuning in the purification 

stages. To make molecules that are able to transport and carry anions, and to do so 

on a reasonable scale, requires the development of reactions that form only one 

distinct product.  

While formally presenting ideas for future work, the present chapter is 

supported by about four months of recent experimental work.  Nonetheless, 

because it is forward looking, the long term goals and completed research and will 

be covered more in the style of a proposal.   
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5.2 SYNTHETIC TARGETS FOR ANION TRANSPORT 

 
Synthesis of calix[n]pyrroles, which are suited to fit more biological 

applications, is the long-term goal of current research.   For this, the mindset is to 

link various calix[4]pyrroles, with differences in inherent binding affinities 

toward chloride anion, in a stepwise approach to form a chloride pump.  In turn, 

this system could be properly appended, by altering the terminal functional sites, 

to help it incorporate into liposomes, and eventually, into cell membranes.  A 

recent publication of the first characterized biological anion channel in Nature, or 

more specifically its method of function, led to the some of the synthetic design of 

these types of structures, or more specifically its function.  

The biological channel functions through a stepwise approach, driven 

from binding to an initial sight, and a singular “one molecule at a time” 

propagation through the channel onto the other side. The X-ray structure of the 

published channel uses two, independent channels in its array.  In this case, the 

reverse movement of anions is strictly prohibited in that, as the molecule moves 

across the membrane, the next molecule moves into the binding site, thus 

prohibiting reverse propogation from occurring. 

 Incorporation of calixpyrroles with varying anion affinities as a sort of 

anion channel is a long-term target goal of our proposed gradient type system 5.1, 

(Figure 1). We are also targeting the first generation dimeric congener of 5.1 
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where only the fluoro- and hydrido calix[4]pyrroles are linked.  It is hoped, that 

this first generation attempt for a more simple systemmay lead some insight into 

future design before more complex systems are attemtped. Both of these systems 

have merit as possible “channels” depending on path length or size of the 

membrane, while containing some inherent flexibility in size to accommodate a 

targeted function through control of rigidity and length of the linker group.  The 

ClC chloride channel spans a membrane of 35Å in diameter, which roughly 

correlates to between 2-3 repeating calixpyrrole sub-units.  It should be noted that 

the approximate distance between carbonyls on a single calixpyrrole is roughly 

12-13 Å. 
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Figure 5.1 The proposed structure for our three fold stepped anion binder.  In this 
figure the linking groups remain undesignated but some possibilities 
include ester, amide or urea groups.  These decisions will be made at 
the point of synthesis as the exact needs for extra hydrogen bonding 
(or absence of) becomes more determined. 
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The premise behind this proposal is based on an anion gradient type 

system, where, upon binding, a mono-directional driving force will help anion 

transport occur.  If one looks at the kinetics of binding, the on/off rates are fast as 

evidenced by the detection of an averaged signal under NMR, or UV/Vis titration 

methods in the case of colorimetric calix[4]pyrroles.  Upon binding to the non-

halogenated side, there will be a lowering in total energy as the anion moves 

across the membrane onto the fluorinated calixpyrrole.  However, this will only 

be the case in one direction, thus inhibiting transport in one direction and 

enhancing it in the other.   

The hypothesis is that even with no directional control, this should allow 

freer (and apparent driving force), and thus faster, transport across a membrane 

until equilibrium is reached.  Note: This first generation design is not based on a 

single directional pump, but more the ability to allow free equilibration of anion 

concentration on either side of a barrier.   

  Current ideas are to append highly polar groups at both ends (i.e. 

phosphates, guanidinium, or other charged species) to promote channel, or 

channel like, formation. Methods of controlling the orientation of the molecule 

with respect to the cell or liposome membrane will provide different challenges in 

later stages of development.  However, control of the terminal groups (what we 

are relying on to promote “channel” formation) could be tuned to target a specific 

type environment, and possibly a specific membrane.   
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5.3 OTHER SYNTHETIC TARGETS BASED ON A COMMON STARTING 
MATERIAL. 

 
Intermediate targets are a bit less complex in design and their synthesis 

will involve the formation of first generation products in the nature of Figure 5.2.  

In this case,  X (or the bis-electrophilic species) includes, but is not limited to, a 

ketone or aldehyde to form the corresponding calixpyrroles or calixphyrins, 

respectivly.   
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Figure 5.2 Depiction of possible dimeric structures using the bis-cis linked 
calixpyrrole type molecules.  Note the many possibilities for X that 
could be envisioned to make larger core structures as well as 
calixpyrroles or calixphyrins. 

 

 

 

 



 155 

5.4 CURRENT SYNTHETIC PROGRESSION 

 
To achieve the synthesis of these structurally diverse targets, a general 

synthetic protocol  has been outlined that should be both efficient and versatile for 

multiple products. Our first attempt at polyfunctionalized calix[4]pyrroles allowed 

for the condensation of 3,4 difluoropyrrole (or pyrrole as covered in Chapter 2), 

5.2, with ethyl acetobutyrate.  This condensation lead to the requisite tetra-meso 

“hooked” fluorinated calix[4]pyrrole, 5.3, in addition to some of its higher order 

congeners under standard reaction conditions.  This room temperature approach, 

and not one run under thermodynamic control, is necessary due to possible cross 

condensations with the acetate-like terminus, with the ester terminus acting as the 

electrophilic species.  As expected, there were numerous products formed in this 

condensation and purification of distinct configurational isomers proved 

impossible (Scheme 5.1). 

 The second protocol was the direct synthesis of dipyrrolylmethanes 5.4 

and 5.5 containing proper functionality for further elaboration as shown in Figure 

5.3. This is done by condensing 5.2 with acetone with pyrrole or 

3,4difluoropyrrole acting as a “solvent” to properly drive the reaction away from 

the thermodynamically favored calix[4]pyrrole products. 
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Scheme 5.1 Synthetic protocol for the formation of tetra “hooked” 
calix[4]pyrrole, 5.3.  The absolute geometry was not resolved 
and the compound exists as a mixture of its configurational 
isomers. 

 

 In the example where 3,4 difluoropyrrole is used, to the reaction is driven 

by the nonreversible nature of the system and we are merely exploiting the innate 

statistical advantage we get when using excess 3.4difluoropyrrole. Compound 5.4 

was successfully synthesized in test reactions prior to developing an improved 

approach to the general synthesis.  

Unfortunately, subsequent condensations with nonsymmetrical ketones 

can and will lead to a mixture of cis/trans isomers.  Although an improvement to 

the prior design,  purification  is still difficult at best.  In addition, to date, we 

have not found an efficient way to recover 5.2 when using a 10/1 excess of the 

pyrrole.  This is possibly due to the similarity in the polarity of the two species.  



 157 

On a positive note for this type of approach, we could condense a symmetrical 

electrophile and gain access to an alternative product that doesn’t have isomeric 

concerns, but this is a secondary goal of this project and will be studied in more 

detail at a later date. 
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Figure 5.3 Two dipyrrolylmethane precursors for the possible synthesis of 
difunctionalized calix[4]pyrroles and calixphyrins.   

 

To circumvent this problem, I decided to use a route where Lee locked the 

geometry into a specific conformation using a protocol similar to that which his 

group developed.  In the first step, we form a bis-ketone functionality of a proper 

length that will allow for cyclization in further steps, as well being “greasy” 

enough to facilitate purification (Scheme 5.2).  We decided, from prior efforts, 

that a chain length of 6 would be sufficient to allow for the reaction to occur with 

ease, yet not be too large to “fold in” on itself in further condensation steps. 
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Scheme 5.2 Synthesis of the strap for templated formation of cyclic pyrrole 
products. 

 

This reaction proceeded quite cleanly on a large scale (40 g) to form a 

viable precursor for the following synthetic steps. The reaction, in fact, was done 

in less than two hours reaction time as determined by the quantity of water 

collected using a Dean-Stark trap for this simple Fischer type transesterification.  

With this diketone in hand in large quantities, formation of the bis-

dipyrrolylmethane using either pyrrole or 3,4-difluoropyrrole was undertaken 

(Scheme 5.3).  After working through the conditions with varied results, the 

desired product was obtained in both cases. Concentration, reaction time, as well 

as stoichiometry, all played important roles in the optimization of the reaction 

conditions for this condensation. 
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Scheme 5.3 Condensation of a pyrrole with 5.6 leads to a bis-dipyrrolylmethane 
product with very little sign of cyclization. Yields in the case 
where R = H are lower than where R = F even though much 
larger excesses of the pyrrole are used due to thermodynamic 
equilibration. 

