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The increased worldwide interest in nuclear power and the politically charged 

threat of nuclear weapons release has made understanding the components, as well as the 

waste, of nuclear energy an important area of research.  More specifically, the 

identification and selective extraction of the dioxoactinide cations uranyl (UO2
2+) and 

plutonyl (PuO2
+), low valent actinides scuh as Am3+ or Cm3+ and various anions, such as 

pertechnetate (TcO4
-), is essential in the event of a weapons release or the spill of nuclear 

waste. 

It has been previously demonstrated that the expanded porphyrin 

[24]hexaphyrin(1.0.1.0.0.0), commonly referred to as isoamethyrin, displays a dramatic 

color change, from golden yellow to red, upon coordination of uranyl, neptunyl and 

plutonyl cations.  Chapter 2 details quantitative investigations of isoamethyrin with the 
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uranyl cation as well as the interactions of isoamethyrin with other, potentially 

competing, cations.  This work was carried out in order to assess the ability of 

isoamethyrin to serve as a colorimetric sensor for the actinide cations.  Chapter 3 

describes the synthesis and properties of periphery-modified isoamethyrin analogues.  

The addition of functional groups to this expanded porphyrin allows for immobilization 

onto a solid support and may enhance its utility as a sensor.   

Chapter 4 presents the preliminary investigations into the metalation and anion-

binding properties of a new series of macrocycles, the cyclo[n]pyrroles.  Chapter 5 

provides experimental methods and characterization data. 
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Chapter 1: Introduction 

Expanded porphyrins may be defined as polypyrrolic macrocycles containing 17 

or more atoms in their core with pyrroles directly linked or via carbon spacers.  The birth 

of this group of compounds can be traced back to the syntheses of 

[22]pentaphyrin(1.1.1.1.0), 1.1,1-3 with the rapid expansion of the field largely attributed 

to the improved synthesis of many precursors, such as bipyrrole, 1.2, tripyrrane, 1.3 and 

terpyrrole, 1.4.  

Another factor contributing to growth is the recognition that expanded porphyrins 

and related polypyrrolic macrocycles, can possess interesting and sometimes unique 

properties.  For instance, Sessler and coworkers pioneered anion binding with expanded 

porphyrins, a feature not observed in porphyrins.4-6  In separate work, it was appreciated 

early on that the larger core present in expanded porphyrins may allow for inclusion of 

two or more cations within a confined coordination sphere, or that appropriately designed 

systems could be used to stabilize complexes containing larger cations, such as those of 

the lanthanide or actinide series.  Indeed, over the past 15 years, a number of expanded 

porphyrins and expanded oligopyrrolic macrocycles (containing one or more non-carbon 

linker atoms) have been shown to coordinate high valent actinide cations, with particular 

attention paid to the uranyl (UO2
2+) cation due to its relative abundance versus the 

neptunyl (NpO2
+) and plutonyl (PuO2

+) cations.7-9  This thesis will outline the interactions 
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of two general expanded porphyrins systems, [24]hexaphyrin(1.0.1.0.0.0), 1.5, and the 

cyclo[n]pyrrole (n = 6, 8) series, 1.6 and 1.7, with uranium cations and anions of interest 

in nuclear remediation. 
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1.1 NUCLEAR WASTE IN THE ENVIRONMENT 

The actinides comprise the 5f block of the periodic table and consist of the 

elements from atomic number 89 (actinium) through atomic number 103, (lawrencium).  

All elements in the actinide (An) series are radioactive and only thorium, (Th), 

protactinium (Pa) and uranium (U) occur naturally to any significant extent while the 

others, also referred to as the transuranic elements, have been synthesized in just a few 

laboratories across the world.  Due to their radioactivity and rarity, these elements are 

restricted from widespread study but still remain an important area of research.  While 

both plutonium and uranium have been used for the development of nuclear weapons, 

current interest in uranium centers around nuclear energy production.  The U.S. relies on 

nuclear energy for 20% of its current electrical energy capacity, while France produces 

80% of its nuclear energy from nuclear reactors, and several other countries some nuclear 

energy to fulfill some part of their energetic demands.10  

The nuclear fuel cycle refers to the entire process of retrieving energy from 

uranium—from mining uranium ore to proper disposal of the waste.  A full review of this 

process will not be included in this chapter, but the interested reader is encouraged to 



 3 

visit any of a number of websites supported by the International Atomic Energy Agency 

(IAEA, http://www.iaea.org) or the World Nuclear Association (WNA, 

http://www.world-nuclear.org).   Briefly, uranium ore, consisting of deposits of U3O8 in 

abundance of greater than 0.1% uranium, is mined.  Uranium is extracted, or ‘milled’ 

from the ore through the use of either highly acidic or basic conditions.  After milling, 

roughly 80% of the product contains uranium. ‘Tailings’ refer to the left-over ore after 

uranium extraction.  The tailings contain a significant amount of radioactive material in 

the form of uranium daughter products.  The milled uranium is then converted to UF6 

with HF and enriched from its natural abundance of 0.7% U-235 to 3.5-5% U-235.  

Following enrichment, the UF6 is converted to a UO2 salt.  The desired nuclear energy 

arises through the fission of this enriched UO2.  One ton of fissionable uranium typically 

yields 45 million kilowatt-hours (equivalent to 20,000 tons of black coal or 30 million 

cubic meters of gas).  Once the fuel has past efficiency, it will contain 95% U-238, 1% U-

235, 1% plutonium and 3% fission products.  These fission products contain trace amount 

of minor actinides (Am, Np and Cm), a number of short-lived isotopes, as well as 90Sr, 
137Cs, 99Tc and 129I.  The US is one of several countries that currently does not reprocess 

this fuel, but rather has operated that it will be disposed of by storage deep underground.  

However, these long-term storage plans have been repeatedly blocked and current nuclear 

fuel waste is stored at the facility of origin.10-12  

Two current threats associated with nuclear energy production involve nuclear 

proliferation, in which the fuel, new or used, is stolen, or a situation where nuclear waste 

spills or leaks into the environment.  In both situations, a method to detect and remove 

quickly the abovementioned radioactive species from the environment is necessary.  

Thus, as the interest in nuclear power grows domestically and worldwide, it is imperative 
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to investigate the reactivity and chemistry of all components of nuclear waste and the 

proposed storage process. 

It is now fully appreciated that the actinides are easily hydrolyzed acidic metal 

ions that form strong complexes with common chelating agents.12-14  They prefer 

interactions with hard donor atoms such as O or F, but demonstrate some covalency in 

their interactions with softer donor atoms, such as Cl, N and S.  The early actinides, 

between U and Am, are known for their diverse redox chemistry, with four principle 

oxidation states ((III), (IV), (V), (VI)) and a heptavalent state for Np (and possibly Pu) 

being characteristic of these elements.  The penta- and hexavalent oxidation states are 

generally the most common, where these actinides exist as linear dioxocations, or ‘yl’ 

cations.14   In aqueous solutions, uranium exists in a hexavalent state, neptunyl in a 

pentavalent and plutonium a tetravalent oxidation state.  However, both the Np(VI) and 

Pu(VI) oxidation states increase in stability with an decreasing pH.  The transplutonium 

actinides have fewer oxidation states and generally behave quite similarly to the trivalent 

lanthanides.12 

At the conclusion of the nuclear fuel cycle, actinides are often removed from the 

fission by-products for disposal or reprocessing.  However, due to their similar chemistry, 

the separation of the trivalent, transplutonium actinides from a mixture rich in lanthanides 

is highly challenging (fission events produce about 40% lanthanide cations).15  

Fortunately, some techniques have proven sufficient and are currently used as ‘industry 

standards’.  The TRUEX process is based on extraction with CMPO (n-octyl(phenyl) 

N,N’-diisobutyl carbamoylmethylphosphine oxide).16  In the PUREX process, 

tributylphosphate (TBP) is used as an extractant of U(VI) and Pu(III) from fisson by-

products.17, 18  To enhance separations following the PUREX process, French researchers 

developed the DIAMEX process19 which relies on the use of dimethyl-dibutyl-tetradecyl 
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malonamide to separate the f-block metals from other fission products and calixarenes to 

effect the separation of Cs+.  The so-called SANEX20 (separation of Ln(III) from An(III) 

with a functionalized triazene) and Sesame processes21 (separates Cm from Am based on 

the electrochemical oxidation and subsequent complexation of Am(VI) or Am(IV)), are 

also under development. Research in this area is ongoing as the above processes do not 

achieve 100% separation and do not address the issue of such waste leaking into the 

environment. 

 

1.2 EXTRACTION AND SENSING ACTINIDE CATIONS IN THE ENVIRONMENT 

The development of macrocyclic ligands as complexants for the dioxo, or ‘yl’ 

actinide cations, be it for extraction or ‘sensing’ these species, is a popular area of 

research.  As stated above, both uranium and plutonium exist as dioxo cations in the 

environment.  In the hopes of exploiting the chelate effect, many groups have explored 

macrocyclic ligands, due to their generally higher denticity, for use in actinide cation 

complexation extraction and separation. 

 

1.2.1 Crown Ethers 

It was reported by Deshayes and coworkers22 that appropriate crown ethers are 

able to complex uranyl cations within their ‘pockets.’  Many others have put forward 

evidence that crown ethers are capable of coordinating uranyl cations in the solid state, 

albeit not always via an in-cavity mode of interaction.23  Crown ethers of various sizes 

were also shown to coordinate trivalent uranium.24-26  Shukla et al.27 have found that 

crown ethers act as U(VI) and Pu(IV) extractants in HNO3, while Dozol et al.28 found 
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limited success with ionizable crown ethers.  In 1998 Clark et al.29 demonstrated that 

crown ethers may be used to effect the complexation of neptunyl cations, 1.8. 

1.2.2 Calixarenes 

Calixarenes have also shown great promise as actinide extractants.  The first 

actinide-calixarene complex was reported by Shinkai in the late eighties30 and the first 

structurally characterized uranium calixarene complex was reported a few years later by 

Harrowfield.31  Since that time, considerable effort has been devoted to the synthesis of 

actinide complexes, including studies focused on varying the size of the calixarenes 

involved and their substitution patterns. The calixarene family has been shown to form 

stable complexes with one or two uranyl cation and, more specifically, calix[6]arenes 

have been shown to coordinate the uranyl cation strongly and to serve as extractants for 

the U(VI)30, 32-38 and Pu(IV) cations.39 

In a rather interesting report, Leverd and coworkers described a calix[6]arene 

complex in which uranyl coordination was enhanced in the presence of cesium.32  Kubo 

et al. reported the synthesis of a calix[6]arene functionalized with a single indoaniline 

chromophore, 1.9.37  It was found that in the presence of UO2(OAc)2, a significant 

bathochromic shift was observed (from 628 to 687 nm) which was not observed in the 

presence of cations such as Cs+, Li+, Sr2+, Na+, Ba,2+ or K+.  However, to the best of this 

author’s knowledge, this receptor was not explored further. 

 

1.2.3 Salen 

The salen ligand (synthesized from a non-aryl diamine and a functionalized 

salicylaldehyde) has been developed to provide ion selective electrodes capable of 

detecting the uranyl cation.40-42  For instance, the naphthyl-derived salen, 1.10, was 
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reported to coordinate the uranyl cation selectively and to produce a potentiometric 

response when supported on a PVC membrane (plasticizer: dioctyl phthalate).  Selectivity 

coefficients measured relative to a wide range of transition, alkali and alkali eath metals, 

were found to be on the order of 10-2 or better, while the limit of detection for this 

membrane was ca. 7.0 x 10-8 M.41 
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1.2.4 Miscellaneous Extractants 

In addition to salen-based systems, a wide range of other potentiometric uranyl 

sensors are known.  While a full review of this chemistry is not appropriate here, 

typically, appropriate ligands are dispersed in plasticized polymeric membranes and the 

electrochemical response is measured upone the addition of the uranyl cation.  Some 

ligands tested as potentiometric sensors include phosphates, pyrdine, diamides and 

calixarenes, to name a few.  In a recent report that reflects the current state of the art, 

Hassa and Attawiya incorporated a triethylenetetramine into a PVC matrix.  This polymer 

was reported to detect uranyl cation down to 0.01% wt, and showed selectivity over a 

number of cations, with the exception of Fe3+.43  

In work focused more on complexation than sensing, Frédéric Taran and 

coworkers developed a combinatorial approach to the synthesis of uranyl receptors.44 

These researchers screened 96 potential uranyl ligands, ranging from commercially 
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available ligands to a new library of acrylate ligands reported by the authors, using a 

competitive displacement strategy.  Rather than add a carbonate salt of the uranyl cation 

(the typical salt of choice in displacement assays), this group chose to add a uranyl 

indicator, in the form of a uranyl sulfochlorophenol S (SCP) complex to their 96 

compound ‘library’.  Displacement of the uranyl cation from the SCP/UO2
2+ complex was 

then monitored by UV-vis spectroscopy and used to identify the best ligand.  The highest 

percentage displacement was reported with ligands containg bis-phosphonate moieties, 

with the best ligand containg three such bis-phosphonates on a trisaminoethylamine (tren) 

scaffold.  Further analysis of this latter ligand using fluorescence titrations confirmed that 

it could be used to detect uranyl concentrations of less than 10-11 M with a selectivity over 

alkali and alkali earth metals, but not Fe3+. 

Two generalized metal sensing systems, 2,2′-(1,8-dihydroxy-3,6-

disulfonaphtylene-2,7-bisazo)-bisbenzenarsonic acid (AzIII, 1.11) and 2-(5-bromo-2-

pyridylazo)-5-(diethylamino)phenol (BrPADAP, 1.12) have been used to colorimetrically 

sense uranyl and plutonyl cations.45-48  While both dyes, AzIII and BrPADAP, display 

relatively low limits of UO2
2+ detection (46 ppb for AzIII and 200 ppb for BrPADAP in 

aqueous media and ethanol, respectively, at a standard > 3:1 UV–vis spectroscopic 

signal-to-noise level), both suffer from drawbacks that do not make them ideal candidates 

for actinide detection.  For instance, AzIII has a low selectivity for the actinides and 

displays similar molar absorptivities for Th(IV) and the trivalent lanthanides.  In fact, it 

has a lower detection limit for the lanthanides (20 ppb with Gd(III)) than for UO2
2+.  This 

is problematic since the lighter lanthanides are produced in fission events.15  Thus, to 

avoid detection of the lanthanides rather than actinides, under simple ‘field use’ 

conditions, a pre-purification step to remove the lanthanides is necessary.  BrPADAP also 

complexes Th(IV) strongly and displays reduced detection accuracy for uranium and 
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plutonium in the presence of Th(IV).  Additionally, this dye is not water-soluble and 

gives rise to only a very slight color change upon metal complexation.  Clearly, there is a 

need for better actinide-sensing dyes. 

In an effort to enhance uranyl extraction, immobilization of an optimized 

extractant has also been investigated.  In 1979, Tabushi and coworkers extracted uranyl 

cation from seawater with a polymer-bound macrocyclic hexaketone.49  They later 

expanded upon this work with the synthesis of an hexa-carboxylic acid-functionalized 

macrocycle immobilized on styrene.  The macrocycle in question was reported to have an 

association constant of logK = 16.4 and was highly selective for the uranyl cation over 

other cations such as Ni2+, Zn2+, Na+ and Mg2+.50  Beer and coworkers have reported a 

calix[4]arene immobilized onto tentagel bead and studied the extraction properties 

through ICP analysis.51  
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Arsenazo III, (1.11) a strong metal chelator for both the actinides and lanthanides, 

has been applied to produce a capillary electrophoresis microchip capable of achieving 

uranyl cation detection. It was found that the addition of diethylenetriaminepentaacetic 

acid (DTPA) to the supporting electrolyte improved selectivity for UO2
2+, with a limit of 

detection of 23ppb for this cation being reported.52  However, it should be noted that 

detection limits for the lanthanides were similarly low, meaning that the critical goal of 

actinide vs. lanthanide selectivity was not achieved.  Still, these reports represent an 

invaluable step forward in terms of sequestering, extracting and sensing the actinide 

cations.  
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Typically, uranyl or plutonyl coordination to a ligand occurs with little or no color 

change and is determined through analyses with ICP or AA or colorimetric assays 

involving either displacement methods,30 or direct detection of residual cation using 

arsenazo (III)34 or an appended chromophore.37  While success has been encountered 

using these approaches, stand above colorimetric sensors for these cations remain 

relatively rare.45-48 Moreover, the ligands employed as sensors to date suffered from 

drawbacks, such as low water-solubility or competition with lanthanides or other 

transition metals.  Thus, there is a need to develop viable colorimetric actinide sensors 

and extractants would allow for the real-time determination of these actinide cations. 