 

Following purification and isolation of these bis-dipyrrolylmethanes, 

cyclization with acetone to form a strapped calix[4]pyrrole in the case where R = 

H, 5.9 was achieved.  In addition, the case where R = F, 5.10, the reaction was 

done on microscale and appears to proceed cleanly (MS).  The synthetic protocol 

for this method is shown in Scheme 5.4 for the case where either 5.7 or 5.8 were 

condensed with acetone.  
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Scheme 5.4 The generic scheme for the condensation with our bis-
dipyrrolylmethane with any electrophile.  Currently these 
compounds have only been reacted with acetone leading to the 
octamethyl products. 
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5.5 FUTURE STEPS IN SYNTHETIC METHODOLOGY TOWARDS AN EFFECTIVE 
CALIX[4]PYRROLE BASED ANION CHANNEL. 

 
Following isolation of large quantities of these precursors, which should 

be very stable to configurational isomerization when stored neat, we plan to work 

on crystallization to provide further proof of product formation.   This product 

may actually be a better host than normal calixpyrroles of the same electronic 

structure due to the tether that bridges the two “hooks”, thus slowing the off rate 

kinetics of the binding event. This hypothesis is based on the case of when an 

aromatic type bridging system shows a highly increased binding constant for the  

smaller anions.  This type of approach could also be explored using smaller (or 

larger) diols as linking groups to either enlarge or shrink the size of the cavity to 

allow selectivity control.  In the case where a fluorinated pyrrole is used, it may 

even be possible to swap out the linking groups through a two-step 

saponification/esterification  approach if done in a careful manner (lower 

temperatures with molecular sieves over a longer timeframe than standard 

transesterification conditions).  

Saponification of the cyclized product should be one of the more trivial 

reactions and would lead to open bis “hooked” calix[4]pyrroles (5.11 and 5.12) 

with a predefined cis geometry as shown in Scheme 5.5.  The synthetic merit of 

this approach is that this approach should only lead to formation of the cis isomer 

with little possibility the trans isomer as long as the diacid is not subjected to 
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harsh acidic conditions.  This diacid will prove to be an invaluable commodity 

due to the variety of directions the synthesis can be taken. For example, it may 

provide the perfect starting material for the formation of a calixpyrrole-type 

nylon- like polymer when condensed with an appropriate diamine. 

O O

HN

HNNH

NH

R'R

R'R
O

O
OH HO

HN

HNNH

NH

R'R

R'R

OO

NaOH

EtOH, H2O

5.9   R = H
5.10 R = F

5.11   R = H
5.12 R = F  

Scheme 5.5 Saponification of strapped calixpyrrole leading to a predefined cis 
geometry for a bis “hooked” system. 
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5.6 FUTURE TARGETS AND POSSIBILITIES 

 
The first target of our synthesis will be a dimeric caged calix[4]pyrrole.  

Using a stepwise cyclization using an FMOC (or other base/neutral labile 

protecting group) group and a difunctional amine, Scheme 5.6 should proceed 

with very little concern for polymerization due equilibration indicative of acidic-

based reactions with calixpyrroles.  This approach should also work effectively 

regardless of the type of electrophile used given the easy tuning in the length and 

functionality of the chain.  Amides were proposed for ease of 

protection/deprotection chemistry, but esters could also be supplicated here as 

well as ether linkage. 
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Scheme 5.6 Proposed synthesis of a caged calix[4]pyrrole dimer via a stepwise 
coupling methodology.   
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Using a similar but slightly more complex approach, targeted dimers (and 

eventually trimers) are envisioned that could be made by mono-esterification of 

the acid to form the unsymmetrical monoacide-monoester calixpyrrole. While this 

is the one step that may allow for multiple products to be formed, the reaction can 

be tuned towards forming primarily mono and difunctional species, which should 

have drastically different polarity. Coupling can then be facilitated via amide or 

ester formation to make the diester dimer (Scheme 5.7), or in a more complex 

approach, the trimeric species proposed at the beginning of this chapter.   Further 

elaboration of the terminal ester groups with highly polar substrates could then be 

done to facilitate their accommodation into liposomes. This approach is of 

importance to demonstrate the ability (or lack thereof) of calixpyrroles to the 

transport of anions across a membrane. By doing this, we can appropriately tune 

our system before moving on to more complex and costly in vitro studies.  
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Scheme 5.7 Dimeric chain of pyrroles using a generic structure due to 
uncertainties on synthesis at this time. 
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5.7 CONCLUSION  

 
 In conclusion, we have synthesized novel bifunctionalized calix[4]pyrroles 

that do not have inherent separation problems typical of their genre.  These 

structurally defined bis-“hooked” systems provide a versatile building block for 

the formation of both chains of electronically divergent calixpyrroles, and caged 

like structures through reliable chemical transformations.  Future outlooks for this 

project will include synthesis of first generation products for organic phase 

probing of properties such as anion affinity and transport mechanism, as well as 

having the proper architecture for biological or pseudo biological-type 

applications. 
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Chapter 6: Experimental Section 

 

6.1 GENERAL PROCEDURES 

 
All solvents were purchased from EM Science or Aldrich Chemical Co. 

unless otherwise stated. When needed, solvents were dried via standard 

techniques or by catalyst bed.  Melting points of all calixpyrrole compounds were 

higher than 200 oC unless otherwise reported.  At about 150 oC, standard 

calixpyrroles begin to thermally decompose, which makes determination of 

melting points over 200 oC impossible.  Thin layer chromatography data (Rf 

values) were obtained with KSF Silica 60 Å (Whatman; layer thickness 0.25 mm), 

using the mobile phases described below.  Column chromatography was carried 

out on Silica gel 60 Å, 230-400 mesh (Whatman).  Most chemicals were obtained 

from Aldrich Chemical Company unless otherwise described.  The reaction yields 

represent true isolated yields unless otherwise stated as in the case of the kinetic 

study of fluorinated calixpyrroles, where the yields were calculated by HPLC 

analysis.  All NMR solvents were purchased from Cambridge Isotope 

Laboratories, Inc. Chemical shifts are reported in ppm and are referenced to 

solvent.  Proton and 13C NMR spectra used in the characterization of products 

were recorded on either Varian Unity 300 MHz and Varian 500 MHz 

spectrometers or on the QE 300. Atlantic Microlabs Inc., Norcross, Georgia, and 
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Canadian Microanalytical Service, Ltd., Delta, British Columbia performed 

elemental analyses. HPLC data was obtained on a Varian 9000 series isocratic 

pump/detector with UV detection at 254 nm or 214 nm, with graphs being 

scanned as .JPG files.  Columns used were comprised of Supelco 5 Å spherical 

SiO2 for both analytical and semi-preparatory methods. 

 Only experiments in which a new molecule is created, or where an 

existing preparation is improved upon, are included in the experimental section.  

All others products are properly referenced to their origin. 
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6.2. EXPERIMENTAL DETAILS 
 

meso-Octamethylcalix[4]pyrrole 2.1. 

In a previously unpublished large-scale approach, pyrrole (6.93 mL, 100 

mmol), and acetone (7.30 mL, 100 mmol) were added to a 2 L Erlenmeyer flask 

containing 1.5 L of methanol as solvent.  Methanesulfonic Acid (6.48 mL, 125 

mmol) was added to this mixture and allowed to stir at ambient temperature.  

Immediately, a large amount of precipitate was formed and the reaction slowly 

obtained a yellowish/brown coloration.  This product was then filtered on a 

Buchner funnel and the solid precipitate was collected as nearly pure (a very faint 

spot of Rf = 0.5 with CH2Cl2 as the eluent, supposedly the N-confused 

calix[4]pyrrole)  meso-octamethylcalix[4]pyrrole 2.1 (9.12 g, 21.3 mmol) in 85% 

yield as a faint yellow powder.  This bulk material was then stored and used as 

needed with a quick pass through a column of silica gel with dichloromethane as 

the eluent to ensure very pure product for future steps.  All NMR and spectral data 

were in concurrence with published data. 

 

Lithium salt of meso-Octamethylcalix[4]pyrrole tetraanion 2.2 , Method A 

meso-Octamethylcalix[4]pyrrole (4.0 g, 9.34 mmol) was dissolved in 250 

mL of dry THF in a round-bottomed flask with stirring.  The solution was then 

cooled to –78 °C in a dry ice/acetone bath under nitrogen. n-BuLi (25ml, 1.6M in 
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hexane, 40.0 mmol) was added drop wise to the reaction mixture.  Once the 

addition was complete, the reaction mixture was stirred for additional 30 minutes. 

The resulting solution was then used directly in the next step. 

 

Ethyl meso-Octamethylcalix[4]pyrrole acetate 4: 

Ethyl bromoacetate (3.10 mL, 28.00 mmol) in THF (20 mL) was added 

drop wise to the reaction vessel containing lithiated calixpyrrole 2.2 and the 

resulting mixture was stirred for 2 hours.  The reaction was then removed from 

the cooling bath and allowed to warm to room temperature. After 90 minutes, the 

solvent was removed in vacuo and EtOH (100 mL) was added to the flask.  Water 

(100 mL) was slowly added with stirring, causing a white precipitate to form.  

The precipitate was collected by filtration, dried under high vacuum, and then 

purified by column chromatography on silica gel eluting with 

hexanes:dichloromethane (2:3). The second fraction (Rf = 0.40) containing 

monoester 2.3 (1.59 g, 33%) was collected.  A melting point range of 178-182 °C, 

although this was preceeded by slow decomposition above 160 °C.  A mixture of 

di-ester derivatives, with an Rf  = 0.30-0.33, was also be isolated. 

1H NMR (500 MHz, CD2Cl2) δ: 8.55 (s, 1H, NH), 7.15 (s, 1H, NH), 7.04 

(s, 1H, NH), 7.00 (s, 1H, NH), 5.94 - 5.88 (m, 5H, pyrrole CH), 5.83 (m, 1H, 

pyrrole CH), 5.72 (m, 1H, pyrrole CH), 4.24 (q, 2H, J = 7.2 Hz, ethyl CH2), 3.65 

(s, 2H, CCH2), 1.62-1.47 (overlapping singlets, 24H, meso CH3), 1.33 (t, 3H, J = 
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7.2 Hz, ethyl CH3). 13C NMR (125 MHz, CD2Cl2) δ : 174.9, 140.4, 139.7, 139.3, 

138.9, 138.5, 138.0, 137.2, 134.1, 109.95, 107.1, 103.4, 103.1, 102.9, 102.7, 

101.4, 61.4, 37.2, 35.5, 35.4, 35.2, 34.0, 29.2, 29.1, 28.9, 28.7, 14.5. High 

resolution FABMS calculated for C32H42N4O2 514.3308; found 514.3302 (∆ 1.2 

ppm). 

Crystallographic summary for 2.3: Colorless lathes were grown from 

dichloromethane-methanol mixture, triclinic, P1-  ; Z=2 in a cell of dimensions: a = 

10.0508(9), b = 10.2303(9), 15.276(1) Å, α = 102.527(5), β  = 94.157(5), γ = 

108.305(4)°, V = 1438.9(2) Å3, ρcalc = 1.19 g-cm-3, F(000) = 556.  A total of 

10354 reflections were measured at –150 °C, 6488 unique (Rint = 0.077) on a 

Nonius Kappa CCD diffractometer using graphite monochromatized Mo Kα 

radiation (λ = 0.71073 Å).  The structure was refined on F2 to an Rw = 0.171, 

with a conventional R = 0.0800 for 3673 reflections with F2 > 4(σ(F2)), with a 

goodness of fit = 1.05 for 360 refined parameters.  

 

Lithiation of meso-Octamethylcalix[4]pyrrole 2.2, Method B 

meso-Octamethylcalix[4]pyrrole (4.0 g, 9.35 mmol) was dissolved in 250 

mL of dry THF in a 500 mL of round bottomed flask with stirring under an argon 

atmosphere.  The solution was cooled to -78° C using a dry ice/acetone bath. n-

Butyl lithium (18 mL, 28.8 mmol) was added drop wise to the solution of 
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octamethylcalix[4]pyrrole and the resulting mixture was stirred for an additional 

hour.   

 

2-Hydroxyethyl-meso-octamethyl-calix[4]pyrrole 2.5: 

2-(2-bromoethoxy)tetrahydro-2H-pyran  (7.49 mL, 46.70 mmol) in THF 

(20 mL) was added drop wise to the reaction vessel containing lithiated 

calixpyrrole 2.2 and the resulting mixture was stirred for 2 hours.  The reaction 

was then removed from the cooling bath and allowed to warm to room 

temperature. After 90 minutes, the solvent was removed in vacuo and EtOH (100 

mL) added to the flask. Water (100 mL) was slowly added with stirring causing a 

white precipitate to form.  The precipitate, crude compound 2.4, was collected by 

filtration and dried under high vacuum.  Methanol (250 mL) and p-

toluenesulfonic acid (10.00 g, 52.63 mmol) were added and allowed to stir at 

ambient temperature for 3 hours. Dichloromethane (250 mL) and saturated 

NaHCO3(aq) (250 mL) were added and after the layers separated, the organic 

phase was dried over Na2SO4. After filtration, the solvent was removed under 

reduced pressure.  Purification by column chromatography on silica gel eluting 

with 1% methanol in dichloromethane resulted in the isolation of 2.5 (0.53 g, 1.13 

mmol) in 12% yield as faint yellow crystals.  Upon heating to 150° C, the product 

slowly sublimed up the capillary tube.  Additional heat caused slow 
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decomposition of the product to a red tar-like substance.  It displayed an Rf of 

0.25 under these conditions. 

 1H NMR (300 MHz, CD2Cl2) δ: 7.60 (bs, 1H, NH), 7.53 (bs, 1H, NH), 

7.52 (bs, 1H, NH), 7.50 (broad s, 1H, NH), 5.90 - 5.88 (m, 6H, pyrrole CH), 5.76 

(d, 1H, J = 3.1 Hz, pyrrole CH), 3.78 (bq, 2H, J = 4.2 Hz, CH2OH), 2.82 (t, 2H, J 

= 6.3 Hz, CCH2), 1.58  (s, 6H, CH3), 1.53 (s, 1H, OH), 1.49 (s, 6H, CH3), 1.48 (s, 

6H, CH3), 1.46 (s, 6H, CH3). 13C NMR (75 MHz, CD2Cl2) δ: 147.5, 139.9, 139.1, 

138.9, 138.8, 137.1, 133.4, 114.8, 105.9, 103.6, 103.1, 102.9, 102.8, 102.7, 102.5, 

102.4, 64.4, 37.3, 35.6, 35.5, 35.4, 30.7, 29.6, 29.1, 29.0, 28.9. High resolution 

MS(CI+) calculated for C30H41N4O 473.3271; found 473.3280 (∆ 1.9 ppm). 

 

meso-Octamethylcalix[4]pyrrole acetic acid 2.6. 

 meso-Octamethylcalix[4]pyrrole acetate, 2.3 (417 mg, 0.811 mmol), was 

suspended in a 125 mL of a 1:1 mixture of ethanol:2M NaOH(aq).  This solution 

was then heated to reflux, at which point the solid precipitate dissolved.  After 

heating at reflux for 8h, the reaction was cooled to room temperature and the 

ethanolic portion of the solvent was removed via rotary evaporation.  The 

resulting product was then acidified with 6M HCl until the solution was red to 

litmus paper and a large amount of precipitate was formed.  The precipitate was 

then filtered on a Buchner funnel and dried in vacuo leading to 2.6 (360 mg, 0.72 
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mmol) of product in 89 % yield.  Spectral data was in accordance with published 

results. 

 

N-2’(1,3,4,6 tetraacetoxyglucopyranose)-2-acetamido meso-

octamethylcalix[4]-pyrrole 2.7. 

 Calixpyrrole 2.6 (107 mg, 0.22 mmol) was added to 120 mL of CH2Cl2 in 

a round bottom flask and purged with argon.  To this solution, 

Diisopropylcarbodiimide (DIC) (85 µL, 0.55 mmol) and 1-hydroxybenzotriazole 

hydrate (3 g, 0.022 mmol) were added and the solution was allowed to stir at 

ambient temperature for 10 minutes.  1,3,4,6-Tetraacetoxyglucopyranose-2-amine 

hydrochloride (169 mg, 0.44 mmol) and pyridine (5 mL) were added and the 

resulting mixture was stirred at ambient temperature for 51 hours.  The resulting 

solution was diluted to 170 mL with CH2Cl2 and washed with HCl(aq) (2 x 100 

mL).  After drying the organic layer with Na2SO4, the solution was filtered 

through a fine frit. The solvent was then removed by rotary evaporation to yield 

crude 2.7.  The resultant crude material was then purified via  flash 

chromatography using  1:1 Hexanes:EtOAc to afford pure 2.7 (79 mg, 0.096 

mmol) in 44 % yield as a white powder. 