 

1.2.5 PORPHYRINS AS SENSORS 

Due to their strong pigmentation, porphyrins have been studied as optical-based 

sensors for a number of years.53  For good reason, metalloporphyrins have received the 

majority of attention in this area.  Typically, upon coordination with a porphyrin, an axial 

site is left free on the metal cation for coordination with small molecules or anions.  

Additionally, it has been shown that the Soret and / or Q-like bands are very sensitive to 

the particular molecule at this axial site, a phenomenon that has been exploited to 

produce a number of highly sensitive and selective sensors for small molecules.54  

Recently, metalloporphyrins have been incorporated into arrays, such as the ‘electronic 

nose,’ for easy identification of an unknown analyte.  For instance, in work carried out by 

De Natale, porphyrin-based changes in optical signature were used to determine ‘food 

freshness’ after metalloporphyrins were coated onto quartz microbalances and arranged 

as an array.55, 56  It was found in these studies that volatile molecules associated with food 

spoilage (methanol, thophene, diethylamine and triethylamine) displayed a specific 

response toward each metalloporphyrin in the array, thus providing a fingerprint for that 
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volatile analyte.  In a separate study, Rakow and Suslick reported a disposable array, in 

which 12-25 metalloporphyrins were immobilized onto a silica plate.57, 58  The porphyrins 

were observed to display a colorimetric response to a number of different volatile small 

molecules, including as arenes, ketones and halocarbons.  Colorimetric responses were 

measured through differences in the red, green and blue (RGB) values of scanned images 

of the array before and after exposure to a molecule of interest.  This technique received 

considerable attention due to its simplicity, reproducibility and sensitivity.  Suslick has 

since expanded on this work to produce systems capable of sensing organic molecules 

(including various amines, aldehydes and acids) dissolved in water.59 

While not as prevalent in the literature, non-metalated porphyrins have also been 

studied as sensors for anions,53 and organic molecules.60-62  Reports of porphyrins as metal 

cation sensors are, however, rare.  Presumably, this reflects the slow reaction times 

observed for complex formation.  Tetraphenyl porphyrin 1.13 has been shown to 

coordinate Hg2+ selectively over other cations such as Cu2+, Cd2+, Pb2+ and Zn2+.63  The 

resulting ‘sensor’ was adsorbed onto a glass surface and exposed to the cation of choice 

by simply dipping the glass into a solution of the corresponding metal nitrate or 

perchlorate salt.  It was also found that tetrakis(4-sulfonatophenyl)porphyrin, when 

deposited as a thin film on a silica surface, displays sensitivity towards acids and bases.  

Differences in the fluorescence spectra were observed for HCl and CF3COOH as well as 

for NH3 vs. Et3N or pyridine.64 A 

tetraphenyl porphyrin trisulfonate was 

put forward as a rather sensitive copper 

sensor, although Pd(II), Fe(II), and 

Zn(II) were observed to interfere with 

the response.65  Potentiometric 
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determinations of Ni(II) using a metal-free porphyrin–based system has been 

demonstrated separately by Maliski66 and Gupta.67 These researchers used tetrakis(3-

methoxy-4-hydroxyphenyl)porphyrin and unfunctionalized tetraphenyl porphyrins, 

respectively.  To improve the kinetics of response small molecules, such as pyridine, 

acetate, ammonia, or nitrate, wer adde to what were otherwise aqueous metal insertion 

conditions.68, 69  Additionally, common porphyrin systems have been incorporated into a 

supramolecular framework with similar kinetic benefit; previously impossible, or slow, 

metal insertion rates were found to be accelerated to the point the underlying chemistry 

could be used for sensing.  For instance, porphyrin 1.14 had been previously shown to 

extract aqueous Cu(II) into an acetonitrile layer.70  While the porphyrin displayed 

selectivity for copper(II) over an array of other metal cations, its utility as a sensor was 

limited as the key copper(II) insertion process required days to approach completion.  

Improved rates of reaction were reported for a supramolecular complex between 1.14 and 

polyglutamate.  It was determined that this latter peptide served to ‘catalyze’ metal 

insertion, thus decreasing the time from days to minutes.71   

Porphyrins have also been studied as sensors for heavy metals, such as Cd(II) or 

Hg(II).72, 73  5,10,15,20-Tetra(p-sulfonatophenyl)porphyrin immobilized onto a sol-gel 

film has proven to be a potential mercury ion sensor.72, 74  It was shown that the 

fluorescence of the porphyrin was quenched upon coordination of the mercury cation.  

However, this sensor also suffered from a slow insertion rate, moreover, it proved 

unstable, lasting only about a day due to leaching of the porphyrin from the film.  A 

porphyrin/cyclodextrin complex displayed improved reaction rates, something that could 

be established by monitoring the porphyrin fluorescence undergo quenching at 653 nm.75  

Unfortunately, at this wavelength, quenching was also observed in the presence of Zn(II), 

Cd(II) and Ag(I), albeit to a lesser extent. 
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1.3 SIGNIFICANT CONTRIBUTIONS TO THE COORDINATION CHEMISTRY OF THE 
ACTINIDE CATIONS 

The multiple oxidation states of the early actinides have received significant 

interest from the academic, and not just nuclear remediation, standpoint.  It was widely 

held that the actinides, like their lanthanide equivalents, coordinated ligands through 

solely ionic interactions; however, with the report of uranocene ([U(COT)2] in 196876 a 

surge of interest in the actinide cations was observed with new insights into actinide, and 

uranium chemistry in particular, being reported every year.  A number of reviews have 

been published in regards to the coordination chemistry77-79 of the actinides; thus, only a 

brief review will be presented here. 

 

1.3.1 Coordination with Nitrogen-Containing Ligands 

One exciting report from researchers at the at Los Alamos National Laboratory 

has demonstrated (via structural characterization) the formation of alkyl and aryl trans-

bis(imido) analogs of the uranyl ion: U(NR)2
+2 (R= t-butyl, 1.15, phenyl, 1.16). The 

complex U(NBut)2I2(THF)2, 1.15, was formed in moderate yields from the reaction of 

uranium turnings with 3 equivalents of I2 and 6 equivalents of tert-butylamine in THF.  

This report is of particular importance because it represents the first structurally 

characterized imido analogue of a uranyl cation.80, 81  
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1.3.1.1  Salen and Salophen 

As briefly discussed above, the salen ligand, a class of chelators made by 

condensing salicylaldehyde with a diamine, has proven especially useful for uranyl cation 

complexation.82-85  The uranyl cation typically adopts a pentacoordinate environment, and 

acyclic, tetradentate salen ligands (N2O2) provide an open site for the coordination of 

another molecule or molecular species.  Thus, the majority of salen-uranyl complexes 

reported recently have focused on the small molecule or anion recognition of a preformed 

uranyl-salophen complex and not on the behavior of the uranyl cation per se.  An 

exception to this trend is evident in a series of papers published by Ikeda and Mizuguchi, 

in which a U(V) species was stabilized through the use of an unsubstituted salophen 

(N,N’-disalicylidene-o-phenlenediaminate).  Although no structural confirmation could 

be provided, significant spectroscopic data was put forth in which the U=O vibrations 

were monitored upon electrochemical reduction of the metal center in DMSO.86-89 

Salen-derived compartmental ligands, of general structure 1.17, have been shown 

to form bi- and tri-nuclear complexes with either U(VI) or U(IV).  In 2003, Salmon et. al. 

reported the first crystallographic evidence for heteronuclear complexes.90  Reaction of a 

U(IV) salt with a nickel or copper complex resulted in the appropriate heteronuclear 

assembly in which the U(IV) was presumably oxidized by air to the dioxo-U(VI) species.  

Trinuclear complexes were reported in which a single U(IV) cation served as a bridge 

between two salen-metal complexes, 1.18.91 

Recently, Salmon et. al. have reported the synthesis 

of binuclear U(IV) complex with a salophen-derived 

macrocycle, 1.19.92  Complex formation was observed to be 

sensitive to the solvent or counterion.  With UCl4, both 

U(IV) cations were found to coordinate within the N2O2 
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cavity, while when U(acetylacetonate)4, in THF, was used as the metal cation source, an 

asymmetric binuclear complex was formed in which only one U(IV) cation was found 

coordinated within the N2O2 cavity, (something that had been previously observed) with a 

second cation being seen to occupy the O4 cavity.  When the solvent was changed to 

pyridine, an asymmetric  binuclear complex was again formed.  In this case, only one 

U(IV) cation was found coordinated within the N2O2 cavity, while the second cation was 

found to rest outside the macrocycle, being coordinated to an iminic nitrogen and a single 

hydroxyl.92 

 

1.3.1.2. Polyamido-Derived Ligands 

Meyer and coworkers have synthesized a U(III) complex stabilized with a 

substituted triazacyclononane ligand (tacn).  Like the salen derivatives discussed above, 

this complex leaves a coordination site on the uranium open for reaction with small 

molecules.  Indeed, this U(III)-complex has been shown to coordinate MeCN, complex 

1.24, Scheme 1,93 1,3,4,5-tetramethyl-imidazol-2-ylidene, 1.2594 and N3.95  Carbon 

dioxide activation has also been structurally proven in the case of the adamantly-derived 

complex, 1.23.96  Exposure of the unsaturated U(III) complex 1.23 to CO2 led to an 

immediate color change (from green to colorless), which was found to be caused by 

formation of a U(IV) complex in which a reduced molecule of CO2 was coordinated to 

the uranium center in a linear η1 (-OCO) fashion.  They have also reacted the adamantyl 

tacn-derived complex, 1.23, with Me3SiN3.  This led to N2 evolution and formation of an 

imido-U(IV) complex.97  Analysis by X-ray diffraction revealed the longest imido-metal 

bond reported to date, 2.122(1) Å.  The complex was also reported to be reactive toward 

π acids such as MeCN.  The resulting U(IV)-imide complex was then reacted with 
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CH2Cl2 or CH3I to yield the resulting halide complex.  Reduction with Na/Hg was found 

to regenerate the starting U(III) complex, 1.23.97 
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Scheme 1.1: Tacn-derived U(III) complexes 

A trivalent uranium species has also been reported with the ligand 

[N(CH2CH2NSiButMe2)3], (NN’3).98  It was found that two molecules of this species react 

with dinitrogen to form the complex [{U(NN’3)}2(µ2-η:2η2-N2)], 1.27, where the uranium 

centers are bound to a molecule of nitrogen via a side-on bridging mode.  Not only was 

this the first example of a dinitrogen-actinide complex, but, the process was shown to be 

reversible.  
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1.3.1.2 Calix[n]pyrroles 

The porphyrinogen-like macrocycle, calyx[4]pyrrole, 1.28 can be considered a 

‘saturated’ porphyrin, with alkylated sp3 carbons precluding the formation of conjugated 

systems; it has been well studied of late for its anion binding6, 99 and transition metal 

coordination properties.100  However, recent reports have demonstrated its versatility as a 

ligand for low-valent uranium complexes. 

Reaction of UI3(thf)4 and ([(-CH2-)5]4-calix[4]pyrrole)-[K(thf))]4, (hereafter, 

(calix[4]pyrrole[K(thf)]4), resulted in a binuclear species bridged by an oxygen atom, 

{(calix[4]pyrrole)UK(thf)]2(µ2-O)}-2THF, 1.29.101  An X-ray diffraction analysis 

revealed that two pyrroles on opposite sides of the fully deprotonated calix[4]pyrrole 

moiety are π-bound (η5) to the now tetravalent uranium center, with the other two 

pyrroles being sigma-bound (η1) to the uranium center through the pyrrole nitrogen 

atoms.  Korobkov, Gambarotta and Yap proposed that during the course of the reaction, 

oxidation of the uranium centers is facilitated via the two-electron degradation of THF.  

In a separate experiment, reaction of an excess of the corresponding lithium salt of 

calix[4]pyrrole with UI3(thf)4 led to the formation of the binuclear species 

[(calix[4]pyrrole)ULi(thf)2]2·hexane, 1.30.  As observed in 1.29, the two U(IV) centers in 

1.30 were bound to the four pyrroles in an η1:η5 fashion.   However, rather than a µ-oxo 

bridge, a β-carbon of one of the pyrrole rings undergoes deprotonation and forms a η1 

bond with the uranium cation complexed by the second calixpyrrole within the dimeric pair.  

It was hypothesized that the lithium salt aids in the deprotonation of the pyrrole β-CH 

proton. 
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Substitution of UCl3 for UI3 in the reaction with (calix[4]pyrrole)[Li(THF)]4, led 

to the formation of an unexpected N-confused calix[4]pyrrole uranium complex, 1.31.101  

In this latter species, one lithium cation was found coordinated to the nitrogen atom of the 

N-confused pyrrole as well as to an ethoxide oxygen atom which, in turn, was observed 

to be coordinated to the uranium center. It was postulated that the ethoxide residue was 

most likely produced via fragmentation of a THF molecule. 

It was concluded that the synthesis of 3 different complexes (vide supra) from very 

similar starting material is indicative of a rather complicated mechanism and serves as proof 

for the high reactivity of the U(III) center.  DME, a more robust ether solvent, was used in 

the reaction of UI3(dme)2 with [(Et8-calix[4]pyrrole)K4(dme)2], in an effort to limit the 

influence of the solvent on the reaction outcome.  Under these conditions, the trivalent, 

mononuclear complex [(Et8-calix[4]pyrrole)U(dme)][K(dme)] (1.32) was produced, 

Scheme 2.  In this complex the uranium center was found to coordinate to the 

calix[4]pyrrole in an η1:η5 fashion, as well as to one solvent molecule (DME).102 
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Furthermore, the reactivity of monomer 1.32 was studied.103  Attempts at reduction 

using [K(naphthalenide)] under argon produced two complexes (1.33 and 1.34).  The 

formation of 1.33 led to the conclusion that deoxygenation (fragmentation) of the DME 

solvent molecule took place, concurrent with the formation of a mixed-valent U(III)/U(IV) 

µ-oxo complex.  Compound 1.34 was found to exist in the form of an infinite anionic 

polymer, wherein three potassium atoms are present for each U(III)-calix[4]pyrrole dimer.  

The U(III)-calix[4]pyrrole dimers were assembled within the polymeric matrix via a 

bridging Me2SiO2 and a K atom for each dimeric pair.  Korobkov, Gambarotta and Yap 

inferred that the high reactivity of the U(III) center was demonstrated once again by the 

surprising presence of Me2SiO2, whose presence was attributed to silicon grease present in 

the reaction flask.  Reaction of the monomer, 1.32, with [K(napthalenide)dme] under N2 

produced a unprecedented U(V)/U(IV) complex, 1.35, in which a nitrogen molecule, from 

the N2 atmosphere, is coordinated to each uranium center and a potassium cation. 

In a separate experiment, 2 equivalents of UI3(thf)4 were reacted with 1 equivalent 

[(Et8-calix[4]pyrrole)][Li(thf)]4 to form a binuclear complex containing two trivalent 

uranium centers coordinating one calix[4]pyrrole unit.  Each uranium is ligated to all four 

pyrrolic moieties, as previously described (vide supra), as well as to two iodine anions, to 

give each metal center a tetragonally distorted octahedral geometry.  The U-U distance is 

3.452(5) Å.  A somewhat geometrically similar U(III)/U(IV) complex was obtained by 

partial reduction of UCl4 prior to the reaction with (Et8-calix[4]pyrrole)[Li(thf)4].  The U-

U distance was found to be 3.365(3) Å with both uraniums adopting a roughly octahedral 

geometry.  Magnetic moments were calculated for both complexes and were in 

agreement with the conclusion that the latter complex is a mixed valence, U(III)/ U(IV) 

species with the metals in close proximity.  It is important to note that the U-U distances 

reported here are some of the shortest seen in uranium chemistry.  However, magnetic 



 20 

data gave no evidence for U-U bonding.  DFT calculations were also in support of a 

weakly-coupled antiferromagnetic interaction between the mixed valent atoms.104  

 

1.3.1.4   Oligopyrrolic Schiff Bases 

Pyrrole-containing Schiff-base macrocycles have been known to display rich 

metalation chemistry.105  While complexation with the actinides has been studied less 

than with the transition metals or even the lanthanides, a number of actinide-Schiff-base 

expanded porphyrin complexes have been reported over the past few years.  Some recent 

reviews9, 105 have covered most of the work done and therefore these complexes will only 

be discussed briefly here. 

The uranyl cation has proven useful in template reactions involving these 

macrocycles and indeed, pyrrole-based uranyl complexes reported by Sessler et al. used 

the metal as a templating agent.106, 107  The condensation of o-phenylenediamine with a 

diformyl pyrrole in the presence of uranyl acetate and a proton sponge produced the fully 

conjugated Schiff-base system, affectionately termed alaskaphyrin, 1.36.  This fully 

conjugated system provides a rigid environment into which the uranyl cation, UO2
2+ was 

found to fit perfectly.107  Recently, a derivative of this macrocycle was shown to display 

liquid crystalline properties.  While uranyl liquid crystals108 and Schiff-base liquid 

crystals109 had been reported prior to these recent efforts, they were merged in the case of 

an alaskaphyrin liquid crystal.110  The reaction of diformyl pyrroles and o-

phenylenediamines appended with long alkyl chains in the presence of a proton sponge 

and using uranyl acetate as the template, produced macrocycles that displayed discotic 

liquid crystalline properties.  The octa-decyloxy (1.37) and octa-tetradecyloxy (1.39) 

alaskaphyrins were found to have columnar mesophases.  It is believed that the 
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combination of planarity of the macrocycle and intermolecular π-stacking led to the 

liquid crystalline properties of these novel materials.110  

The ability of alaskaphyrin to coordinate the uranyl, neptunyl, and plutonyl 

cations7 has also been analyzed by molecular modeling.  A DFT study was performed on 

all three coordination complexes in order to gain a better understanding of the 

coordination environment between the metal and macrocycle.111  It was concluded that 

substituents on the β-position of the pyrrole actually weaken the interactions between the 

uranyl cation with the ligand.  In addition, the binding energy between the dioxo metal 

and ligand decreased across the periodic table (U > Np > Pu).  It is important to note, 

however, that the most stable oxidation state of these cations varies with environment.  It 

is known,12 that in an aqueous environment neptunyl is most stable in the pentavalent 

oxidation state while the plutonyl cation is most stable in its tetravalent oxidation state. 
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A recent communication by Arnold et al.112 reports a uranyl complex with a 

polypyrrolic Schiff-base macrocycle, 1.40.113  Macrocycles of type 1.40 are known to 

coordinate Pd114 and Fe115 in different conformations. Reaction of the free base with an 

uranyl amide, [UO2(THF)2{N(SiMe3)2}2], yielded an asymmetric mononuclear complex 

with the uranyl cation occupying one pocket of the Pac-man like ligand.  One of the uranyl 

trans-oxygens (endo) is hydrogen bonded into the dipyrromethane open compartment while 

the other remains exo to the ligand.  Reaction with an excess of pyridine served to displace 

the THF molecule but did not change the overall coordination sphere of the uranyl cation 
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(which remained roughly pentagonal bipyrimidal).112 When this reaction was carried out 

with an excess of uranyl cation, no evidence of a bis-uranium binuclear complex could be 

found.  However, Arnold and coworkers were able to crystallographically characterize 

heterobinuclear complexes with this ligand.  A transamination reaction between the 

previously characterized uranyl complex and [Mn{N(SiMe3)2}2], [Fe{N(SiMe3)2}2], or 

[Co{N(SiMe3)2}2] gave the respective binuclear complex in the form of 

[UO2(thf)M(thf)(L)], 1.41.  In the case of the manganese complex, it was found that the 

endo uranyl oxygen coordinated the Mn ion; this caused the ligand to open up slightly from 

its previous folded Pac-man conformation.  Additionally, this interaction lead to a 

lengthening of the U=O (endo) bond, from 1.790(4) Å to 1.808(4) Å.116  

Grandephyrin, made by a [1+1] condensation reaction of a diformyl bisbipyrrole 

with a diamine, has been shown to coordinate the uranyl cation symmetrically around the 

six (four pyrrolic, 2 iminic) nitrogens, 1.42.  Upon complexation, the macrocycle shifts 

from its slightly ruffled shape to planar and gives the complex roughly C2 symmetry, 

although disorder is present in the pyrroles furthest from the Schiff base nitrogens in the 

crystal structure.  Based on 1H NMR spectroscopy, it has been suggested that the disorder 

is present in the solution as well.  It was also observed that the uranyl cation is slightly 

shifted towards the disordered pyrrolic nitrogens.  It is rationalized that the disorder 

reflects the strain placed on the ligand to accommodate the large uranyl cation.  The 

uranyl cation, now with six nitrogens in its equatorial plane, can be considered to have a 

distorted hexagonal bipyrimidal geometry.117 

 

1.3.1.5  Porphyrin and Expanded Porphyrin Actinide Complexes 

Porphyrin-actinide complexes have been reported; however, due to their relatively 

small core, the coordinated metal cations reported to date, Th(IV) or U(IV), typically sit 
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out of the plane of the ring118-120 and form double or triple-decker complexes.  It was thus 

reasoned that larger core present in expanded porphyrins would be ideal for the actinide 

cations.  The coordination of high valent actinides, namely uranyl, neptunyl, and 

plutonyl, with expanded porphyrins, has recently been reviewed.9  
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Unlike traditional porphyrin macrocycles, pentaphyrin derivaties, expanded 

porphyrins containing five pyrroles, have been shown to posses a rather interesting 

metalation chemisty with the uranyl cation.  First, an analogue of sapphyrin, 1.1, 

[22]pentaphyrin(1.1.1.1.1) was shown to form a very stable uranyl complex, 1.43, when 

the free base of the macrocycle was heated in an i-Pr-OH / pyridine mixture with 

UO2Cl2.121  Separate experiments later demonstrated that when reacted in methanol, 

sapphyrin quickly reacts with UO2Cl2 to form a novel coordination complex, 1.44.  Single 

crystal X-ray analysis revealed that upon cation coordination, the macrocycle had 

incorporated a molecule of methanol, specifically, a methoxy anion was found to have 

inserted into a meso position of the porphyrin, thus breaking the conjugation pathway and 

creating a diastereoisomeric system.  Based on NMR spectroscopic data, a partial-

mechanism was proposed for this process in which the U(VI) cation undergoes reduction 

to produce a transient U(IV) species.122  Finally, an oxosapphyrin-uranyl complex, 1.45, 

was reported by Sessler and coworkers in 1998.123  Here, the bis-hydrochloride salt of 

oxosapphyrin was treated with uranyl diacetate dihydrate in acetonitrile in the presence of 

triethylamine.  The uranyl complex was isolated as a green solid and characterized by 
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single crystal X-ray analysis, 1H NMR, IR, and UV-vis spectroscopies.  It should be 

noted that for all three pentaphyrin-uranyl complexes, solid-state analysis revealed that 

the macrocycles were slightly larger than optimal for the uranyl cation, and, in fact, all 

three macrocycles were observed to adopt saddle-shaped conformations which allows 

them to accommodate the metal cation better.  However, unlike porphyrin analogues, the 

uranyl cation was consistently coordinated within the plane of the macrocycles.  Further, 

the metal-ligand stoichiometry was 1:1 in all cases. 

In 2001 Sessler et al. reported that an expanded porphyrin,8 [24]hexaphyrin 

(1.0.1.0.0.0), 1.5, affectionately termed isoamethyrin, was able to coordinate the uranyl 

cation, 1.46, as well as the neptunyl cation.124  Inspection of the crystal structures of the 

UO2
2+ and NpO2

+ complexes revealed that the macrocycle, formally 24 π-electrons, 

underwent oxidation upon coordination of the actinyl cations to produce an aromatic, 22 

π-electron species.  It was also shown that, like its pentaphyrin analogues, the macrocycle 

twisted slightly to accommodate the uranyl cation while adopting this aromatic 

conjugation.  However, this twist was less pronounced for the neptunyl complex, 

presumably due to the larger size of the Np(V) cation compared to the U(VI) cation. 

 

1.3.3 Coordination with Other Ligands 

The diverse coordination chemistry displaced by the uranium cation in 

conjunction with nitrogen-containing ligands has prompted researches to investigate 

uranium complexes with softer donor atoms, such as Se and Te. 

Transamination of [U(COT)(N{SiMe3}2)2] with tetraazodecane produced a 

dinuclear complex.125  This complex, reported by Gaunt et al., was found to have one of 

the shortest U-U distances known, 3.306(9) Å, without a formal U-U bond being present. 

In separate work, Gaunt, Scott and Neu reported recently the synthesis of a novel group 
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of U(IV) thiolates and selenates obtained through 

oxidation of elemental uranium metal.  While similar 

oxidative conditions with lanthanide metal resulted the 

formation of in Ln(III) complexes, with uranium only 

tetravalent complexes were found. These structures were 

reported to be only the fourth to contain well-defined U-

Se bonds and the first to contain astructurally characterized U(IV)-Se bond.126  This same 

team has also characterized recently the first U-Te bond with the trivalent uranium 

complex, [U{N(TePiPr2)2-Te,Te’}3], 1.48.  Comparison with a trivalent lanthanum cation, 

[La{N(TePiPr2)2-Te,Te’}3], revealed that the U-Te bond length was shorter by 0.060 Å, a 

difference that was significantly larger than the change in the ionic radii of the two 

cations.127  

 

1.4 CONCLUSIONS 

In conclusion, a brief introduction into actinide, and specifically uranium 

chemistry, has been presented.  The synthesis of actinide coordination complexes is 

fueled by two areas of research: 1) sensing and extracting the actinide cations from waste 

and the environment, and 2) the academic pursuit of novel coordination complexes with 

the actinide cations.  While this latter area of research was has its origins in the search for 

more appropriate ligands for actinide cation extraction from the environment, the 

surprisingly diverse coordination chemistry of the actinides has served to open up a rich 

area of research that warrants study in its own right. 

Sections of this chapter were prepared by the author in collaboration with Prof. J. 

L. Sessler and Dr. G. D. Pantos; it is part of a review paper in Coord. Chem. Rev.128 
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Chapter 2: Hexaphyrin (1.0.1.0.0.0) As a Sensor For Actinide Cations 

2.1 INTRODUCTION AND RESEACH GOALS 

As described in Chapter 1, there is an appreciated need to identify real-time 

colorimetric actinide sensors that could be deployed in the event nuclear materials are 

released.  AzIII, 2.1,47, 48 and BrPADAP, 2.2,45, 46 are two of the very few ligands reported 

to act as a colorimetric sensors for the uranyl cation.  However, in 2001, Sessler and 

coworkers noted that the expanded porphyrin [22]hexaphyrin(1.0.1.0.0.0), 2.3, displayed 

features that could make it of interest as a sensor for actinide dioxo cations.8  As detailed 

further below, these observations were the starting point for this project. 
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2.1.1 [22]Hexaphyrin(1.0.1.0.0.0): Previous Work 

The research discussed in this chapter was meant to build on work done of two 

previous Sessler group members, namely Drs. Daniel Seidel and Anne Gorden .  The first 

of these individual developed a synthesis of isoamethyrin and was the first to prepare and 

characterize this hexapyrrolic macrocycle and its uranyl complex.  In contrast, with Dr. 

Gorden, in collaboration with Los Alamos National Laboratory, it was shown that 

isoamethyrin forms coordination complexes with the dioxo cations of neptunium, and 

plutonium.7, 8  The uranyl and neptunyl complexes were characterized structurally, 
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whereas the presumed PuO2-isoamethyrin complex was characterized by 1H and 13C 

NMR and UV-vis spectroscopy via comparisons to those obtained for the neptunyl and 

uranyl complexes.  It was noted at the time that formation of all three complexes was 

marked by a significant change in color (Figure 2.1). 

 

Figure 2.1: Color change seen upon addition of UO2
2+, NpO2

2+, and PuO2
2+ to solutions of 

isoamethyrin.  a) left: Acid salt of isoamethyrin; middle: Solution after 
addition of 10 equivalents Et3N  right: After the further addition of uranyl 
acetate.  b) Far left: Acid salt of isoamethyrin; 2nd from left: Solution after 
addition of 10 equivalents Et3N  3rd from left: After the further addition of 
plutonyl chloride; Far right: sample produced by adding neptunyl chloride to 
a solution of isoamethyrin containing Et3N.  All solutions consist of 1:1 
(v/v) methanol-dichloromethane. 

 

As has been previously reported, the acid salt of isoamethyrin exhibits three 

Soret-like bands at λ = 384 nm (ε = 24,000 dm3 mol−1 cm−1), λ = 497 nm (ε = 

59,000 dm3 mol−1 cm−1) and λ  = 597 nm (ε = 25,000 dm3 mol−1 cm−1) in the UV-vis 

spectrum.  Upon complexation with uranyl, the macrocycle undergoes spontaneous 

oxidation.  This results in a change in the overall electronic structure from antiaromatic to 

aromatic (Scheme 2.1).  This process, which is believed to be air based, causes a 

significant change in the UV–vis spectrum.  In particular, the spectrum evolves such that 

one sharp, Soret-like transition at λ =530 nm (ε = 330,000 dm3 mol−1 cm−1) and two 

smaller Q-like bands at λ = 791 nm (ε = 56,000 dm3 mol−1cm−1) and λ = 832 nm (ε = 

81,000 dm3 mol−1 cm−1) are seen for the uranyl complex. The intensity (molar 
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absorptivity, ε) of the single Soret-like band in the uranyl complex increases by a factor 

of five when compared with the acid salt of isoamethyrin.  The free base form of 

isoamethyrin, the species that coordinates uranyl cation, has been found to have a molar 

absorptivity of 50,000 dm3 mol−1 cm−1 (472 nm), which is more than six times lower than 

that of the uranyl complex.129 

 

Scheme 2.1: Oxidation of isoamethyrin upon metal coordination. 

Similar color changes were observed when the Np(VI) or Pu(VI) cations were 

added to 1:1 (v/v) MeOH–CH2Cl2 solutions of isoamethyrin, as shown in Figure 2.1b.  

Unfortunately, as a result of technical limitations associated with working highly 

radioactive species, the molar absorptivities of the neptunyl and plutonyl complexes 

could not be determined.  On the other hand, it was noted that complexation was 

extremely facile.  In particular, while the U(VI) complex requires about 24 h to show a 

significant color change, the addition of Pu(VI) or Np(VI) to a solution of isoamethyrin 

and Et3N induces an instant color change, producing essentially the same rose color seen 

in the case of the uranium–isoamethyrin complex. 

For storage and stability, the plutonyl and neptunyl starting salts were stored as 

the chloride salts in 1 M HClO4.  The plutonyl salt was used in the form of a 0.2 M 
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solution while the neptunyl salt was available as a 0.3 M solution.  It is believed that the 

isoamethyrin system is pH sensitive, coordinating cations effectively only at higher pH. 

Since addition of the plutonyl and neptunyl salts necessarily occurred at pH = 0, more 

than 10 equiv of Et3N were added to these solutions.  However, it was appreciated that 

this stoichiometry was far below what would be needed for effective buffering.  

Nonetheless, in spite of the lower pH, both the neptunyl and plutonyl complexes were 

found to form immediately upon addition of the metal as noted above.  Such observations 

provide support for the assertion that isoamethyrin may serve as an actinide sensor. 

The increased rate of colorimetric response (and presumably complexation) has 

been attributed to the fact that neptunyl and plutonyl cations are stable in the (V) 

oxidation state, while the (VI) state is preferred in the case of uranyl.  It is believed that 

upon addition of the metal, the Np(VI) and Pu(VI) ‘yl’ cations are readily reduced to the 

corresponding (V) oxidation state, thus facilitating oxidation of the isoamethyrin ligand, 

either in a stoichiometric or catalytic sense (i.e. by shuttling between the (VI) and (V) 

oxidation state).  Consistent with this hypothesis is the finding that although it is the 

Np(V) complex that is obtained regardless of the oxidation state of the metal before 

addition (V or VI) the rates of metal complex formation differ.  In the case of the uranyl, 

such a presumed metal cation redox enhanced insertion process is not possible and 

oxidation of the ring most likely occurs via direct air-based oxidation.  This, it is 

proposed, results in a slower overall reaction rate. 

 

2.1.2 Research Goals 

With these results in hand, we sought to subject the interactions between 

isoamethyrin and uranyl salts to a full anaylsis.  While the color change observed upon 

actinide cation coordination was significant, to be useful as a chemical sensor selectivity 
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would need to be demonstrated.  In other words, efforts be made to analyze the 

interactions of isoamethyrin with other cations, especially those that may be present in 

nuclear waste, or in normal ground water.  Additionally, the range of uranyl 

concentrations that would produce a visual response would need to be identified. 

 

2.2 QUANTITATIVE INVESTIGATIONS FOR URANYL COORDINATION 

In an attempt to understand isoamethyrin better and to compare it to previously 

reported actinide sensors, we set out to determine an effective ‘dynamic range’ associated 

with the formation of its actinide complexes.  Due to the limitations inherent when 

working with radioactive species, including the neptunyl and plutonyl cations the requiste 

quantitative studies (see below) were made using depleted-uranium acetate, which can be 

easily studied on the bench-top. 