 HRMS (CI+) Anal. Calcd. C44 H58 N5 O10 816.4154, found 816.4178. 

 

N-2’-Glucopyranose-2-acetamido-meso-octamethylcalix[4]pyrrole 2.8. 
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 Sodium methoxide (10 mg, 0.19 mmol) was added to a 250 mL round 

bottom flask containing 2.7 (25 mg, 0,031 mmol) and 40 mL of methanol.  This 

mixture was allowed to stir at ambient temperature for 16 hours.  After this time, 

the solvent was directly removed via rotary evaporation and 2.8 was taken up in 

CH2Cl2 from the resultant solid.  The solution was dried over Na2SO4 , and solvent 

removal, followed by drying in vacuo, resulted in pure 2.8 (19 mg, 0.029 mmol) 

in a 95% yield as a faint yellow powder. 

HRMS (CI+) Anal. Calcd. C36 H49 N5 O6 647.3683, found 647.3680. 

 

N-4’-Aminobenzo-15-crown-5-2-acetamido-meso-octamethylcalix[4]pyrrole 

2.9. 

Calixpyrrole 2.6 (232 mg, 0.48 mmol) was added to 20 mL of  DMF in a 

100 mL round bottom flask and purged with argon. To this solution, 

(benzotriazole-1-yloxy)-tris-(dimethylamino)-phosphonium-hexafluorophosphate 

(BOP) (252 mg, 0.57 mmol) was added and the resulting mixture was allowed to 

stir for 10 minutes at ambient temperature. Triethylamine (165 µL) and 4’-

aminobenzo-15-crown-5 (135 mg, 0.48 mmol) were added and the reaction was 

allowed to stir at room temperature for 93 hours. At this point, the DMF was 

removed by rotary evaporation under high vacuum conditions to avoid acidifying 

the mixture.  The resultant crude material was then purified via chromatography 

with a 99:1 – 99:5 gradient of CH2Cl2 :Methanol as the eluent leading to isolated 
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2.9 (157 mg, 0.21 mmol) in 44 % yield as a yellow powder.  Decomposition of 

the product slowly started at 150 °C. 

 1H NMR (CD2Cl2) δ 8.56 (s, 1H), 7.76 (s, 1H), 7.45 (s, 1H), 7.34 (s, 1H), 

7.09 (s, 1H), 6.87 (s, 1H), 5.90 (m, 3H), 5.87 (m, 3H), 5.74 (m, 1H), 4.10 (t, J = 

3.3 Hz, 4H), 3.88 (t, J = 3.3 Hz, 4H), 3.72 (s, 9H), 1.60 (s, 6H) 1.58 (s, 3H), 1.51 

(s, 12H); 13C NMR (CD2Cl2) δ 171.48, 149.52, 145.96, 140.08, 139.57, 139.18, 

138.78, 138.32, 138.14, 137.64, 134.48, 132.73, 114.66, 112.44, 109.97, 107.19, 

106.91, 103.26, 103.13, 103.07, 102.83, 102.31, 101.71, 70.94, 70.40, 69.73, 

69.57, 69.04, 37.12, 36.82, 35.45, 35.41, 35.19, 29.17, 28.97, 28.79; HRMS (CI+) 

Anal. Calcd. C44 H57 N5 O6 751.4310, found 751.4309. 

 

N-4’-amino-1’-2’-dimethoxybenzene-2-acetamido meso-octamethylcalix[4]-

pyrrole 2.10. 

Calixpyrrole 2.6 (487 mg, 1.00 mmol) was added to 40 mL of  DMF in a 

250 mL round bottom flask and purged with argon. To this solution, 

(benzotriazole-1-yloxy)-tris-(dimethylamino) phosphonium-hexafluorophosphate 

(BOP) (531 mg, 1.2 mmol) was added and the resulting mixture was allowed to 

stir for 10 minutes at ambient temperature. Triethylamine (330 µL) and 4-

aminoveratole (153 mg, 1.00 mmol) were added and the reaction was allowed to 

stir at room temperature for 48 hours. At this point, the DMF was removed by 

rotary evaporation under high vacuum conditions to avoid acidifying the mixture.  
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The resultant crude material was then purified via chromatography with a 99:1 

solution of CH2Cl2 :Methanol as the eluent leading to isolated 2.10 (403 mg, 0.65 

mmol) in 65 % yield as a yellow powder. 

 1H NMR (CD2Cl2) δ 8.21 (s, 1H), 7.44 (d, J = 2.10 Hz, 2H), 7.43 (s, 1H), 

7.42 (s, 1H), 7.03 (d, J = 1.80 Hz, 1H), 6.98 (s, 1H), 6.78 (m, 2H), 5.92 (m, 3H), 

5.87 (m, 3H), 5.76 (m, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 3.69 (s, 1H), 1.58 (s, 6H) 

1.55 (s, 6H), 1.51 (s, 6H) 1.50 (s, 6H); 13C NMR (CD2Cl2) δ 170.84, 149.53, 

148.08, 138.97, 138.75, 138.63, 138.33, 137.83, 137.69, 136.12, 134.28, 131.75, 

111.78, 111.53, 105.18, 105.18, 103.21, 103.04, 102.78, 102.487, 102.27, 102.07, 

56.28, 56.03, 36.86, 35.27, 35.11, 29.14, 29.10, 28.85, 28.73; HRMS (CI+) Anal. 

Calcd. C38 H48 N5 O3 622.3757, found 622.3757. 

 

2-Hydroxyethyl-meso-octamethyl-calix[4]pyrrole 2.5. 

  In an independent method to the one described above, 2.5 was 

formed by reduction of 2.4 with lithium aluminum hydride.  “Hooked” 

calix[4]pyrrole 2.4 (0.335 mg, 0.70 mmol) was added to 50 mL of dry THF and 

placed in an addition funnel.  Independently, lithium aluminum hydride (361 mg, 

0.70 mmol) was added as a slurry in 50 mL of dry THF and cooled to 0° C.  The 

contents of the addition funnel were then added slowly to this slurry over a period 

of two hours while keeping the temperature at 0° C.  After the addition was 

complete, the reaction was allowed to warm to ambient temperature and stir 



 178 

overnight.  The excess lithium aluminum hydride was then quenched by very 

slow addition of water while under and ice bath until no more heat was generated.  

The resultant solution was then filtered through a Buchner funnel to remove the 

aluminum salts.  To the mother liquor  100 mL of CH2Cl2 was added and the 

solution was washed with saturated sodium bicarbonate (1 x 50 mL) followed by 

brine (1 x 50 mL).  The resulting organic phase was then dried over Na2SO4 and 

the solvent was removed via rotary evaporation.  Purification was then done as 

explained in the other synthetic system to afford 2.5 (132 mg, 0.28 mmol) in 40% 

yield.  Spectral data was in accordance with the data priorly stated in this 

dissertation. 

 

2-Hydroxyethyl-meso-octamethyl-calix[4]pyrrole 2.5 and bis-(2-

Hydroxyethyl)-meso-octamethyl-calix[4]pyrrole 2.12. 

 A mixture of our bis and mono-“hooked” calix[4]pyrroles 2.4  and 2.11 (4 

g) were added to 50 mL of dry THF and placed in an addition funnel.  

Independently, lithium aluminum hydride (2.3 g, 57.5 mmol) was added as a 

slurry in 100 mL of dry THF and cooled to 0 °C.  The contents of the addition 

funnel were then added slowly to this slurry over a period of two hours while 

keeping the temperature at 0 °C.  After the addition was complete, the reaction 

was allowed to warm to ambient temperature and stir overnight.  The excess 

lithium aluminum hydride was then quenched by very slow addition of  water 
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while under and ice bath until no more heat was generated.  The resultant solution 

was then filtered through a Buchner funnel to remove the aluminum salts.  To the 

mother liquor, 100 mL of CH2Cl2 was added and the solution was washed with 

saturated sodium bicarbonate (1 x 50 mL) followed by brine (1 x 50 mL).  The 

resulting organic phase was then dried over Na2SO4 and the solvent was removed 

via rotary evaporation.  A quick column was then done on the column using 9:1 

CH2Cl2:Methanol to obtain the mixture in large quantities for use in our anion 

sponge. Thin Layer Chromatography (TLC) indicated one elongated spot, 

presumably due to slight differences in the retention times of the various 

configurational isomers. 