 

2.2.1 Interactions of Isoamethyrin with Uranyl Acetate 

Prior to analyzing in detail the uranyl–isoamethyrin complex and its formation, 

the stability of the macrocycle itself was investigated.  It has been shown that the uranyl 

complex may exist for many weeks in solution without decomposition, and when the 

macrocycle exists as the acid salt (containing two HCl molecules coordinated in its core) 

a similar stability has been observed.8  However, as inspection of Figure 2.2 reveals, this 

is not the case for the ‘free base’ form of isoamethyrin.  In fact, appreciable 

decomposition occurs over just five days as judged from a bleaching of the UV–vis 

spectroscopic features. Unfortunately, since it is the free base form of isoamethyrin that 

complexes the uranyl cation, any metal insertion reaction requiring more than one day to 
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complete has to be considered against a ‘background’ of possible macrocycle 

decomposition. 

 

Figure 2.2: Changes in the UV-vis spectral features of a solution of free-base 
isoamethyrin (2.0 × 10-5 M) that occur over time.  The isoamethyrin solution 
in question was made up in methanol-dichloromethane 95:5 (v/v) and 
contained 4 equiv. of Et3N.  It was stored in the dark when not being subject 
to UV-vis spectral analysis.  The arrow indicates the direction of the spectral 
shift. 
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Figure 2.3: Changes in the UV-vis spectral features of a solution of isoamethyrin 
containing a) 0.5 equiv. and b) 3.0 equiv. uranyl acetate observed over the 
course of six days.  The isoamethyrin concentration is 2.0 x 10-5 M and the 
uranyl concentration is 1.0 × 10-5 M in a and 6.0 × 10-5 M in b.  The molar 
absorbtivity (ε) is in units of dm3 mol-1 cm-1.  For both a and b, the 
isoamethyrin solution in question was made up in methanol-
dichloromethane 95:5 (v/v) and contained 4 equiv. of  Et3N.  It was stored in 
the dark when not being subject to UV-vis spectral analysis.  Arrows 
indicate the direction of the spectral shift.  

As can be seen from Figure 2.3a, the addition of 0.5 equiv. of uranyl acetate 

dihydrate to a methanol-dichloromethane (95:5, v/v) solution containing isoamethyrin 

and 4 equiv. Et3N leads to formation of the uranyl isoamethyrin complex, as evidenced 

by the red shift in the Soret band from 473 to 525 nm, as well as the growth of a Q-like 

band at 830 nm.  However, these spectral changes are also accompanied by 

decomposition, as is evidenced by the bleaching of the Soret band.  It has been reported 

that the extinction coefficient of the uranyl–isoamethyrin complex is six times greater 

than that of the free base aromatic form of isoamethyrin (ε = 330,000 vs. 

52,000 dm3 mol−1 cm−1).  For this reason, a growth in the Soret band intensity is expected 

to accompany complexation.  This is in fact observed in the presence of three (as opposed 

to 0.5) equiv. of uranyl acetate (Figure 2.3b).  In this case, not only is the intensity of the 

Soret band increased, a new Q-like band is seen to grow in that is nearly three times as 

large as that seen in the presence of 0.5 equiv (ε = 18,000 vs. 6500 dm3 mol−1 cm−1).  As 

may have been expected, increased concentrations of uranyl acetate facilitates complex 

formation, allowing such a reactivity pathway to compete effectively with ones leading to 

‘decomposition’ of the macrocycle. 
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2.2.2 Dynamic Range of Uranyl Detection 

In order to identify the dynamic range for uranium detection associated with a 

naked-eye-detectable visual response, titrations of the uranyl cation into an isoamethyrin 

solution (methanol-dichloromethane 95:5, v/v) were carried out; the results are shown in 

Figure 2.4.  Both the Soret and Q-like bands increase with increasing concentrations of 

uranium.  For this experiment, an isoamethyrin concentration of 1.69 × 10−5 M was 

chosen so as to produce a solution with an absorptivity (1 cm cuvette) that was optimal 

for UV–vis spectroscopic study. 

As can be seen from an inspection of Figure 2.4, significant changes were seen in 

both the Soret and Q-band regions.  While the first of these bands is more intense and 

hence more sensitive to uranium concentration, it does not allow for a unique 

determination since it appears at the same wavelength in the case of both the complexed 

and uncomplexed forms, albeit at different molar absorptivities.  The Q-like band, 

however, only appears when uranyl is present, and, based on independent synthesis and 

characterization, is believed to indicate complexation of a cation by the oxidized form of 

isoamethyrin.  An easily discernible change in the Q-like band occurs 0.1 equiv. of the 

uranyl cation have been added, or at a concentration of 1.74 × 10−6 M UO2
2+.  At a uranyl 

concentration of 7.2 × 10−5 M uranyl or after roughly 4.3 equiv. have been added, the 

spectral changes are maximal.  Adding additional uranyl acetate does not increase the 

height of the Q-like band, leading us to suggest that under these conditions the 

equilibrium between the complexed and uncomplexed species now fully favors the uranyl 

complex.  Therefore, the dynamic range for complexation of uranium can be set at 0.1 – 

4.3 equiv. uranyl salt.  For isoamethyrin at a concentration of 1.69 × 10−5 M, this 

translates to a dynamic range of 1.74 × 10−6 M through 7.2 × 10−5 M uranyl, or a detection 

limit of 2.3 ppm, as judged by UV–vis spectroscopic analysis at this wavelength. 
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Figure 2.4:  Growth of the Soret and Q-like bands with increasing equivalents of uranyl 
acetate.  The isoamethyrin solution in question was made up in 
methanol/dichloromethane 95:5 (v/v) and contained 4 equiv. of  Et3N.  
Twenty-four individual samples were made up and stored in the dark for one 
week before being subject to UV-vis spectral analysis.  The isoamethyrin 
concentration remained constant at 1.686 × 10-5 M.  Over the course of this 
‘titration’, the uranyl concentration was increased from 0 – 17 equiv., with 
the specific concentrations being: 0, 8.71 × 10-7, 1.74 × 10-6, 2.61 × 10-6, 
4.34 × 10-6, 6.06 × 10-6, 8.64 × 10-6, 1.12 × 10-5, 1.63 × 10-5, 2.13 x 10-5, 2.75 
x 10-5, 3.36 x 10-5, 4.15 x 10-5, 4.94 x 10-5, 6.09 × 10-5, 7.20 × 10-5, 8.64 × 10-

5, 1.00 × 10-4, 1.20 × 10-4, 1.45 × 10-4, 1.69 × 10-4, 1.96 × 10-4, 2.26 × 10-4, 
2.58 × 10-4 and 2.91 × 10-4 M. 

 

As would be anticipated, detection by the naked eye is less sensitive, and a color 

change, indicating the formation of the complexed species, is not seen until roughly 

1.3 equiv of uranium have been added, or for an isoamethyrin concentration of 1.686 × 

10−5 M in methanol–dichloromethane 95:5 (v/v) containing 4 equiv. of Et3N, 2.13 × 

10−5 M in UO2
2+, yielding an uranyl detection limit of roughly 5.8 ppm.  This color 

change can be seen in Figure 2.5, between vials 8 and 9. 
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Figure 2.5:  Color change observed in the presence of varying concentrations of uranyl 
acetate.  The solutions in question have an isoamethyrin concentration of 
1.686x10-5 M and contain 4 equiv. of Et3N; they were made up in methanol-
dichloromethane 95:5 (v/v).  The vials were stored in the dark for 9 days 
before the photo.  The uranyl cation concentrations in the vials shown, 
labeled 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, and 14, were 4.34 × 10-6, 6.06 × 10-6, 
8.64 × 10-6, 1.12 × 10-5, 1.63 × 10-5, 2.13 × 10-5, 2.75 × 10-5, 3.36 × 10-5, 4.16 
× 10-5, 4.94 × 10-5 and 6.09 × 10-5M, respectively 

Comparison of color for the ‘free base’ isoamethyrin (cf. Figure 2.1) reveals that 

there is a color change observed when isoamethyrin is allowed to sit for more than 24 

hours; the yellow-gold color of the free base changes to a light pink-purple color.  It is 

assumed that oxidation of the macrocycle, which induces a color change, occurs with or 

without the addition of a metal cation.  Careful inspection of Figure 2.2 shows the Soret 

band, in addition to the observed bleaching effect, broadens but is also slightly red-

shifted, similar to the shift observed for the Soret band of the uranyl complex.  As the 

Soret band is solely responsible for the observed color change (the Q-like band lies 

outside of the visible region), it is important to note that the observed color change is 

primarily due to the oxidation of the macrocycle, and not necessarily metal insertion.  

Moreover, as the oxidized species is unstable without a metal in the center of the 

macrocycle, the observed extinction coefficient, in the absence of purification, can be 

considered dependant on the uranyl concentration.  However, the growth of the Q-like 

band does appear dependant upon metal insertion, and not just oxidation of the 

macrocycle (as is ascertained from comparison of Figures 2.2 and 2.3). 
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To test further the limits of detection, a methanol / dichloromethane (95:5, v/v) 

solution of isoamethyrin with an absorbance of 0.1 (1 cm cuvette) was prepared.  This 

solution, at a concentration of 5.012 × 10−6 M, has a barely visible peach color.  With the 

addition of 1.4 equiv. of uranyl acetate (6.785 × 10−6 M or 1.8 ppm) in the same solvent 

mixture, a pink hue first becomes evident within a day and then more so over time, as 

shown in Figue 2.6a. 

a.       b.  

Figure 2.6: a)  Picture of the color change observed upon the addition of uranyl cation to 
isoamethyrin. The vial on left shows the free-base form of isoamethyrin and 
the vial on the right shows an equivalent solution after the addition of 1.4 
equiv. of uranyl acetate.  The solutions were stored in the dark for 6 days 
prior to recording the photographs.  The isoamethyrin concentration is 5.012 
× 10-6 M in both cases and the uranyl concentration is 6.785 × 10-6 M. b) 
Increase in absorbance at 524 nm observed with time after the addition of 
1.4 equiv. uranyl acetate.  The isoamethyrin solution in question was made 
up in methanol/dichloromethane 95:5 (v/v) and contained 4 equiv. of  Et3N.  
It was stored in the dark when not being subject to UV-vis spectral analysis. 

Figure 2.6b shows the growth in the Soret band observed over time (indicating 

complex formation).  While it would be difficult to detect uranium with the naked eye at 

any lower isoamethyrin concentrations, the use of a standard UV–vis spectrophotometer 

as above is expected to permit much lower concentrations to be detected.  In any event, as 

would be expected, more dilute samples were found to slow the complexation process. 

As can be inferred from an inspection of Figure 2.6b, complexation appears complete 

after roughly 65 h.  However, at higher concentrations of isoamethryin, regardless of the 



 37 

uranyl concentration, formation of the uranyl–isoamethyrin complex appears complete 

after only 24 h, as judged by the absence of further time-dependent spectral changes. 

 

2.2.3 Metalation Studies 

In order to assess more fully the ability of isoamethyrin to serve as an actinide 

sensor, the spectroscopic changes (if any) produced by other cations were briefly 

investigated.  Complexation was determined by UV–vis spectroscopic and ESI-mass 

spectrometric analysis. A range of transition metals was chosen. In addition, the 

lanthanide species Ce(IV), Sm(III), La(III), and Gd(III), were tested, since these cations 

are known to compete with other actinide sensors.  The observed color changes, λmax 

values, and ESI results are presented in Table 2.1.  Since the objectives were to make a 

quick assessment, a large excess of the metal was added to the solution of isoamethyrin in 

methanol / dichloromethane (95:5 (v/v).  The metal cations that induced a color change or 

produced any sign of complexation as judged from ESI-MS analysis were taken and 

subject to a more detailed study, wherein 2 equiv. of the cation in question were added to 

a similar isoamethyrin solution. 

Table 2.1: Reactivity of Isoamethyrin with Metal Saltsa 

Metal Equivalents Color λ max ESI-MS 

UO2
2+ 2 Pink 530, 791, 832 Yes 

Cu(II) 2 Pink 494, 515, 808, 889 Possibleb 

Gd(III) 2 Orange 497, 719 No 

Zn(II) 2 Orange 497, 719 No 

Cd(II) 2 Orange 490, 836 (br) Yes 

Mn(II) 2 Brown/Orange 500 Yes 
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Ni(II) 2 Orange 493, 749(br)979(br) Slight 

Ce(IV) 10 Purple 527, 438 No 

Cr(VI) 20 Orange 356 Possibleb 

Fe(III) 10 Orange 433 No 

Mg(II) 2 Purple/brown 394,488,956 No 

La(III) 2 Red/brown 485,956 No 

Sm(III) 2 Purple/pink 493 No 

Pb(IV) 2 Red 498, 811(br) Yes 
a All UV-vis spectra were recorded in 95:5 (v/v) CH3OH-CH2Cl2 
b  In the case of Cu(II) and Cr(VI), a high degree of fragmentation accompanied the peak assumed to 
represent the isoamethyrin complex containing one copper or chromium atom. 

 

 

Figure 2.9:  Colors of solutions of isoamethyrin (1.02 × 10-4 M) containing 4 equiv. of 
Et3N in a MeOH-CH2Cl2 (95:5 v/v) solution.  Far left:  The acid salt of 
isoamethyrin and then from from left to right after the addition of two 
equivalents of, respectively, uranyl(VI) acetate, copper(II) nitrate, 
gadolinium(III) acetate, zinc(II) acetate, nickel(II) acetate, lead(IV) 
tetraactetate, manganese(II) acetylacetate, and cadmium(II) nitrate.  The vial 
on the far right contains the free base form of isoamethryin. 

Figure 2.9 displays the color changes observed upon the addition of each metal 

cation.  As can be seen from inspection of this figure, the only species that might be 

construed as giving a false positive is Cu(II).  While the color produced upon the addition 

of 2 equiv. of uranyl acetate and Cu(II) acetate is very similar, the uranyl species displays 

 UO2
2+   Cu2+   Gd3+   Zn2+    Ni2+     Pb4+   Mn2+  Cd2+ 
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more of a pink color and the copper appears more red-purple.  According to UV–vis 

spectroscopic analysis, a Q-like band is seen after addition of not only the copper acetate 

but also cadmium nitrate, nickel acetate and lead tetraacetate to solutions of isoamethyrin, 

(as well as, of course, uranyl acetate).  However, the Q-like band for the presumed Cu(II), 

Cd(II), Ni(II), and Pb(IV) complexes is very different from that of the uranyl–

isoamethyrin complex and could represent not only complex formation, but also 

production of oxidized, protonated species as the result of, e.g., metal-based solvolysis.  

In any case, the spectra produced by the addition of these metal cations are distinct from 

those seen in the case of the uranyl cation.  For instance, the spectra produced upon 

addition of Cd(II) is characterized by a broad peak between 700 and 900 nm, while the 

spectra produced with Cu(II) contains a somewhat shifted Q-like band as compared to the 

spectra of the uranyl complex (λmax = 800 and 880 nm, respectively).  In addition, while 

the Soret band seen upon addition of Cu(II) (λmax = 525 nm) appears to overlap the Soret 

band of U(VI) spectra at 530 nm, the peak height is only half that of the uranyl complex.  

In fact, the only spectra with Soret bands similar to that of the uranyl complex are those 

generated upon the addition of Gd(III) and Zn(II).  However, with only a minor peak at 

719 nm, neither of these spectra displays a Q-like band, thus making them easily 

distinguishable from those recorded for the uranyl complex.  These preliminary results 

show that isoamethyrin can act as a selective colorimetric sensor for the actinides, as 

judged both from the color change produced upon addition of the metal cations and the 

UV–vis spectra of the complexes that are presumably formed.  

 

2.2.4 Competition Studies 

With these preliminary characterization studies complete, more detailed 

competition experiments involving the salts of U(VI), Cu(II), Gd(III), and Pb(IV) were 
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carried out.  Selected UV-vis spectra, recorded in CH2Cl2, are shown in Figures 2.10 and 

2.11.  Figure 2.10b shows the observed absorption bands of a solution containing 

isoamethyrin, UO2(OAc)2, and Cu(OAc)2.  The Soret bands for both complexes are close, 

appearing at 521 for the Cu(II)-isoamethyrin complex and 530 nm for the UO2-

isoamethyrin complex and thus are not used to monitor this competition experiment.  

However, as Table 1 shows, the Q-like band of the copper complex are observed at 889 

and 808 nm whereas for the UO2 complex, corresponding bands appear at 832 and 791 

nm.  This red-shift and broadening of the Q-like band relative to U(VI) allows one to 

easily discern between the two cations once they are complexed.  With this established, it 

became possible to determine that it is the Cu(II) complex that is preferentially formed 

over the uranyl complex (in a competition experiment, bands are observed at 515, 889 

and 808 nm).  As is evidenced by the consistent spectra over two days, the Cu(II) 

complex forms immediately upon addition of the salt to a solution of isoamethyrin; thus 

the kinetically slower UO2-isoamethyrin complex does not have an opportunity to form.  

Needless to say, this was not viewed as a favorable result and it was realized that it would 

impose limitations on the use of isoamethyrin as a sensor 

Fortunately, a similar analysis carried out with Gd(III) and Pb(IV) (competition 

studies) led to the conclusion that the UO2-isoamethyrin complex forms preferentially 

over these two cations.  The UV-vis spectra of the solution containing the Gd(III) and 

U(VI) salts with isoamethyrin displays a Soret band at 522 nm and Q-like bands at 788 

and 831 nm after two days.  These peak values correspond to formation of the uranyl, and 

not a Gd-isoamethyrin complex.  It should be noted that for these competition reactions, 

the rate at which the uranyl isoamethyrin complex is formed is retarded.  This is evident 

for the Gd study, Figure 2.11a, in which the Soret band appears split, even after two days 

of stirring.  It can be surmised that there is both complexed and uncomplexed species in 
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solution.  The solution of isoamethyrin with Pb(IV) and U(VI) is observed to follow a 

similar pattern to that seen in the competition study involving Gd(III).  After stirring for 

two days, the solution is found to display UV-vis absorption bands at 524, 790 and 830 

nm, Figure 2.11b.  

 

Figure 2.10: Changes in the UV-vis spectral features of a solution of isoamethyrin 
containing a) 3.0 equiv. UO2(OAc)2 and b) 3.0 equiv. of UO2(OAc)2 and 
Cu(OAc)2 observed over the course of two days. The isoamethyrin solution 
in question was made up in methanol/dichloromethane 95:5 (v/v) and 
contained 3 equiv. of Et3N.  Samples were kept in the dark when not 
subjected to spectral analysis. 

 

 

Figure 2.11: Changes in the UV-vis spectral features of a solution of isoamethyrin 
containing a) 2.0 equiv. UO2(OAc)2 and b) 2.0 equiv. of UO2(OAc)2 and 
Cu(OAc)2 observed over the course of two days.  The isoamethyrin solution 
in question was made up in methanol/dichloromethane 95:5 (v/v) and 
contained 3 equiv. of Et3N.  Samples were kept in the dark when not 
subjected to spectral analysis. 
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2.3 INTERACTIONS BETWEEN COPPER(II) AND ISOAMETHYRIN 

Intrigued by these results, we sought to isolate this presumed copper-isoamethyrin 

complex.  It was hoped that structural identification would provide insight into formation 

of the complex and provide an opportunity to preclude formation of the copper complex 

in favor of uranyl complex formation. 

 

2.3.1 Background: Copper Expanded Porphyrin Complexes 

The coordination chemistry of porphyrins with transition metals, and copper 

cations in particular, as well as the utility of metalated porphyrins, is a well-established 

area of research and numerous reviews have been published on this topic.100, 130  As was 

discussed in Chapter 1 and the first half of this chapter, the relatively large core of 

expanded porphyrins makes them ideal candidates for the complexation of larger cations, 

such as those of the lanthanide and actinide series.  Additionally, their large core has lead 

to an ability to stabilize dinuclear complexes or to form novel coordination complexes 

with various metals of interest.  These macrocycles, containing aminic and iminic 

nitrogen sites and rather restricted coordination geometries, may allow for unusually 

short metal-metal distances, or, may serve as mimics for certain enzymes.  For these 

reasons, the metalation of expanded porphyrins, and also analogous expanded Schiff-base 

macrocycles, is an area of ongoing research in several groups, including our own. 

While not the focus of this work, it should be noted that a number of coordination 

complexes with oligopyrrolic Schiff-base macrocycles have been reported.116, 131-136  The 

chemistry of actinide-oligopyrrole macrocycle complexes was briefly summarized in 

section 1.3.1.4 and reports of transition metal complexes of expanded porphyrins has 

recently been reviewed.105, 137  Selected examples of such complexes are described below.  

First, in 1985, Bowman-James and colleagues reported the templated synthesis, using 
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either Zn(II) or Pb(II), of a binuclear accordion porphyrin.135  The copper complex, 2.4, 

with various counterions, could then be formed through simple metathesis reactions.  

While believed to adopt multiple conformations in solution, a solid state analysis of the 

bis-Cu(II) complex with an azide anion revealed the copper atoms to be in a pseudo 

trigonal bipyrimidal geometry while the macrocycle itself adopted an unusual twisted 

conformation.  Similar work with an analogous accordion porphyrin led to a binuclear 

copper complex in which two copper atoms adopted a distorted square planar 

geometry.136  Here, the restrictions on the ligand  led to an overall 4— charge (vs. the 2— 

charge observed with 2.4), so that two Cu(II) cations could be coordinated without the 

need of a counterion.  This allowed for the stabilization of a different geometry around 

the copper cation and the formation of a highly symmetric metal complex.  

A copper complex stabilized within a texaphyrin-calixpyrrole chimera, 2.5 has 

recently been reported by the Sessler group.132  Formation of both copper(I) and 

copper(II) complexes were reported when a copper(I)mesitylene precursor was added to 

the protonated macrocycle, 2.5.  Under an Ar atmosphere, a [Cu(I)Cl]2 complex was 

formed in which the copper atoms were found to adopt a distorted tetrahedral geometry.  

However, if the product was recrystallized while open to air, a Cu(II) complex was 

reported in which two copper atoms adopted a distorted square planar geometry. 
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Some early examples of transition metal-exapanded porphyrin complexes include 

Zn(II) and Pd(II) binuclear complexes produced from a hexaphyrin of general structure 

2.6 reported by Gausseur et al.138  Vogel and colleagues have also reported 

homobinuclear Pd(II) and Cu(II) complexes stabilized by octapyrrole, 2.7.139-141  

Weghorn, Sessler, and coworkers reported a bis-[(µ-chloro)copper(II)]amethyrin 

complex, 2.12, in which all six nitrogen atoms act as donor atoms for two metal centers 

that are held in close proximity to one another within the plane of the macrocycle 

(Scheme 2.2).142  The two copper atoms, which were found to be unusually close to one 

another, 2.761 Å, were found to have a slightly antiferromagnetic interaction.  Amethyrin 

has been shown to form a number of other homonuclear coordination complexes with 

transition metal cations, such as Zn,143 Ni,144 and Rh.145 
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Scheme 2.2: Formation of bis-(µ-chloro)copper(II)amethyrin complex 

A large number of the reported complexes have involved meso-aryl substituted 

expanded porphyrins.  This reflects, in part, the fact that the requisite macrocycles may 

be obtained via a modified Rothemund-Lindsey synthesis reported by Shin, Osuka, and 

colleagues in 2001.146  This development afforded new opportunities in expanded 

porphyrin chemistry as macrocycles containing 4-10 pyrroles linked by bridging carbons 

could be isolated after a one-step reaction that involves readily available starting 

materials.  Since that time, the formation of a Cu, Zn, Rh, Ni, Co, Fe, Mn, Pd, Pt, Ag, and 

Au complexes have been reported using a number of these meso-aryl substituted 

porphyrin analogues, 2.8-2.10.147  Some notable examples with copper cations have 

involved hexaphyrin analogues.148, 149  In the reaction of one such species, hexaphyrin 2.8, 

with copper(II) salts, the counter ions were found to be influenced by the choice of 

starting salt Cu(OAc)2 or CuCl2 (Scheme 2.3).  However, in both cases, the aromaticity of 

the macrocycle was lost as one or two of the sp2 carbon bridges rehybridized to produce 

an sp3 carbon center, a transformation that was accompanied by insertion of an oxygen 

atom (presumably derived from traces like water in the reaction mixture) and/or a 

chloride atom.  Such behavior led to a gable-structure in which both copper atoms are in 

a distorted square planar environment. 
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Scheme 2.3: Formation of binuclear copper complexes from 2.8 

A modified hexaphyrin, 2.15, has also been reported in which the β-position of 

the pyrroles contains fluoride, rather than hydrogen.149  This macrocycle has been shown 

to be a nonaromatic 28 π electron system and one that adopts a figure-eight conformation 

in the solid state.  When it is reacted with copper(II)acetate, two binuclear copper 

complexes, 2.16 and 2.17, are formed (Scheme 2.4).  As in the case of 2.8, conjugation of 

the macrocycle is lost upon metal coordination and insertion of one or two of oxygen 

atoms into the meso positions of the porphyrin is observed.  Interestingly, SQUID 

measurements led to the conclusion that complex 2.16 contains a Cu(I)/Cu(II) mixed 

valent pair. 
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Scheme 2.4: Formation of bis-copper complexes from 2.15. 
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 Osuka and coworkers have also reported a meso-aryl octaphyrin(1.1.1.1.1.1.1.) 

bis-copper complex.150  The metalated octaphyrin, similar to 2.7, adopted a figure-eight 

conformation in the solid state.  It was observed that over time, this octaphyrin underwent 

a ‘molecular mitosis’ to yield two thermally stable Cu-porphyrin (tetrapyrrole) 

complexes. 

 

2.3.2 Characterization of a bis-[(µ-Chloro-)Copper(II)] Isoamethyrin Complex 

Inspired by the interesting complexes reported for copper-expanded porphyrin 

systems and intrigued by our own qualitative observations involving Cu(II) and 

isoamethyrin, we sought to characterize the presumed Cu(II) complex.  Copper acetate, 

dissolved in methanol, was added to the ‘free base’ form of isoamethyrin in a 

dichloromethane / methanol mixture.  This triggered an immediate color change, from 

dark yellow to red.  However, to assure that the presumed metalation process went to 

completion, the reaction mixture was allowed to stir overnight.  After purification via 

column chromatography over alumina, crystals suitable for X-ray analysis were grown 

from slow evaporation of a CH2Cl2/cyclohexane mixture.  With this structural data in 

hand (vide infra), a direct comparison could be made to the bis-copper(II) complex of 

amethyrin, 2.12.  Like isoamethyrin (2.3), amethyrin contains six pyrroles and two meso-

carbons in its skeleton.  In fact, these two macrocycles differ only in the placement of 

these key subunits.  This similarity in structure is recognized in the names, with 

amethyrin.  Moreover, the acid salt of the isoamethyrin, like that of amethyrin, is purple 

in solution. 

The structure of the bis-copper(II) complex, 2.18 of isoamethyrin is shown in 

Figure 2.12.  As can be seen from an inspection of this figure, the macrocycle must 

distort slightly in order to accommodate the two copper atoms.  Presumably, as a result of 
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the slightly unfavorable coordination environment in the case of isoamethyrin, the 

pyrrole-nitrogen distance between the two outer pyrroles on the quarterpyrrole unit is 

increased from 6.009 Å to 6.566 Å relative to what is seen in the corresponding acid salt 

of isoamethyrin.  However, as true in the amethyrin complex, all six of the pyrrolic 

nitrogen atoms are ligated to the two copper cations in the isoamethyrin complex; this, in 

combination with the two bridging chlorides, leads to a pseudo-trigonal-bipyrimidal 

geometry around the copper cations.  The Cu-Cu distance is slightly shorter, 2.744(2) Å 

vs. 2.761(1) Å, than observed in the corresponding amethyrin complex. 

 

Figure 2.12: Front and side views of complex 2.18 showing a partial atom labeling 
scheme.  The hydrogen atoms, two molecules of cyclohexane and the β-
carbons on the side view have been removed for clarity.  Ellipsoids are 
scaled to the 50% probability level. 

It is assumed that macrocycle 2.3 oxidizes upon metal coordination from a 

formally 24 π-electron, antiaromatic species, to produce the aromatic, 22 π-electron 

congener, following a process similar to that presented in Scheme 2.1.  Support for this 

conclusion comes from the fact that i) copper(II) was used in the formation of this 
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complex, ii) the reaction was carried out in the presence of air, and iii) no other counter 

anions are present in the crystal lattice.  Thus, to the extent that the copper atoms remain 

in the 2+ oxidation state when coordinated and the two chloride anions contribute 2— 

charge to the complex, it follows that the macrocycle has undergone oxidation to give it 

an overall 2— charge.  Precedence for the oxidation of this macrocycle has been 

documented in the formation of the actinide-isoamethyrin complexes discussed above.  

The UV-visible absorption spectrum of the bis-copper(II) isoamethyrin complex is 

characterized by Q-like bands at 808 and 889 nm, as well as an overall increase in the 

extinction coefficient of the Soret band.  As was suspected in earlier studies, the 

extinction coefficient of the bis-copper species is much lower than that observed for the 

uranyl-isoamethyrin complex, Figure 2.13. 

 

Figure 2.13: UV-vis spectra of the acid salt of isoamethyrin (solid line), the bis-copper 
complex, 2.18( - - -) and the UO2-isoamethyrin complex (. . . . ).  Spectra 
were recorded in CH2Cl2. 

Given the close proximity of the two copper cations, we investigated the magnetic 

moment at room temperature based on Evan’s NMR method.132, 151-153  Briefly, the 

paramagnetic species, dissolved in CDCl3, was placed in an NMR tube containing 

complex-free CDCl3 in an inner tube.  The observed spectra then displayed two residual 

solvent peaks, with and without the influence of the two paramagnetic copper(II) cations.  



 50 

The magnetic moment was then calculated based on the above equation, where: T is 

temperature in Kelvin, δυ is the shift, in Hz, between the two residual solvent peaks, c is 

the concentration (M) of the sample and 2.218 × 10-3 is a constant.  After repeating this 

kind of analysis at various concentrations, a µeff of 2.32 µB was determined.  For two 

isolated Cu(II) atoms, a magnetic moment of 2.45 µB is expected (Cu2+ is a d9 metal, 

S=1/2).  Thus, the slight depression of this value leads to the conclusion complex 2.18 

contains minimally antiferromagnetically coupled Cu(II) ions.  However, due to the slight 

change from isolated Cu(II) ions, and the striking similarity between complex 2.18 and 

2.12, further investigation into the magnetic properties of the complex were not carried 

out. 

 

2.3.3 Isolation of a bis-[(µ-Hydrogen Sulfate)Copper(II)] Isoamethyrin Complex 

Upon characterization of this bis-[(µ-chloro) copper(II)] complex, attempts were 

made to form a copper complex without the bridging chloride groups.  Unfortunately, it 

was observed that in the presence of any chlorinated solvents, the chloro-bridged copper 

complex was formed.  Therefore, a similar reaction was carried out in THF.  In this case, 

the resulting red residue was not subjected to column chromatography, but simply 

recrystallized from a THF/hexanes mixture.  Fortunately, single crystals suitable for X-

ray crystallography could be grown from slow evaporation of this solution. 

As can be seen from inspection of Figure 2.14, in this new copper complex, 2.19, 

the bridging chloride anions have been replaced with bridging hydrogen sulfate anions.  

As may be expected with the bulky HSO4
— groups, the Cu-Cu distance has increased by 

roughly 0.2 Å when compared to complex 2.18 (2.744(2) Å to 2.908 Å).  However, this is 
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the only significant difference between the two structures.  Each copper atom maintains a 

pseudo- trigonal bipyramidal geometry and both sit within the plane of the macrocycle.  

Again, the porphyrin must distort slightly to accommodate both copper cations, as can be 

seen in the side view of Figure 2.14; a macrocycle adopts the typical ‘ruffled’ 

conformation, while the distance between the two furthest pyrroles of the quaterpyrrole 

unit is increased to 6.534 Å as compared to the 6.009 Å distance seen for the acid salt of 

isoamethyrin. 

 

Figure 2.14: Front and side view of a bis-[µ-(hydrogen sulfate)-copper(II)] isoamethyrin 
complex, 2.19.  All hydrogens and periphery carbons have been removed for 
clarity.  Ellipsoids are scaled at the 50% probability level.  Disorder is 
present in one molecule of hydrogen sulfate. 

It is presumed that the hydrogen sulfate groups seen in complex 2.19, were 

associated during the course of preparing the original free base of isoamethyrin.  

Generally, the free base form is isolated by washing the more stable acid salt (dissolved 

in dichloromethane), with a saturated solution of aqueous sodium bicarbonate.  The 

organic phase is then dried over sodium sulfate.  Most likely, the isoamethyrin forms a 

hydrogen sulfate complex during the course of this drying procedure.  It is well 
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appreciated that expanded porphyrins can act as anion receptors.  Indeed, a second set of 

crystals taken from the same reaction mixture from which 2.19 was isolated were found 

to be the copper-free isoamethyrin-bis-(hydrogen sulfate) species, Figure 2.15. 

 

Figure 2.15: Front and side view of a bis-(hydrogen sulfate) isoamethyrin complex 
showing a partial atom labeling scheme.  All hydrogens and periphery 
carbons on the side view have been removed for clarity.  Ellipsoids are 
scaled at the 50% probability level. 