 

5,10,15,20-tetra-(ethyl 4-butanoate)-5,10,15,20tetramethylcalix[4]pyrrole 

2.13.  

 Ethyl acetobutyrate, (0.791 mL, 5 mmol) and pyrrole (0.347 mL, 5 mmol) 

were added to 100 mL of Methanol in a round bottom flask.  At ambient 

temperature, methanesulfonic acid (480 mg, 5 mmol) was added and the reaction 

was allowed to stand for a period of 8 hours.  Dichloromethane (100 mL) was 

then added and the resultant mixture was washed with sodium bicarbonate (2 x 50 

mL).  The organic phase was then washed with brine (1 x 50 mL) and the organic 

phase was dried under Na2SO4.  The solution was then filtered, and solvent was 

removed via rotary evaporation.  The crude product was then purified under silica 
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gel using DCM as the eluent to give 2.13 (650 mg, 0.79 mmol) in a 63% yield of 

configuration isomers.   

 Structural determination was limited to +CIMS due to the complex nature 

of the mixture of configurational isomers and the mixture was taken on to the next 

step in its current form. 

 

2.14.5,10,15,20-tetra-(4-hydroxybutyl)-5,10,15,20 tetramethylcalix[4]pyrrole 

2.14. 

Calix[4]pyrrole 2.13 (4.14 g, 5 mmol)  was added to 100 mL of dry THF 

and placed in an addition funnel.  Independently, lithium aluminum hydride (1.42 

g, 30 mmol) was added as a slurry in 100 mL of dry THF and cooled to 0 °C.  The 

contents of the addition funnel were then added slowly to this slurry over a period 

of two hours while keeping the temperature at 0 °C.  After the addition was 

complete, the reaction was allowed to warm to ambient temperature and stir 

overnight.  The excess lithium aluminum hydride was then quenched by very 

slow addition of water while under and ice bath until no more heat was generated.  

The resultant solution was then filtered through a Buchner funnel to remove the 

aluminum salts.  To the mother liquor 100 mL of CH2Cl2 was added and the 

solution was washed with saturated sodium bicarbonate (1 x 50) followed by 

brine (1 x 50 mL).  The resulting organic phase was then dried over Na2SO4 and 

the solvent was removed via rotary evaporation.  A quick column was then done 
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on the column using 9:1 CH2Cl2:Methanol to obtain a mixture of configurational 

isomers of 2.14 (2.41 g, 3.1 mmol) in a 62% yield. 

Structural determination was limited to +CIMS due to the complex nature 

of the mixture of configurational isomers and the mixture used for anion sponge 

incorporation. 

 

meso-Octa-(hydroxyymethyl)-calix[4]pyrrole 2.17. 

 Dihydroxyacetone dimer (0.91 g, 5.00 mmol) was added to a 250 mL 

round bottom flask with ethanol (100 mL) as the solvent.  Pyrrole (694 µL, 10 

mmol) was added to the mixture via a syringe.  Then, methanesulfonic acid (648 

µL, 12.5 mmol) was added slowly with a syringe over a period of 10 minutes.  

The solution was allowed to stir for 21 hours, at which point a reddish color was 

observed.  The presence of crude 2.17 was indicated by MS (CI+) at 557.  The 

solvent was then removed via rotary evaporation, leading to the isolation of black 

flakes. 

 

meso-Octa-(acetoxymethyl)-calix[4]pyrrole 2.16. 

 Dry pyridine (50 mL), and acetic anhydride (5 mL) were added to a flask 

containing crude 2.17.  The solution was allowed to stir at ambient temperature 

for 21 hours.  Solvent was removed under hi-vac using two successive traps to 

protect the vacuum pump. CH2Cl2 (200 mL) was used to extract any soluble 
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products into organic solution, and the resulting solution was washed with brine 

(2 x 100 mL).  The organic phase was dried over Na2SO4, filtered through a fine 

frit, and solvent was removed via rotary evaporation. Flash chromatography using 

silica gel with Hexanes:EtOAc (3:7) as the eluent afforded 2.16 (115 mg, 0.129 

mmol) in 5% total yield for two successive steps, leaving white crystals. 

1H NMR (CDCl3) δ 7.58 (br s, 1H), 6.01 (d, J = 2.1 Hz, 2H), 4.42 (s, 4H), 

1.90 (s, 6H); 13C NMR (CDCl3) δ 170.03, 130.03, 106.05, 66.18, 43.59, 20.73; 

HRMS (CI+) Anal. Calcd. C44 H53 N4 O16 893.3457, found 893.3454. X-Ray: 

Triclinic: P-1 space group; a = 12.322 (1) Å, b = 12.885 (1) Å, c = 16.143 (1) Å, 

α = 69.855 (5)°, β  = 77.180 (4)°, γ = 69.712 (5)°; R2 = 0.1077. 

 

meso-Octa-(hydroxyymethyl)-calix[4]pyrrole 2.17. 

THF (30 mL) was added to a 100 mL round bottom flask containing 2.16 

(80 mg, 0.0090 mmol), lithium hydroxide monohydrate (30 mg, 0.72 mmol) and 

water (1 mL).  The solution was heated at reflux for 12 hours, after which it was 

allowed to cool to ambient temperature.  The product was filtered off and washed 

with 40 mL of methanol to afford pure 2.17 (47 mg, 0.0084 mmol) in a 94% yield 

as a white powder. 

1H NMR (d6-DMSO) δ 8.58 (br s, 1H), 5.83 (d, J = 2.10 Hz, 2H), 4.42 ( br 

s, 2H), 3.81 ( br s, 4H); 13C NMR (d6-DMSO) δ 131.52, 106.50, 64.87, 45.92; 

HRMS (CI+) Anal. Calcd. C28 H37 N4 O8 557.2601, found 557.2611. 
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6-(2’-pyrrolo)-N-1,2 dihydropyridine acetate 2.18. 

Dry pyridine (250 mL), and acetic anhydride (25 mL) were added to a 

flask containing crude 2.17.  The solution was allowed to stir at ambient 

temperature for 48 hours.  Solvent was removed under hi-vac using two 

successive traps to protect the vacuum pump. CH2Cl2 (400 mL) was used to 

extract any soluble products into organic solution, and the resulting solution was 

washed with brine (2 x 200 mL).  The organic phase was dried over Na2SO4, 

filtered through a fine frit, and solvent was removed via rotary evaporation. 

Recrystallization using EtOAc/Hexanes afforded 2.16.  While attempting to grow 

a second crop of crystals, the growth of a single crystal of an alternate product, 

2.18, was found. 

 

Polyurethane A 

 Polyethylene oxide (10,000 MW) (25g, 2.85 mmol) was added to a 

Erlenmeyer flask in 50 mL of acetonitrile as the solvent.  To this glycerol (approx. 

50 mg) and ethyl tinbutylhexanoate (100 mg) was added.  The mixture was heated 

until dissolution of the solid PEO.  At this point, the methylene 

diphenyldiisocyanate (MDI) (463 mg, 3.71mmol) was added, dissolved quickly 

and cast into a recrystalization dish.  The solvent was allowed to evaporate slowly 
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under atmospheric conditions, followed by drying (in vacuo).  The resultant 

polymer was a thin white film. 

 

Polyurethane  B 

Polyethylene oxide (10,000 MW) (25g, 2.85 mmol) was added to a 

Erlenmeyer flask in 50 mL of acetonitrile as the solvent.  To this glycerol (approx. 

50 mg) and ethyl tinbutylhexanoate (100 mg) was added.  The mixture was heated 

until dissolution of the solid PEO at which case a few crystals (50 mg) of 2.5 was 

added and allowed to dissolve.  At this point, the MDI (463 mg, 3.71mmol) was 

added, dissolved quickly with vigorous stirring, and cast into a recrystalization 

dish.  The solvent was allowed to evaporate slowly under atmospheric conditions, 

followed by drying (in vacuo).  The resultant polymer was a thin pale yellow film. 