As can be seen by inspection of Figure 2.15, two atoms of oxygen per sulfate 

molecule participate in hydrogen bonding with the macroycle, which adopts a slight bowl 

shape.  A total of six hydrogen bonding interactions, represented by dashed lines, are 

inferred from the NH···O bond distances which range from 1.936 to 2.188 Å.  It is 

presumed that the sulfate molecules exist as hydrogen sulfate.  The macrocycle is doubly 

protonated and there are no other counterions present in the crystal lattice.  Thus, each 

molecule of hydrogen sulfate contributes a charge of -1 to the complex. 
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2.4 CONCLUSIONS AND FUTURE DIRECTIONS 

The work presented in this chapter details the interactions of isoamethyrin with 

uranyl acetate and copper(II) acetate.  It also summarizes the results of studies of 

isoamethyrin with a range of other metal salts.  Kinetic analysis involving the previously 

reported uranyl-isoamethyrin complex revealed that the rate of metal coordination is 

dependent on the concentration of uranyl salt in solution.  Additionally, it was found that 

metal coordination occurs concurrent with ligand oxidation, a transformation that is 

marked by a red-shift in the Soret band.  The Q-like bands, observed for the uranyl-

isoamethyrin complex, are not observed for the metal-free oxidized isoamethyrin and are 

thus considered diagnostic of complex formation.  As the oxidized isoamethyrin is not 

stable without the presence of a metal cation, the observed absorbance, or extinction 

coefficients, of the UV-vis bands, can be correlated to the concentration of uranyl-

isoamethyrin complex.  Competition studies between uranyl acetate and a range of 

transition and lanthanide salts revealed that, in the small library of tested cations, only 

Cu(II) can successfully compete with the uranyl cation.  However, the Q-like band for 

this Cu(II)-isoamethyrin complex appears broader and red-shifted when compared to the 

UO2-isoamethyrin complex.  Thus, the Q-like band may be used to differentiate between 

an uncomplexed, oxidized macrocycle, the Cu-isoamethyrin complex and the UO2-

isoamethyrin complex. 

Full characterization of the Cu-isoamethyrin complex revealed that two copper(II) 

cations are coordinated within the plane of the macrocycle.  Two structures were obtained 

and in both cases ancillary bridging ligands were observed.  The importance of these 

ligands was noted in the case of the first bis-chloride structure here, when attempts were 

made to remove or replace the two anions but the general result of these efforts was 

decomposition.  However, a bis-[µ-(hydrogen sulfate)-copper(II)] isoamethyrin complex 
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was isolated.  In this case the stabilizing hydrogen sulfate anions were thought to reflect 

initial anion bridging by the ‘free base’ form of isoamethyrin during the course of drying 

over sodium sulfate. 

This work was initiated with the goal of investigating isoamethyrin as a potential 

sensor for the dioxo-actindie cations.  However, it has been shown that Cu(II) will 

interfere with this ‘sensor’ as will oxidation and subsequent decomposition of 

isoamethyrin itself.  Thus, the rate of uranyl coordination must be increased in order for 

isoamethyrin to act as a sensor.  Porphyrins similarly suffer from slow metal insertion 

and for this reason, have been only moderately studied as cation sensors, despite the 

impressive colorimetric changes observed upon metal coordination.  Success in this area 

has been demonstrated when the porphyrin is combined with a small molecule, such as 

acetate or nitrate, or studied as a supramolecular complex.  Two examples of this 

technique have incorporated polyglutamate for Cu(II) and Cd(II) sensing,52 and 

cyclodextrin for Hg(II) sensing.75  In all cases, the rate of metal insertion increased when 

the porphyrin was part of this supramolecular complex.  However, metal insertion with 

porphyrins is typically hindered by water coordination to the porphyrin.  In contrast, with 

isoamethyrin, metal insertion is hindered by the slow oxidation of the macrocycle.  Still, 

improved rates may be achieved by the addition of an oxidizing agent, such as Fe(III) or 

chloranil, to the isoamethyrin solution.  It is interesting to note that Fe(III) does not 

appear to form a coordination complex with isoamethyrin.  However, the redox behavior 

of Fe(III) may allow it to serve as a catalyst for ligand oxidation in the presence of U(VI) 

facilitating subsequent metal insertion.  Additionally, stabilization of the oxidized form of 

isoamethyrin, be it via transient coordination to a weakly coordinating metal cation a 

weak metal complex or through formation of a supramolecular complex, may allow for 

enhanced uranyl insertion rates. 
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The kinetics of coordination for neptunyl and plutonyl cations must also be 

investigated.  If Np(VI) or Pu(VI) is used for study, reduction of the cation to a 

pentavalent state has been shown to catalyze ligand oxidation and metal insertion.  A 

competition study between neptunyl or plutonyl with copper(II) should be carried out, 

and will hopefully result in preferential actinide complexation.  It is also necessary to 

expand the library of metals tested for coordination with isoamethyrin. 

 

Sections of this chapter have been published:  J.L. Sessler, P. J. Melfi, D. Seidel, 

A. E. V. Gorden, D. K. Ford, P. D. Palmer, C. D. Tait; ‘Hexaphyrin(1.0.1.0.0.0). A new 

colorimetric actinide sensor’, Tetrahedron, 2004, 60, 11089-11097.; and J. L. Sessler, P. 

J. Melfi, E. Tomat, V. Lynch.  ‘Copper(II) and Oxovanadium(V) Complexes of 

Hexaphyrin(1.0.1.0.0.0)’, Dalton Trans., 2007 6, 629-632. 
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Chapter 3: Periphery Modification of Hexaphyrin(1.0.1.0.0.0) and 
Immobilization onto a Solid Support 

3. 1 INTRODUCTION 

Structural modification of porphyrins may be categorized into core or peripheral 

modification.  Any change that directly influences the inner conjugation ring of a 

porphyrin falls under the umbrella of ‘core’ modification.  One example of this type of 

modification is the replacement of a pyrrole with other heterocycles, such as thiophene or 

furan.  Additionally, corroles (e.g. 3.2), porphycenes (e.g. 3.3), and expanded porphyrins 

(e.g. 3.4) fall under the umbrella of  ‘core’ modification as the conjugation pathway has 

increased, or decreased, due to the addition or subtraction of pyrroles and / or bridging 

carbons, relative to porphyrin, 3.1. 

 

As one might expect, periphery modification includes any 

other changes to the porphyrin that do not have a direct impact 

on the conjugation pathway.  These kinds of modifications can be 

additionally separated into meso- and β- pyrrole-centered 

modifications of the macrocycle. 
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3.1.1 meso-Substitution of Expanded Porphyrin Systems 

meso-Substituted porphyrins are the most synthetically accessible prophyrin 

derivatives known.  Improvements to the Rothemund-Lindsey synthesis, Scheme 3.1A, 

has made the production of tetraarylporphyrins possible on a large scale.  Modifications 

of this one-pot porphyrin synthesis have been adapted by Sessler et al.154 (Scheme 3.1B, 

3.7) and Osuka and coworkers,146 3.6, to produce meso-aryl expanded porphyrins.146  

Using this kind of approach, expanded porphyrins containing as many as 12 pyrroles 

have been reported.146  Generally, the products adopt a pyrrole-(meso-carbon)-pyrrole-

(meso-carbon)- pattern.  While the benefits of this work are undisputable, it suffers from 

the drawback of generally requiring a lengthy purification and poor synthetic selectivity 

for the desired product.  A number of highly useful expanded porphyrins cannot be 

synthesized using this technique since it generally leads only to the production of the 

most symmetric products.  For instance, meso-substituted sapphyrin, 3.8, isoamethyrin, 

3.9 or orangarin, 3.10, cannot be produced using this method as they all contain direct 

pyrrole-pyrrole linkages.  The synthesis of such meso-substituted systems requires a more 

controlled, step-wise approach. 
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Scheme 3.1: Rothemund-Lindsey synthesis of meso-aryl porphyrins and porphyrin 
analogues. 
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3.1.2 β-Substitution of Expanded Porphyrin Systems. 

The majority of reports concerning both expanded porphyrins and other, less 

conjugated expanded oligopyrrolic macrocycles, have focused on the addition of alkyl 

chains to the pyrrole.  The appendage of synthetic handles, such as carboxylic acids or 

esters, onto the β-position of a pyrrole has been known for some time.155-157  However, 

these potential building blocks have been used infrequently in expanded porphyrin 

synthesis, although a number of reports where such pyrroles have been used to prepare 

expanded Schiff base porphyrins are known.109, 110, 158, 159  Some notable examples where 

such modifications have been effected involve pentaphyrin 3.11160 and sapphyrin 3.12.161  

In both cases, two methyl ester groups were appended to separate pyrroles to generate 

solubilizing groups162 or produce synthetic handles for further modification of the 

macrocycle.163  In addition, Osuka and coworkers have reported fluorinated expanded 

porphyrins, 3.13, in yields up to 7%.164 
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3.1.3 Research Goals 

This project was undertaken with the goal of appending functionalizable groups 

onto isoamethyrin.  This putative functional group, it was thought, would then allow for 

immobilization onto a solid support or for the synthetic attachment of a fluorophore.  

These kinds of modifications would then allow us to probe and exploit isoamethyrin as a 

sensor for the actinide dioxo cations.  As was reviewed in Chapter 1, the immobilization 

of porphyrins or expanded porphyrins for use in sensing anions, metals, or small 

molecules has been extensively studied.  This chapter will detail the synthesis of two 

isoamethyrin analogues, 3.9 and 3.14, through the use of known periphery-modified 

starting materials.  Additionally, in an extension of the work presented in Chapter 2, the 

β-substituted isoamethyrin, 3.14, has been hydrolyzed and then immobilized onto a solid 

support and investigated as a sensor for the uranyl cation. 
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3.1.4 Retrosynthetic Scheme of Isoamethyrin 
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Scheme 3.2: Retrosynthetic analysis of isoamethyrin 
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The synthesis of isoamethyrin, 3.15, reported in 2001, utilized an oxidative ring 

closing reaction of a hexapyrrin, 3.16, that involved treatment with sodium dichromate in 

neat trifluoroacetic acid (TFA).  The requisite hexapyrrin, in turn, was formed through a 

simple condensation reaction of diformyl bipyrrole, 3.17, with two equivalents of bis-α-

free bipyrrole, 3.18, (Scheme 3.2).  In other words, this new expanded porphyrin was 

only two steps from readily available bipyrrole units which could be synthesized in bulk.   

Formation of a periphery-modified isoamethyrin could easily be envisioned in which 3.17 

or 3.18 was funtionalized with either meso- or β- substituents.  For instance, a meso-

functionalized macrocycle can be synthesized by using the diketone 3.19 to replace the 

original bipyrrole, 3.17.  While bipyrroles bearing β-substituents more elaborate than 

simple of alkyl chains are scarce, work in the Sessler group has focused on filling this 

void.  Drs. Salvatore Camiolio and Jeong Tae Lee, with the assistance of researchers at 

Pharmacyclics, Inc., have synthesized a methyl-ester appended bipyrrole, 3.20.  This 

building block could replace 3.17 or 3.18 in the synthesis of a β-substituted isoamethyrin. 
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3.2  SYNTHESIS OF A MESO-ARYL SUBSTITUTED ISOAMETHYRIN 

3.2.1 Hexapyrrin 

Martin Bröring has reported meso-aryl bipyrrole diketones such as, 3.19, bearing 

various para- and meta-aryl substituents and shown that they can be used to produce 

open-chain dipyrrins, (Scheme 3.3).165, 166  For instance, the dibenzylbisdipyrrin, 3.23, was 
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then formed by heating 3.19 with 2,3,4-trimethyl pyrrole in the presence of POCl3 for 

three hours. 
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Scheme 3.3: Synthesis of dipyrrin, 3.23165 

Following this procedure, we set out to synthesize a bisphenyl hexapyrrin, a 

precursor in the synthesis of isoamethyrin.  First, the bisaryl bipyrrole 3.19 was 

synthesized following published procedures.165  Initially, attempts were made to 

synthesize a hexapyrrin from this precursor in accord with previously published 

procedures, as is shown in Scheme 3.4, conditions 1.167  However, even with extended 

reaction times and / or heating the reaction mixture, only starting materials and 

decomposition products were observed.  Thus, the synthesis reported by Bröring in 2000 

was followed (Scheme 3.4, conditions 2) and hexapyrrin 3.24 was synthesized in 40% 

yield. 
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Scheme 3.4: Synthesis of isoamethyrin H23.92+·2Cl-. 
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Hexapyrrin 3.24 is a brick-red solid and in a CH2Cl2 solution, displays a UV-vis 

absorption spectrum similar to that of the phenyl-free hexapyrrin, albeit with a slightly 

red-shifted Soret band.  Single crystals suitable for X-ray diffraction were grown from 

slow evaporation of CH2Cl2 and cyclohexane.  As can be seen from inspection of Figure 

3.1, under these conditions 3.24 crystallized as the ‘free base’, without any counter-ions 

in the lattice.  Two hydrogen bonding interactions are present in the molecule, between 

N2-H···N3 and N5-H···N4, both with distances of 2.624 Å.  There is a deviation of the 

outside bipyrrole units from the mean plane defined by the inner bipyrrole unit 

(containing N3 and N4).  For atoms N2 and N5, a deviation of 0.606 Å was observed, 

whereas for atoms N1 and N6, it was 2.222 Å. 

 

Figure 3.1: Front and side views of hexapyrrin 3.24 showing a partial atom labeling 
scheme.  Most hydrogens and the alkyl substituents in the side view have 
been removed for clarity.  Ellipsoids are scaled at the 50% probability level.  
Hydrogen bonds are represented by dashed lines. 
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3.2.2 Bis-Phenyl Isoamethyrin 

With 3.24 in hand, an oxidative ring closing following a previously published 

procedure was attempted.8  Briefly, the hexapyrrin was dissolved in neat TFA and 1.2 

equiv. of Na2Cr2O7·2H2O was added.  Unfortunately, regardless of the reaction time 

emplyed, only decomposition products were observed.  At this juncture, we chose to 

investigate oxidative ring closing with FeCl3.  A recent graduate student in the Sessler 

group, Dr. Daniel Seidel, had reported the formation of the cyclo[n]pyrrole series of 

macrocycles when bipyrrole 3.21 is stirred in a biphasic mixture of FeCl3 in 1M HCl.168  

In these reactions, four bipyrrole units were shown to join together via a series of 

oxidative couplings to produce cyclo[8]pyrrole.  This method of ring formation can be 

considered a more gentle form of oxidation as the starting materials and oxidant are kept 

in separate phases and 1 M HCl is used in place of neat TFA. 

A range of conditions were tested for the proposed Fe(III)-mediated oxidative 

ring closing of 3.24.  Ultimately, it was found that stirring 3.24 in CH2Cl2 with 0.5 M 

FeCl3 in 2 M HCl for 4-5 hours resulted in the best yield of product, as monitored by 

TLC.  bis-Phenyl isoamethyrin, H23.92+·2Cl-, was isolated in 30% yield after column 

chromatography over silica, a second column over alumina and finally recrystallization 

from CH2Cl2/hexanes.  It is assumed that the initial yield of the reaction was higher, but 

due to difficulties in purification, 30% is the highest isolated yield obtained to date. 

Figure 3.2 shows a side-by-side comparison of the UV-vis absorption spectra of 

H23.92+·2Cl- and isoamethyrin H23.152+·2Cl-.  There is a slight red-shift of the Soret 

bands, in the meso-aryl isoamethyrin, as might be expected for a meso-phenyl expanded 

porphyrin; however, overall the shape of the spectra remains remarkably similar to that of 

H23152+·2Cl-, providing a clue that the desired macrocycle, with identical conjugation, 

was formed. 
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Figure 3.2: UV-visible spectra of the bis-phenyl isoamethyrin, H23.92+·2Cl- (dashed line) 
and isoamethyrin H23.152+·2Cl- (solid line) as recorded CH2Cl2. 

An 1H NMR spectroscopic comparison of the two macrocycles, however, reveals 

some important differences.  The spectrum of the original aryl-free isoamethyrin is 

characterized by NH proton signals at 23.66, 23.86, and 24.19 ppm, (500 MHz, CD2Cl2) 

due, presumably, to the antiaromatic ring current of the expanded porphyrin.  In the case 

of H23.92+·2Cl-, however, the corresponding NH peaks were observed at 14.15, 15.46, and 

15.71 ppm (400 MHz, CDCl3).  While these values are shifted downfield compared to the 

NH signals of free pyrrole (~7.5 ppm) and even the open chain hexapyrrin (δ = 11.45, 

12.390 and 13.02 ppm), the shift is not as dramatic as that for isoamethyrin H23.152+·2Cl-.  

Thus, it was concluded that significant distortion exists in H23.92+·2Cl-, and that the 

resulting deviations from planarity disrupt the conjugation pathway.   

Structural proof for this assumption was provided by X-ray diffraction analysis, as 

shown in Figures 3.3 and 3.4.  Figure 3.3 displays front and side views of H23.92+·2Cl-.  

NH···Cl hydrogen bond distances range from 3.212 – 3.731 Å and are indicated by 

dashed lines.  Overall, the molecule appears rather flat.  The average dihedral angle in the 

quaterpyrrole unit is observed to be 139.8° and it is 118.0° in the bipyrrole unit (N5 and 
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N4).  However, the significant steric strain imposed by the two phenyl groups can be 

appreciated from the addition, and hydrogen bonding, of a molecule of water within 

crystal lattice of H23.92+·2Cl-.  Figure 4 shows the same bis-HCl salt of 3.9 as was shown 

in Figure 3.3 with the singular addition of one molecule of water hydrogen-bound (the 

N6-H···O distance is only 2.800 Å) to the N6 pyrrole NH.  The remaining N-H hydrogen 

atoms are observed to form hydrogen bonds to one of the two chloride anions also 

present in the lattice, with an average N-H···Cl distance of 3.284 Å.  The average dihedral 

angle in the quaterpyrrole is 147.2°, slightly higher that what was observed without the 

addition of the water molecule.  However, the dihedral angle of the bipyrrole unit (N5 

and N6) is now 72.4°.  While the effects of this break in conjugation are not readily 

observed in the UV-vis spectrum of H23.92+·2Cl-, it can be seen by 1H NMR 

spectroscopy.  Figure 3.5 shows a portion of the proton spectrum before and after the 

addition of one equivalent of D2O.  In addition to an overall broadening observed for all 

the peaks in this region, the addition of D2O serves to break the symmetry between two of 

the methylene units.  Thus the multiplet of two triplets observed at 0.7 ppm splits into 

two triplets, which resonate at 0.72 and 0.66 ppm.  The effect is not observed when one 

equivalent of water is added to H23152+·2Cl-. 
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Figure 3.3: Front and side views of bis-phenyl isoamethyrin H23.92+·2Cl- showing a 
partial atom labeling scheme.  Most hydrogens, a molecule of THF, and the 
alkyl chains on the side view have been removed for clarity.  Hydrogen 
bonds are indicated by dashed lines.  Ellipsoids are scaled to the 50% 
probability level. 
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Figure 3.4: Front and side views of bis-phenyl isoamethyrin H23.92+·2Cl-·H2O showing a 
partial atom labeling scheme.  Most hydrogens, a molecule of THF, and the 
alkyl chains have been removed for clarity.  Hydrogen bonds are indicated 
by dashed lines.  Ellipsoids are scaled to the 50% probability level. 
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Figure 3.5: A) 1H NMR spectrum of H23.92+·2Cl- in dry CDCl3. B) after the addition of 1 
equiv. of D2O. 

3.2.3 Metalation of 3.9 

Despite the significant steric hinderance observed in the solid state, the metalation 

of macrocycle 3.9 was investigated.  The free base was obtained by washing with 10% 

aqueous NaOH a solution of H23.92+·2Cl-.  The free base was then dissolved in a mixture 

of CH2Cl2 and CH3OH and uranyl acetate, dissolved in methanol, was added.  The 

solution was stirred at room temperature for 24 hours while being periodically monitored 

by TLC and UV-vis spectroscopy.  Unfortunately, no change in the starting material was 

observed.  It was presumed that ligand oxidation may be necessary for metal insertion, so 

DDQ was added to the reaction mixture.  With this addition, a minor Q-like band was 

observed in the UV-visible spectrum.  Additionally, evidence for complex formation was 

also provided by mass spectrometry.  Unfortunately, attempts at purification led to 

retrieval of the starting free ligand. 

 

Figure 3.6: Attempted metalation of isoamethyrin 3.9: 3.9 + Et3N, (-··-··); this same 
mixture with the addition of uranyl acetate and DDQ, (solid line); 
isoamethyrin 3.9, Et3N, and DDQ, (-----). 
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Due to recent success observed for copper coordination with isoamethyrin, 

metalation of 3.9 with copper acetate was also attempted.  While evidence for copper 

coordination was observed by ESI-MS, again the presumed copper complex could not be 

isolated.  

3.2.4 Conclusions and Future Directions  

The synthesis and characterization of a meso-aryl isoamethyrin has been reported.  

The combination of bulky phenyl groups and alkyl β-substituents leads to significant 

distortion of the macrocycle and effectively weakens the conjugation of the macrocycle.  

Attempts at metalation of the expanded porphyrin proved unsuccessful and this can 

largely be attributed to the difficulty encountered with the conformational change of the 

macrocycle necessary for complex formation.  Presumably, the steric hinderance 

observed for this system would be decreased if the ethyl groups on the β position were 

replaced by methyl groups or hydrogen atoms.  However, in the absence of alkyl 

substituents, solubility may become a problem. 

Formation of the meso-aryl isoamethyrin was originally attempted as a proof-of-

concept experiment in the functionalization of isoamethyrin.  As stated at the beginning 

of the chapter, periphery modification was hoped to provide a means of immobilizing 

isoamethyrin onto a solid support.  However, the severe distortion imparted by the 

addition of the phenyl groups served to preclude formation of the desired uranyl-

isoamethyrin complex.  Therefore, the original goal of using this particular macrocycle as 

a sensor for actinide cations could not be pursued.  Therefore, investigations into β-

substitution of the macrocycle were carried out rather than further investigations of meso-

substitution. 
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3.3 SYNTHESIS OF A β-SUBSTITUTED ISOAMETHYRIN 

As evidenced from the retro-synthetic analysis shown in Scheme 3.2, 

isoamethyrin can be broken down into three bipyrrole units.  Thus, for the formation of 

isoamethyrin with β-substitution, any bipyrrole with the desired substitution can replace 

one of these three.  Pharmacyclics, Inc. has generously provided the Sessler group with 

pyrrolic precursor 3.25 for the synthesis of water-soluble expanded porphyrins.  In 

principle the methyl ester group on the β-position of this pyrrole can be converted easily 

into a number of different functionalities that could be used to improve the water 

solubility or to effect immobilization onto a solid support.  While the author performed 

all synthetic work starting with pyrrole 3.25, the procedure used to prepare bipyrrole 3.20 

from 3.25 was initially developed by Drs. Salvatore Camiolo and Jeong Tae Lee.169  It is 

shown in Scheme 3.5. 

3.25 : R = CH3; 
3.26 : R = CHO
3.27 : R = COOH
3.28: R = I
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Scheme 3.5: Synthesis of bipyrrole 3.20. 

3.3.1 Synthesis 

Bipyrrole 3.20 was formylated in moderate yields using a modification of the 

Vilsmeier-Haack reaction.  With the resulting diformyl precursor, 3.32, in hand, the open 

chain hexapyrrin, 3.33, could be prepared by condensing one equivalent with 2 

equivalents of 3.18 in the presence of catalytic HCl, as is shown in Scheme 3.6.  
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Applying similar oxidative-ring closing procedures as was used to generate 3.9 allowed 

isoamethyrin 3.14 to be synthesized in 16% yield. 
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Scheme 3.6: Synthesis of isoamethyrin H23.142+·2Cl-. 

The UV-vis spectrum (Figure 3.7) of H23.142+·2Cl- is similar to that of 

isoamethyrin H23.152+·2Cl- with one major difference: it shows an increased extinction 

coefficient of nearly 20,000 dm3cm-1mol-1.  While the additional methyl ester moieties 

must be necessarily responsible for this change, it is presently unclear how they are 

influencing the fundamental electronic properties of the macrocycle.  Crystals suitable for 

single-crystal X-ray analysis were grown from slow evaporation of a CH2Cl2 / hexanes 

mixture and the resulting structure is shown in Figure 3.8.  As was true for isoamethyrin 

3.15, the new 3.14 crystallized as the bis-chloride salt.  As can be seen from inspection of 

Figure 3.8, the core of the macrocycle is essentially planar.  This is true in spite of the 

fact that the methyl ester groups point out as far from each other as possible.  All six 

nitrogens participate in hydrogen-bonding interactions with one of the two chloride 

anions as inferred from the N-H···Cl distances, which range from 3.225 – 3.573 Å.  The 

six pyrroles are observed to adopt a slight up-down conformation with deviations from 

the plane defined by the six pyrrolic nitrogens ranging from 0.123 to 0.169 Å. 
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Figure 3.7: UV-visible spectra recorded in CH2Cl2 for isoamethyrin H23.152+·2Cl- (solid 
line) and H23.142+·2Cl- (dashed line). 

 

Figure 3.8: Top and side view of H23.142+·2Cl- showing a partial atom labeling scheme.  
Most hydrogens and the alkyl substituents on the side view have been 
removed for clarity.  Ellipsoids are scaled to the 50% probability level. 
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3.3.2 Uranyl Coordinaion of Isoamethyrin 3.14 

Before immobilization of 3.14 onto a solid support, we felt it prudent to 

investigate what effect (if any) the synthetic attachment of the methyl ester groups had on 

the interactions of the macrocycle with uranyl cations.  Towards this end, the free base of 

3.14 was dissolved in a dichloromethane-methanol mixture and 2 equivalents of uranyl 

acetate, dissolved in methanol, were added.  Formation of the uranyl-isoamethyrin 

complex was monitored by TLC over the course of two days, at which time complex 

formation was deemed complete.  The 1H NMR shifts seen in comparing the spectra of 

3.14 and its uranyl complex mirrors that observed for 3.15 and its uranyl complex.  This 

spectral analogy leads us to the conclusion that, like 3.15, isoamethyrin 3.14 oxidizes 

concurrent with metal coordination thus producing an aromatic species.  The UV-vis 

spectrum (Figure 3.9), of 3.14·UO2 recorded in CH2Cl2, revealed the growth of a Q-like 

band again similar to what was seen in the uranyl complex of 3.15.  However, the 

calculated extinction coefficients for UO2-3.14 were found to be 1/3 that of UO2-3.15.  

The dramatic increase in the extinction coefficient of isoamethyrin 3.15 seen upon uranyl 

coordination was one of the driving forces in our original suggestion that isoamethyrin 

could be used as a sensor for the detection of dioxoactinide cations.  While the extinction 

complex of 3.14-UO2 is higher than that of the acid salt of 3.14 (H23.142+·2Cl-), it is not 

five times higher as was reported in 2001 for 3.15.  While this reduced enhancement in 

the extinction coefficient may be an effect of the additional methyl ester groups, 

impurities in the sample may also lower the observed extinction coefficient.  Once such 

impurity that may depress the value would be excess uranyl cations in the sample.  When 

compared to the extinction coefficient of isoamethyrin, that of uranyl is minimal, and it is 

not detectable by NMR spectroscopy.  Thus, trace impurities of uranyl cation may go 
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undetected.  However, every attempt was made to remove any excess uranyl from the 

complex, so the effects of risidual cation should be minimal. 

Figure 3.9: Comparison of extinction coefficients and UV-visible spectra recorded in 
CH2Cl2 for UO2·3.15 (solid line) and UO2·3.14 (dashed line). 

Inspection of the crystal structure of UO2·3.14 (Figure 3.10) reveals that the 

uranyl cation sits within the plane of the macrocycle and as expected, is coordinated to 

two trans oxo ligands and all six nitrogen atoms of 3.14.  Three molecules of the UO2-

3.14 complex are present in the unit cell.  However, minimal differences, namely 

placement of the β−substituents, are observed between the three molecules.  Additionally, 

minor differences between the U-O bond lengths, which range from 1.736(9) to 

1.7730(6) Å were observed between the three molecules in the unit cell.  The average U-

N bond distance is 2.641(5), and the U-N bond angles range from 64.85-58.30º.  Both 

values are similar to that reported for UO2·3.15.  As a final comparison, Figure 3.9 

depicts UO2·3.14 overlaid with UO2·3.15.  As can be seen from inspection of this figure, 

the UO2 moiety and nitrogen atoms overlap well, while the carbon atoms show a slight 

distortion between the two molecules.  In fact, these above crystallographic data lead us 

to conclude that the additional methyl ester groups do not interfere with uranyl cation 
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coordination in the case of isoamethyrin 3.14.  As such, we felt it would be informative to 

investigate the chemistry of 3.14 when it was immobilized onto a solid support. 

 

Figure 3.10: Top and side views of UO2-3.14 showing a partial atom labeling scheme.  
Ellipsoids are scaled to the 50% probability level.  All hydrogens and the 
alkyl substituents in the side view have been removed for clarity. 

 

Figure 3.11: Overlay of UO2-3.14 (solid line) and UO2-3.15 (dashed line).  All β-pyrrolic 
substituents have been removed for clarity.  This image was generated by 
Dr. Vincent Lynch. 
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3.3.3 Methyl Ester Modification 

Methyl ester moieties are highly versatile groups that may be converted to a 

number of different functionalities with relative ease.  With isoamethyrin 3.14 in hand, 

modification of the methyl ester moieties to carboxylic acid and alcohol groups was 

explored (Scheme 3.7).  Macrocycle 3.34 was formed following a procedure established 

for the hydrolysis of methyl ester moieties appended on pentaphyrin(1.1.1.1.0).170 

Hydrolysis of 3.14 was effected in good yields by stirring the macrocycle in neat TFA 

and conc. HCl for 15-20 minutes.  The diacid, 3.34, was then purified through column 

chromatography over silica and using 10% methanol in chloroform as the eluent. 
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Scheme 3.7: Reduction or hydrolysis of methyl ester groups of 3.14. 

As shown in Scheme 3.7, the di-alcohol, 3.35, was also synthesized from the 

methyl ester starting material.  After attempts at reduction using BH3 and LAH, which 

resulted in isolation of the starting material, reduction with DiBAlH (di-isobutyl 

aluminum hydride) was found to be more effective.  However, a number of 

decomposition products formed and purification of the compound proved difficult, 

resulting in isolated yields of just over 20%. 

It should be noted at this time that attempts were also made to perform this 

reduction prior to macrocyclization, on the benzyl-protected precursor, 3.30 (Scheme 
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3.8), following a previously reported procedure.159  While reduction to the alcohol, 3.36, 

occurred in high yields, subsequent manipulations did not lead to the desired product, 

3.38 (R = OH).  Additionally, attempts at decarboxylation concurrent with in situ Clezy 

formylation (3.37 to 3.38) also proved unsuccessful, and resulted in retrieval of the 

starting material.  This inability to effect formylation at the bipyrrole stage proved true 

when R = CO2Me or CH2OH.  Thus, it was concluded that any manipulation of the 

methyl ester groups would have to be effected once the macrocycle had been formed. 
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Scheme 3.8: Attempted synthesis of diformyl bipyrrole 3.38. 

3.4 IMMOBILIZATION ONTO A TG-AMINO RESIN 

3.4.1. Preliminary Studies on the Immobilization Dicarboxyisoamethyrin 3.34 

One avenue in the further development of isoamethyrin as an actinide sensor 

would entail its immobilization onto a solid support.  An appropriately chosen support 

would allow for easier separation of the newly formed complex from solution, or 

facilitated transport or manipulation of these complexes, potentially enhanced sensitivity 

in their detection when the color changes associated with their formation are used for 

analysis.  Thus, as a proof-of-concept experiment, immobilization onto an amino-

terminated polystyrene-poly(ethylene glycol) graft copolymer resin (TG-NH2, 90 µm, 

0.30 mmol/g NH) was carried out.  Toward this end, collaboration was established with 

the labs of Prof. J. T. McDevitt at the University of Texas at Austin.  It was determined 
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that the diacid, 3.34, could be readily immobilized onto these resins following standard 

peptide synthesis protocols.  Briefly, the beads were ‘activated’ by shaking them in a 

solution containing DMF and 10 equivalents N,N-diisopropyl amine (DIPA).  After 30 

minutes, the solution was removed and the beads were washed with DMF.  The beads 

were then re-suspended in a solution containing DMF, 4 equiv. of DIPA, 1.9 equiv. 

PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) and 0.1, 

0.067, 0.05 and 0.04 molar equiv. of 3.34, based on the number of amine sites.  The 

resulting suspensions were shaken until the DMF solution had lost its pigmentation (~6 

hours).  The beads were then washed repeatedly with 1M HCl (aq.) and 1M NaOH (aq.) 

to remove the PyBOP and DMF.  The immobilization of 3.34 onto the microsphere is 

depicted schematically in Scheme 3.9.  Individual beads were placed on a silicon wafer 

and then fitted into an encapsulated flow cell.  Both the wafer and flow cell were 

designed and have been described in detail by Goodey et al.171  The flow cell was then 

placed on the stage of an Olymupus SZX12 stereomicroscope with bottom light 

illumination.  Images of the array were obtained using an Optronics DEI-750 3-chip 

charge-coupled device (CCD) and an Integral Technology Flashbus capture card. 