The product of this polymerization is shown in Chapter 2. 

 

Polyurethane C 

Polyethylene oxide (10,000 MW) (25g, 2.85 mmol) was added to a 

Erlenmeyer flask in 50 mL of acetonitrile as the solvent.  To this glycerol (approx. 

50 mg) and ethyl tinbutylhexanoate (100 mg) was added.  The mixture was heated 

until dissolution of the solid PEO at which case a few crystals (50 mg) of 2.19 

was added and allowed to dissolve.  At this point, the MDI (463 mg, 3.71mmol) 

was added, dissolved quickly with vigorous stirring, and cast into a 
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recrystalization dish.  The solvent was allowed to evaporate slowly under 

atmospheric conditions, followed by drying (in vacuo).  The resultant polymer 

was a thin green  film. 

 

5,10,15,20-Tetramethyl-5,10,15,20-tetrakis-(3α ,7α,12α-trihydroxy-26,27-

dinor-5ß-cholestan-24-yl)-calix[4]pyrrole 3.6. 

This compound was prepared as above using 3α,7α,12α-trihydroxy-

26,27-dinor-5ß-cholestan-24-one (3.3; 100 mg, 0.246 mmol) as the starting 

material and dichloromethane:ethanol (1:1, 2 ml) as the solvent.  The reaction was 

run at room temperature over 57 h. The yield of 3.6 was 107 mg (0.059 mmol; 

98%) as obtained for the mixture of configurational isomers. Details of the 

purification via HPLC are detailed in the body of the text in Chapter 3.   

M.P. 227-230 °C, [α]D
25 +119 (c 0, 5, methanol). IR spectrum (cm-1, KBr) 

cm-1: 3434, 3270 (OH, NH), 3109 (pyrrole, C-H), 1580 (pyrrole, ring), 1376 

(CH3), 1044, 1028, 1009, 981 (C-OH). 1H NMR spectrum: 0.52 s 0.89 s, 2s 2 x 

12H (angular methyls), 3.2 s 4H. 3.6 s 4H, 3.76 s 4H, 4.0 m 8H, 4.3 s 4H, 5.65 br 

mult 8H (=CH- pyrrole), 6.4-7.35 range of signals 4H (NH). Mass spectrum (m/z, 

FAB): 1823 (M+2, 15%), 1565 (7%), 1536 (18%), 1458.7 (100%), HRMS 

(+FAB): 1823 C116H182N4O12. For C116H180N4O12 (1822) calculated 76.44% C, 

9.95% H, 3.07% N; found 76.14% C, 9.36% H, 2.22% N. 
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5,10,15,20-Tetramethyl-5,10,15,20-tetrakis-(3α -hydroxy-26,27-dinor-5ß-

cholestan-24-yl)-calix[4]pyrrole 3.7 

The preparation of 3.7 was carried out as above, using 3α-hydroxy-26,27-

dinor-5ß-cholestan-24-one (3.4; 100 mg, 0.267 mmol) as the starting material and 

chloroform:ethanol (1:1, 2 ml) as the solvent.  The reaction was run at room 

temperature for 72 h. The yield was 104 mg (0.061 mmol, 91%) of calixpyrrole 

3.7. M.P. 164-168 °C, [α]D
25 +93.1 (dichloromethane) as obtained for the mixture 

of configurational isomers. Details of the purification via HPLC are detailed in 

the body of the text in Chapter 3.   

IR spectrum (cm-1, chloroform) 3609, 1036 (OH), 3439 (NH), 3109, 1576, 

1030 (pyrrole), 1718 (CO), 1736 (CH3). 1H NMR spectrum: 0.4 s 0.91 2s 2x 12 H 

(angular methyls), 3.6 m 4H (C3-H), 5.88 m 8 H (C-H, pyrrole). Mass spectrum 

FAB (m/z): 1695 (M+1, 40%), 1628 (80%), 1395, 1362.5 (60%), 1204 (100 %), 

1031, 889, 848, HRMS (+FAB) 1695.43 C116H182N4O4. For C116H180N4O4 

(1694.7); calculated 82.21% C, 10.71% H, 3.31% N; found 82.53% C, 11.01% H, 

3.14% N. 

 

5,10,15,20-Tetramethyl-5,10,15,20-tetrakis-(3ß-acetoxy-pregn-5-en-21-yl)-

calix[4]pyrrole 3.8. 

3ß-Acetoxy-21-homopregn-5-en-21-one (3.5; 100 mg, 0.27 mmol) was 

dissolved in a mixture of dichloromethane:ethanol (1:1; 2 ml) and pyrrole was 
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added (17 mg) together with 2 drops of concentrated aqueous hydrochloric acid. 

The mixture was then allowed to stir at room temperature for 72 h.  At this point, 

the reaction mixture was evaporated to dryness and the residue dissolved in 

dichloromethane (4 ml) and purified by column chromatography over silica gel 

using dichloromethane: methanol 9:1 as the mobile phase. This yielded 46 mg 

(40.6%) of the calix[4]pyrrole 3.8.  M.P. 234-237 °C, [α]D
25 +66.8 (c 0,5, 

dichloromethane).  

IR spectrum (cm-1, chloroform) 3437, 3111, 1573, 976, 957 (NH, pyrrole), 

1725 (C=O), 1669 (C=C), 1367 (methyl, acetate), 1199 (C-O, acetate). 1H NMR 

(CDCl3, 100 MHz): 0.60 and 1.01 2s, 2x 12 H (angular methyls), 2.03 s  2.15 s 2x 

6H (CH3COO-), 4.6, 3.5 2m 4H (C3-H), 5.39 m (4H C6-H), 5.3-5.8 m 8H (pyrrole 

C-H) , 6.7-7.1 range of multiplets 4H (NH pyrrole). HRMS (+ FAB ): 1690, 1675, 

1659, 1642, 1628, 1615, 1583, 1313, 1289, 1001, 959, 556. For C112H156N4O8 

(1686.5) calculated 79.77% C, 9.32% H, 3.32% N; found 79.26% C, 9.12% H, 

2.95% N. 

 

Binding data for steroid containing calix[4]pyrroles, 3.6. 

Qualitative –FABMS studies of binding were carried out by mixing a 

large excess of one or more potential substrates with the calix[4]pyrrole receptor 

in question and subjecting the resulting mixture, made up as a MeOH solution, to 

–FABMS analys is.  The ratios depicted, are the ratios in percentages with relation 
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to the parent ion peak. It is of note that, in all cases, the parent ion peak was either 

3.6a, 3.6b, 3.6c, 3.6d, or that associated with the complex anion formed from 

these receptors and the deprotonated form of the acid in question. These results 

obtained in this way are semi-quantitative and give a rough approximation only of 

the relative concentrations of the species in question.  Graphical representation of 

this data is summarized in the body of the text in Chapter three. 

 

Binding data for steroid containing calix[4]pyrroles, 3.7. 

Qualitative –FABMS studies of binding were carried out by mixing a 

large excess of one or more potential substrates with the calix[4]pyrrole receptor 

in question and subjecting the resulting mixture, made up as a MeOH solution, to 

–FABMS analysis.  The ratios depicted are the ratios in percentages in relation to 

the parent ion peak. These results obtained in this way are semi-quantitative and 

give a rough approximation only of the relative concentrations of the species in 

question. Graphical representation of this data is summarized in the body of the 

text in Chapter 3. 

 

Experimental methodology for extraction studies using 3.6 and 3.7. 

Receptor-mediated extraction studies were carried out by measuring the 

amount of various non-racemic carboxylate anions extracted from water (pH = 7) 

into dichloromethane by receptor 3.6c after 5 minutes of vigorous shaking 
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followed by an hour of letting the bi-phase system stand.  The data from two 

separate experiments were averaged to give the values reported herein.  Graphical 

representation of this raw data is given in Chapter 3.  

 

1,2,3,4,5,6-Hexakis-N-pyrrolomethyl benzene 4.3. 

 Using a modified procedure from Matoba et al., dry THF (200 mL) and 

KOH (1.68 g, 30 mmol) were added to a 500 mL round bottom flask.  Pyrrole 

(694 µL, 10 mmol) was then added via syringe and the solution was allowed to 

stir for five minutes.  Finally, hexakisbromomethylbenzene (636 mg, 1.0 mmol) 

was added and the solution was allowed to stir for 43 hours at ambient 

temperature.  The resulting mixture was diluted to 400 mL with DCM and washed 

with water (2 x 200 mL) to remove the THF from solution.  The organic phase 

was then dried over Na2SO4, filtered through a fine frit, and the solvent was 

removed via rotary evaporation.  Flash chromatography using Hexanes:EtOAc 

(1:1) as the eluent afforded 4.3 (220 mg, 0.40 mmol) in 40% yield as white 

crystals.  X-Ray quality crystals were grown from slow evaporation of CH2Cl2 in 

a chamber of hexanes. 

 1H NMR (CDCl3) δ 6.41 (t, J = 2.1 Hz, 1H), 6.20 (t, J = 2.1 Hz, 1H), 5.06 

(s, 2H); 13C NMR (CDCl3) δ 138.14, 119.91, 109.58, 46.19; HRMS (CI+) Anal. 

Calcd. C36 H37 N6 553.3074, found 553.3080; melting point 278-280; X-Ray: 
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Monoclinic: P21/c space group; a = 18.572 (3) Å,  b = 17.865 (3) Å, c = 9.256 (2) 

Å, α = 90°, β  = 101.21 (2)°, γ = 90°; R2 = 0.0905. 

 

1,3,5-Tris-N-pyrrolomethyl benzene 4.5. 

 Using a modified procedure from Matoba et al. dry THF (200 mL) and 

KOH (1.68 g, 30 mmol) were added to a 500 mL round bottom flask.  Pyrrole 

(694 µL, 10 mmol) was then added via syringe and the solution was allowed to 

stir for five minutes.  Finally, 1,3,5-trisbromomethylbenzene (712 mg, 2.0 mmol) 

was added and the solution was allowed to stir for 48 hours at ambient 

temperature.  The resulting mixture was diluted to 400 mL with DCM and washed 

with water (2 x 200 mL) to remove the THF from solution.  The organic phase 

was then dried over Na2SO4, filtered through a fine frit, and the solvent was 

removed via rotary evaporation.  Flash chromatography using Hexanes/EtOAc 

(7:3) as the eluent afforded 4.5 (824 mg, 1.64 mmol) in 80% yield as white 

crystals.  The compound decomposes to a reddish thick oil at 145 °C. 

 

3,3,4,4-Tetrafluorosuccinamide 4.12. 

 4.12 (18 g, 9.6 mmol) was added to a 250 mL round bottom flask with a 

stir bar. Sulfuric acid (4 mL) was then added and the mixture was heated slowly 

to 160°C  under reduced pressure with attached sublimating apparatus.  After a 

quick wiping of the apparatus with a chemwipe to remove residual water 
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contained in the sulfuric acid at 120°C, product began to sublime onto the 

apparatus.  Three hours heating resulted in no more sublimation.  4.12 (13.17 g, 

7.7 mmol) was formed  as pure white crystals in an 80% yield.    

Structural data was in accordance with literature spectra. 

 

β−Decafluoro-meso-octamethylcalix[5]pyrrole,  4.14 and β−hexadecafluoro-

meso-octamethylcalix[8]pyrrole, 4.15.   To a round bottom flask containing 

methanol (37.5 mL), difluoropyrrole, 4.7 (773 mg, 7.50 mmol), and acetone (548 

µL, 7.50 mmol) were added.  After dissolution of the reactants, methanesulfonic 

acid (490 µL, 7.50 mmol) was added and the reaction mixture was allowed to stir 

at ambient temperature for 2 days. The reaction mixture was then washed with 

aqueous Na2CO3 (200 mL saturated) and taken into dichloromethane (100 mL).  

The resulting organic layer was then washed with water (2 x 100 mL), dried 

(Na2SO4), and the solvent was removed on the rotary evaporator.  Purification of 

the crude reaction mixture, which was found to contain 4.8, 4.14 and 4.15 in 

appreciable yields as judged by TLC analysis, was effected via flash 

chromatography, using hexanes:acetone 4:1 as the eluent.  This resulted in the 

isolation of 4.8 (rf = 0.4, 560 mg, 0.98 mmol, 52%),  4.14 (rf = 0.2, 249 mg, 0.35 

mmol, 23%), and 4.15 (rf = 0.1, 150 mg, 0.13 mmol, 14%). 

 For of 4.14: M.P. = 180-182 °C;  1H NMR (500 MHz, CH2Cl2-d6). 6.75 

(br s, 8 H, NH), 1.63 (s, 30 H, CH3); 19F NMR (470 MHz, CD2Cl2) δ −176.9; 13C 

NMR (125 MHz, DMSO-d6) δ −135.7 (dd, J = 238.4, 12.7 Hz), 115.2 (d, 12.6 

Hz), 35.7, 27.6; High resolution MS CI+ calcd for C35H35F10N5 716.2811; found 

716.2806 (∆ 0.7 ppm).  

Crystallographic summary for 4.14: small, colorless prisms were grown 

from acetone; triclinic, P1-  , Z = 2 in a cell of dimensions: a = 10.7322(2) Å, b = 
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12.3740(2) Å, 15.7236(2) Å, α = 84.913(1)°, β  = 82.527(1)°, γ = 72.436(1)°, V = 

1971.14(5) Å3, ρcalc = 1.351 mg/m-3, F(000) = 840.  A total of 13340 reflections 

were measured (8949 unique reflections) on a Nonius Kappa CCD using graphite 

monochromatized Mo Kα radiation (λ = 0.71073 Å) at –150°C.  The structure 

was refined on F2 to an Rw = 0.1037, with a conventional R = 0.0413, and a 

goodness of fit = 1.075 for 526 refined parameters. 

  For of 4.15: Slow decomposition occurred from 120 °C.  At 200 °C 

complete melting was still not observed.; 1H NMR (500 MHz, acetone- d6). 7.97 

(br s, 8 H, NH), 1.61 (s, 48 H, CH3); 19F NMR (470 MHz, CD2Cl2) δ −179.2; 13C 

NMR (125 MHz, DMSO-d6) δ −135.8 (dd, J = 236.6, 13.6 Hz), 116.1 (d, 12.7 

Hz), 36.2, 27.6; High resolution MS CI+ calcd for C58H58F16N81145.4451; found 

1145.4464 (∆ 1.1 ppm). 

Crystallographic summary for 4.15: small, colorless prisms were grown 

from acetone; monoclinic, P21/c, Z = 4 in a cell of dimensions: a = 13.01640(10) 

Å, b = 19.7958(2) Å, 13.97120(10) Å, α = 90°, β  = 104.798(1), γ = 90°, V = 

3480.56(5) Å3, ρcalc = 1.314 mg/m-3, F(000) = 1440.  A total of 12100 reflections 

were measured (6153 unique reflections) on a Nonius Kappa CCD using graphite 

monochromatized Mo Kα radiation (λ = 0.71073 Å) at –120°C.  The structure 

was refined on F2 to an Rw = 0.101, with a conventional R = 0.0378, and a 

goodness of fit = 1.012 for 450 refined parameters. 

 

HPLC studies for mechanistic rational for 4.8, 4.14, and 4.15. 

Qualitative studies of the condensation products as a function of time were 

made using HPLC analysis. 1,3-Dibromobenzene was used as the internal 

standard.  This allowed the exact concentrations of 4.8, 4.14, and 4.15 at any point 
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along the reaction timeline to be calculated.  The raw data for results from these 

HPLC analyses is represented in Table 6.1.   

 

Entry Area 

Standard 

Area 

4.7 

Area 

4.8 

Area 

4.14 

Area 

4.15 

Time 

h 

[4.7] [4.8] [4.14] [4.15] 

1 1875 4153 48 13 8 12 15.72 0.06 0.02 0.01 

1 2465 3466 309 133 9 24 9.98 0.29 0.13 0.01 

1 1839 1079 819 207 38 48 4.16 1.03 0.27 0.03 

1 2243 1210 1742 732 134 72 3.83 1.79 0.78 0.10 

1 1879 1000 3062 1122 252 96 3.78 3.76 1.43 0.21 

1 1438 373 3218 1182 251 132 1.84 5.15 1.96 0.28 

1 1407 304 3821 1225 242 168 1.53 6.26 2.08 0.28 

1 1374 243 3754 1210 229 193 1.25 6.30 2.10 0.27 

2 1937 2562 294 137 9 12 9.39 0.35 0.17 0.01 

2 2048 1812 1372 553 114 24 6.28 1.54 0.65 0.09 

2 1459 1188 1631 686 179 30 5.78 2.58 1.12 0.20 

2 1333 943 2180 997 255 37 5.02 3.77 1.79 0.31 

2 1439 373 3218 1382 381 60 1.84 5.15 2.30 0.42 

2 1170 165 3439 1544 402 73 1.00 6.78 3.15 0.55 

2 1899 112 4731 2343 614 84 0.42 5.77 2.95 0.52 

2 1681 36 4126 1683 456 132 0.15 5.66 2.39 0.43 

2 1952 22 4678 1618 427 169 0.08 5.52 1.98 0.35 

2 1923 1 4184 1660 632 194 0.01 5.02 2.06 0.53 

3 3471 5550 16 8 0 3 11.35 0.01 0.01 0.00 
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3 5067 5114 280 126 0 48 7.17 0.13 0.06 0.00 

3 1897 1436 2007 911 0 144 5.37 2.44 1.15 0.00 

3 1539 261 2199 1169 0 292 1.20 3.29 1.81 0.00 

3 1238 30 2162 1201 0 388 0.17 4.02 2.32 0.00 

4 1159 485 13951 5264 2890 48 0.30 27.75 10.86 3.99 

5 2191 271 5113 0 0 23 0.88 5.38 0.00 0.00 

 

Table 6.1 HPLC analysis data for 4.7, 4.8, 4.14, and 4.15. 

 

      This data was collected from chromatographic separations of the 

component calix[n]pyrrole mixtures.  Prior to carrying out quantified runs, peak 

compositions were tentatively assigned via MS analysis (CI+).  After assignment, 

each component was individually calibrated for its response relative to the 

internal standard.  Sample chromatograms of 4.14 (Figure 6.1) and 4.15 (Figure 

6.2) are shown below.  Also shown as Figure S3, is a sample chromatogram used 

to produce Entry 4 of  Table 6.1.  As can be seen, ample separation is achieved for 

the three major calix[n]pyrrole products that are the subject of this report. In 

addition a sample chromatogram for a completed reaction is shown in Figure 6.3. 
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Figure 6.1  HPLC analysis of 4.14 in the presence of internal standard 1,3-
dibromobenzene. 
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Figure 6.2 HPLC analysis of 4.15 in the presence of internal standard 1,3-
dibromobenzene. 
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Figure 6.3 HPLC trace showing the chromatogram use to generate Entry 4 in 
Table 6.1. The peak eluting at 2.78 minutes is the standard, 1,3-
dibromobenzene. 

 

β−Dodecafluoro-meso-octamethylcalix[6]pyrrole,  4.16 and 

β−tetradecafluoro-meso-octamethylcalix[6]pyrrole, 4.17. 

To a round bottom flask containing methanol (37.5 mL), difluoropyrrole, 

4.7 (773 mg, 7.50 mmol), and acetone (548 µL, 7.50 mmol) were added.  The 

flask was then placed in a freezer at -10°C for an hour’s time to cool.  After this 
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time, methanesulfonic acid (490 µL, 7.50 mmol) was added and the reaction 

mixture was allowed to stir at -10°C for 6 days. The reaction mixture was then 

washed immediately with aqueous NaCO3 (200 mL saturated) and taken into 

dichloromethane (100 mL).  The resulting organic layer was then washed with 

water (2 x 100 mL), dried (Na2SO4), and the solvent was removed on the rotary 

evaporator.  Purification of the crude reaction mixture was effected via flash 

chromatography, using hexanes:acetone 4:1 as the eluent.  This resulted in the 

isolation of 4.8 (560 mg, 0.98 mmol, 30%),  4.14 (249 mg, 0.35 mmol, 30%), 4.15 

150 mg, 0.14 mmol, 15%), and  4.16 (177 mg, 22 mmol, 20%) containing a trace 

quantity of 4.17. 

 

NMR titrations for 2.1, 4.8, and 4.14 as the host titrated with biscrown 

ethercalixarene, 4.18.A quick NMR titration was performed on three 

calixpyrroles in d5-Nitrobenzene to check for any possibility of interaction 

between 4.18 and any of our tested calixpyrroles.  In all cases a Varion 500 MHz 

system was used and 1H NMR was tested for all of the calixpyrroles.  In addition, 

when applicable, the 19F NRM was checked as a counterargument. As stated in 

the text, all samples gave a negligible change regardless of guest concentration. 

 

3,4,8,9-tetrafluoro-meso-dimethyldipyrrolylmethane 5.4. 
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 Difluoropyrrole (1.03 g, 10 mmol) was added to a 250 mL round bottom 

flask with a stir bar. Methanol (100 mL) was then added to the solution along with 

acetone (123mL, 2.00 mmol) and dissolution of the two solids was achieved.  

Methanesulfonic acid (1 drop) was then added to promote condensation.  The 

reaction was let to stand for 2 days, at which point the reaction mixture was 

washed immediately with aqueous NaCO3 (100 mL saturated) and taken into 

dichloromethane (50 mL).  The resulting organic layer was then washed with 

water (2 x 100 mL), dried (Na2SO4), and the solvent was removed on the rotary 

evaporator.  Purification of the crude reaction mixture was attempted via flash 

chromatography, using hexanes:-acetone 4:1 as the eluent.  Unfortunately, there 

was approximately 10% of trypyrrane present in the reaction mixture that we were 

unable to separate effectively so pure product was unable to be obtained.  If you 

look at the sample HPLC trace in Chapter 4 of the partially reacted species, you 

can see 3 peaks following 4.16.  HPLC + Ms (CI +) determined these 3 bands to 

be the dipyrrolylmethane, 5.4, trypyrrane and tetrapyrrane respectively, 

explaining the difficulty in separation. 

  

  

bis-Propyl acetobutyrate 5.6. 

 Ethylacetobutyrate (31.5 mL, 300 mmol) and 1,6 hexanediol (16 g, 135 

mmol) were added to a 500 mL round bottom flask with 200 mL of benzene.  
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Sulfuric acid (1 mL) was then added and a Dean-Stark trap and reflux condenser 

was placed on the reaction vessel.  The reaction was heated at reflux for 5 hours, 

at which point approximately 5 mL of water had collected in the Dean-Stark trap.  

The benzene was removed via rotary evaporation leaving neat crude 5.6.  The 

crude mixture was then taken up in 200 mL of CH2Cl2 and washed with sodium 

bicarbonate (2 x 100 mL) and brine (1 x 100 mL), dried with Na2SO4 and solvent 

was again removed by rotary evaporation.  The crude mixture was then passed 

through a short plug of silica gel leading to pure 5.6 (41.3g, 120.7 mmol) in 90% 

yield as a faint yellow oil. 

 

Generalized, non optimized, procedure for bis-dipyrrolylmethanes 5.7  and 

5.8 

 Diketone 5.6 was added to a round bottom flask containing CH2Cl2 as the 

solvent.  To this, the pyrrole was added in excess (1.5-10 fold excess), and with 

the addition of a catalytic amount of acid, the reaction was allowed to stir at room 

temperature.  The reaction mixture was then washed with aqueous Na2CO3 and 

taken into dichloromethane (100 mL).  The resulting organic layer was then 

washed with water, dried (Na2SO4), and the solvent was removed on the rotary 

evaporator.  Purification of the crude reaction mixture was done via flash 

chromatography on silica gel. Note that the use of an alcoholic solvent under 
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acidic conditions results in slow trans esterification, and must be avoided in most 

cases. 

 

Generalized, non optimized, procedure for bicyclic calix[4]pyrroles 5.9 and 

5.10. 

 Either bis-dipyrrolylmethane (5.7 or 5.8) was added to a round bottom 

flask containing CH2Cl2 as the solvent.  To this, two equivalents of the bis-

electrophile (eg. acetone) was added, and with the addition of a catalytic amount 

of acid, the reaction was allowed to stir at room temperature.  The reaction 

mixture was then washed with aqueous Na2CO3 and taken into dichloromethane 

(100 mL).  The resulting organic layer was then washed with water, dried 

(Na2SO4), and the solvent was removed on the rotary evaporator.  Purification of 

the crude reaction mixture was done via flash chromatography on silica gel. Note 

that the use of an alcoholic solvent under acidic conditions results in slow trans 

esterification, and must be avoided in most cases.
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