 

Scheme 3.9: Schematic of immobilization onto TG-NH2 beads.  Typical amine coverage 
ranges from 3.8 to 10%. 

One of the first observations while performing these experiments was that not all 

the amine sites should be completely covered on the beads; the high extinction coefficient 
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of 3.34 leads to dark beads through which color changes cannot be recognized.  In order 

for a color change to be observed, the beads were appended with significantly lower 

concentrations of isoamethyrin.  Figure 3.12 displays the absorbance values for beads 

with four different levels of isoamethyrin immobilization (3.8%, 5.0%, 6.4% and 8.4%) 

representing 0.04, 0.05, 0.067 and 0.1 mole fraction amine coverage.  Excess amine sites 

were left unprotected.  Once images of the beads were captured, numerical data 

representing the red, green and blue (RGB) intensities could be analyzed.  The ‘effective 

absorbance’, A, was determined for individual red, green, and blue channels using the 

equation Ared = -log(R/Rblank) where R is the measured absorbance in the red channel and 

Rblank is the measured absorbance in the red channel for a blank bead.  Similar 

calculations may be made for the green and blue channels using the equations Agreen = -

log(G/Gblank) and Ablue = -log(B/Bblank) 

 

Figure 3.12: Absorbancies observed after immobilization of 3.34. The beads were 
washed with water for ten minutes before being analyzed.  Camera exposure 
time was 7.36 ms.  Isoamethyrin concentrations are 0.1, 0.067, 0.05 and 
0.04 equiv. of the available NH2 sites, for beads 1, 2, 3 and 4 respectively. 

 



 80 

Before the immobilized beads were analyzed for reactivity with the uranyl cation, 

the interaction of blank beads with uranyl acetate was investigated as a control reaction.  

Blank beads were added to a solution of UO2(OAc)2 in methanol and allowed to stir for 2 

days.  At this juncture, they were arranged onto the wafer chip and placed in a flow cell.  

DI water was washed through the cell for 10 minutes before images of the wafer were 

captured.  The observed absorbance for red, green, and blue channels is shown in Figure 

3.13 as a comparison with blank beads.  While there appears to be a slight color change 

after uranyl cation exposure, it is well within the error associated with measurement of 

the beads.  It is postulated that stirring the beads in methanol for extended periods of time 

leads to slight degradation of the beads.  This degradation is observed as an increase in 

standard deviation of the beads exposed to uranyl acetate.  However, from these results, it 

can be concluded that the unfunctionalized beads, or the free amine sites, do not 

coordinate the uranyl cation.  Thus, additional ‘capping’ of the residual free amine sites 

after isoamethyrin functionalization was deemed unnecessary and therefore not 

undertaken. 
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Figure 3.13: Comparison of the absorbancy values of a blank bead (white bars) and a 
bead exposed to a MeOH solution of uranyl acetate for two days (grey bars).  
Camera exposure was 7.36 ms.  Beads were arranged into an array of a flow 
cell and washed with water for ten minutes before being analyzed.  Final 
absorbances were determined by averaging the values for three to ten beads 
and the standard deviation is indicated by the bars. 

3.4.2 Interactions with Uranyl Acetate 

We then sought to characterize, and determine the change in effective absorbance, 

for the isoamethyrin-functionalized beads upon exposure to the uranyl cation.  

Unfortunately, in spite of numerous attempts uranyl cation coordination with 

isoamethyrin had not been effected successfully observed in aqueous solutions.  This lack 

of success was also observed after 3.34 was immobilized onto the beads.  Therefore, 

methanol was investigated as an alternative solvent for the detection of uranyl cations in a 

polar medium.  To do this, uranyl acetate was dissolved in methanol and the beads were 

stirred in this solution for 1-9 days.  The beads were then placed into the flow cell and 

analyzed.  Figure 3.14 displays beads 3 and 4, with 0.067 and 0.1 moles of isoamethyrin 

before (b and c) and after (d and e) exposure to 0.0024 M uranyl acetate in methanol for 9 

days.  As can be seen from inspection of this image, there is a definite color change from 

brown (representative of the ‘free base’ of isoamethyrin’) to red (representative of the 

uranyl complex) over the course of 9 days.  Unfortunately, this ‘naked eye’ color change 

does not translate well when the ‘effective absorbance’ was calculated.  Recall that the 

only change in the visible region was a red-shift of the Soret band (from 494 nm to 531 

nm).  While in solution this color change is seen as a dramatic change from golden to red, 

when on the bead, the differences in color are less pronounced.  When combined with the 

error associated with these systems (uneven bead coverage, macrocycle/bead 

decomposition and errors inherent in RGB analysis), the color change is often difficult to 
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observe.  As can be seen from inspection of Figure 3.15 and 3.16, the effective 

absorbance before and after uranyl cation coordination in the green and blue channels are 

not consistent and differences fall within the limits of standard deviation, and thus cannot 

be used in an analysis.  Specifically, the change in green is observed to increase in Figure 

3.15 but decrease in Figure 3.16.  Additionally, in Figure 3.16, the change in the blue 

channel is well within the standard deviation of the system.  However, the observed 

change in the red channel consistently decreased upon uranyl coordination for beads 1-4, 

as can be seen in Figure 3.17.  Thus, any analytical analysis for this reaction would 

follow the change in the red channel, and not that of the blue or green channels. 

 

Figure 3.14: Color change observed on an isoamethyrin-immobilized bead upon 
exposure to a solution of 0.024 M uranyl acetate in methanol for 9 days. a) 
blank bead; b) bead containing 6.4% amine coverage with isoamethyrin c) 
bead containing 8.4% amine coverage with isoamethyrin; d) color change of 
(b) upon exposure to uranyl acetate; e) color change of (c) upon exposure to 
uranyl acetate. 
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Figure 3.15: Calculated colors observed in red, green and blue channels with 6.4% 
immobilized isoamethyrin (white column) and after exposure to uranyl 
acetate  (0.0024 M in MeOH for nine days) (grey column).  Beads were 
arranged into a flow cell and washed with water for 10 minutes before being 
analyzed.  The camera exposure was 7.36 ms.  Values were calculated from 
an average of three to five beads and bars indicate standard deviations.  

 

Figure 3.16: Calculated colors observed in red, green and blue channels with 5.0% 
immobilized isoamethyrin (white column) and after exposure to uranyl 
acetate  (0.0024 M in MeOH for nine days) (grey column).  Beads were 
arranged into a flow cell and washed with water for 10 minutes before being 
analyzed.  The camera exposure was 7.36 ms.  Values were calculated from 
an average of three to five beads and bars indicate standard deviation. 
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Figure 3.17: Change observed in the red channel for four different bead immobilizations.  
Beads were exposed to 0.0024 M uranyl acetate in methanol for nine days, 
with stirring before being arranged into a flow cell array.  Water was 
washed through the flow cell for 10 minutes before the beads were analyzed.  
The percent of isoamethyrin relative to available amine sites is: 1: 3.8%, 2: 
5.0 %, 3: 6.4 %and 4: 8.4% The camera exposure was 7.36ms.  Values were 
calculated from an average of three to five beads and bars indicate standard 
deviation of the values. 

 

3.4.3 Macrocycle Oxidation and Uranyl Coordination in Water 

The above preliminary analysis of immobilized isoamethyrin has confirmed the 

theory that isoamethyrin may be used as a sensor for actinide cations.  However, before 

this system is analyzed further, two issues must be addressed: the oxidation of 

isoamethyrin (followed by presumed decomposition) and the inability of isoamethyrin to 

coordinate the uranyl cation in water. 

3.4.3.1  Macrocycle Oxidation: A ‘false negative’ color change 

Chapter 2 briefly discussed the effects of presumed oxidation of isoamethyrin 

without any coordinating metal cations: the Soret band was observed to shift slightly, 

broaden and decrease in absorbance over a matter of days.  As a result of this process, the 

color of the ‘free base’ of isoamethyrin changed from golden yellow to a light pink.  This 

light pink color is similar to the color produced upon uranyl cation coordination with the 

macrocycle, albeit at a lower degree of pigmentation.  Unfortunately, the above-

mentioned method of analysis, through use of a CCD camera, distinguishes poorly 

between the blank, oxidized macrocycle, and the uranyl complex.  Figure 3.18 shows the 

‘effective absorbance’ calculations between two sets of beads, with 0.1 mole fraction of 

immobilized isoamethyrin (as compared to the available amine sites).  The first set of 

beads was stirred in a methanol solution and the color change is observed over the course 
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of five days.  In the second set, the beads were stirred in a methanol solution containing 

0.0024 M UO2(OAc)2 and the change in color over a five days was monitored.  As can be 

seen from inspection of Figure 3.16, the color change in the red channel between sets one 

and two is minimal and while a change in the green and blue channels is observed, it is 

minimal when standard deviation is taken into account.  One possible remedy to avoid 

this ‘false negative’ is to catalyze metal coordination to the macrocycle.  This way, 

complex formation would occur and be detected well before the macrocycle oxidizes and 

produces a signal that would be read as a ‘false negative.’  On the other hand, an 

improvement in standard deviation associated with the green and blue channels may 

allow for uranyl cation detection using the pre-oxidized isoamethyrin. 

 

Figure 3.18: TG-NH2 bead with 8.4% (0.1 mole fraction) immobilized isoamethyrin 
3.34.  White column: color change calculated in the red, green and blue 
channels of a bead after stirring in methanol for 5 days.  Grey column: color 
change calculated in the red, green and blue channels after exposure to a 
uranyl acetate solution for five days.  Both sets of beads were arranged into 
an array of a flow cell and washed with water for ten minutes before being 
analyzed.  The camera exposure was 7.36 ms. Values were calculated from 
an average of three to five beads and bars indicate the standard deviation of 
the values. 
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A possible future direction for sensing the actinide cations may involve using this 

pre-oxidized isoamethyrin.  While the absorbance change between the oxidized and 

metal-coordinated species observed in the red channel is minimal, the absorbance in the 

green and blue channels is observed to increase.  While the error associated with the 

analysis must be decreased, analyzing the change in the green and / or blue channels may 

be a new avenue to more accurate ‘sensing’ of the actinide cations as it does not take into 

account the oxidation of the macrocycle, but only metal insertion. 

3.4.3.2  Uranyl Cation Coordination to Isoamethyrin in Water 

In Chapter 2, the dynamic range of coordination of isoamethyrin (3.15) with 

uranyl acetate was analyzed.  However, it is important to note that these studies were 

carried out in a methanol-dichloromethane mixture, with methanol necessary for uranyl 

acetate dissolution and dichloromethane aiding in ligand solubility.  It was hoped that, 

with ligand solubility solved by immobilization onto the TG-NH2 bead, uranyl 

coordination could be explored in more polar solvents.  However, uranyl coordination (or 

a significant color change) was not observed in any case.  Thus, the above experiments 

were carried out in 100% methanol.  The flow cell consists of a polymer which has been 

observed to ‘crack’ in the presence of alcohols.  As the coordination experiments had to 

be carried out in methanol, the beads were stirred in methanol prior to being placed in the 

array and assembled into the flow cell.  As it stands, this approach is not an ideal method 

for uranyl cation detection and not utilizing the flow cell to its fullest potential.  As has 

been discussed previously, a catalyst for the oxidation, and hopefully metal insertion of, 

isoamethyrin may improve cation coordination in more polar solvents. 
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3.4.3.3  Reproducibility of Bead Immobilization 

The color change observed in the red channel (Figure 3.17) provides very 

promising data for the application of isoamethyrin as a sensor for the actinide cations.  

However, it should be noted that this observed change in the red channel varies between 

the batches of beads tested.  Figure 3.19 shows values for the red, green and blue 

channels for two sets of beads containing 6.4% immobilized isoamethyrin.  Here, while 

there is a small change in values, they fall within the standard deviation for each.  

However, Figure 3.20 shows the RGB values after exposure to a uranyl acetate solution 

in methanol for two days.  The error between the two sets of beads has increased and is 

now outside of the standard deviation in the red channel, in addition to a dramatic 

increase in standard deviation for the first set of beads.  This error in reproducibility can 

be attributed to degradation of the beads over time, various levels of uranyl cation 

coordination or errors associated with the analysis.  In order to utilize these beads as 

sensors for the actinide cations, it is necessary to improve the reproducibility of these 

systems. 
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Figure 3.19: Comparison of absorbance values for two separate attempts of 6.4% 
isoamethyrin immobilization onto a bead.  Both sets of beads were arranged 
into an array of a flow cell and washed with water for ten minutes before 
being analyzed.  The camera exposure was 7.36 ms. Values were calculated 
from an average of three to five beads and bars indicate the standard 
deviations of the values. 

 

 

Figure 3.20: Beads from Figure 3.19 after exposure to 0.0024 M uranyl acetate in 
methanol for 2 days (in separate solutions).  Both sets of beads were 
arranged into an array of a flow cell and washed with water for ten minutes 
before being analyzed.  The camera exposure was 7.36 ms. Values were 
calculated from an average of three to five beads and bars indicate the 
standard deviations of the values. 

3.5 CONCLUSIONS AND FUTURE DIRECTIONS 

The synthesis of an expanded porphyrin with methyl ester groups on the β-

position, 3.14, and coordination with uranyl cation, has been demonstrated.  While this 

uranyl complex has been observed to adopt a conformation similar to UO2-3.15, its all-

alkyl isomer, the UV-vis spectrum is characterized by a ca. 1/3 decrease in the extinction 

coefficient when compared with its all-alkyl parent.  Additionally, 3.34 has been 

successfully immobilized onto an amino-terminated polystyrene bead.  While 
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coordination of uranyl cation with this functionalized bead has been demonstrated, 

significant improvements are necessary before efficient and easy-to-use uranyl detection 

can be achieved.  First and foremost, efforts must be made to improve uranyl 

coordination in aqueous solvents.  One avenue towards this approach would involve 

improving the solubility of the macrocycle in water.  Scheme 3.10 depicts a proposed 

synthesis towards of a tetra-methyl ester-dihydroxy isoamethyrin.  Ideally, the alcohol 

moieties would allow for coordination onto a solid support.  Once immobilized, the 

methyl ester moieties could then be converted to alcohol groups or other water-

solubilizing groups.  Another approach, discussed in chapter two, involves stabilization 

of a pre-oxidized isoamethyrin macrocycle.  Ideally, if the macrocycle existed in this 

form, uranyl cation coordination would not only be faster, but also rendered 

thermodynamically more favorable. 
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Scheme 3.10: Proposed synthesis of a water-soluble isoamethyrin. 

Cation coordination of isoamethyrin may also be monitored by an electrochemical 

means.  As has been discussed in section 3.4.3.1 and chapter 2, complex formation occurs 

concurrently with macrocycle oxidation.  It can be assumed that the redox chemistry of 

the uncomplexed, or ‘free base’ of isoamethyrin will be very different than that of the 

complexed species.  Thus, it may be possible to monitor complex formation by a simple 
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CV of the system.  The free macrocycle would show reversible oxidation while the 

complexed species would show either no oxidation or would require greater voltage for 

oxidation to occur. 
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Chapter 4:  Cyclo[n]pyrroles as Receptors for Cations and Anions 

4.1 INTRODUCTION 

4.1.1-Importance and Research Goal 

With its focus on nuclear by-products, this thesis has given significant attention to 

the sensing and removal of the dioxoactinide cations, UO2
2+, NpO2

+ and PuO2
+.  However, 

nuclear waste includes a number of other cationic species, such as the transplutonium 

cations, Am(III) or Cm(III), etc., as well as several anionic by-products, notably the 

pertechnetate anion, TcO4
-.  Trivalent uranium is often studied as an analogue to rarer and 

more radioactive trivalent actinide cations, such as Am(III), which are products of the 

nuclear fuel cycle.  Although U(III) is not formed during the nuclear fuel cycle, and 

indeed, it quickly reacts with oxygen to form the more stable dioxocation, its availability 

makes it the workhorse of this field.  Additionally, as was discussed in Chapter 1, recent 

advances in this area of research have resulted in the characterization of novel 

coordination complexes formed with U(III), as well as the U(IV) and Pu(III) cations.  As 

such, ligands capable of stabilizing these cations and represent an ongoing area of 

research.  The same is true for TcO4
-, although in this case it is usually the ReO4

- anion 

that is used as a common model. 

4.1.1.1  Pertechnetate: Background 

Technetium-99, with a half-life of 213,000 years, comprises 6% of the total 

fission product during the nuclear fuel cycle of uranium-235.172  Elemental 99Tc readily 

oxidizes to the 99TcO4
- anion during the multiple separation and purification processes to 

which nuclear waste is subjected.  Thus, the predominant form of this element in waste 

streams, and also aqueous environments, is the tetrahedral TcO4
- anion, pertechnetate.  
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Significant progress has been made in the extraction of pertechnetate from nuclear waste 

and the current standard utilizes tributyl phosphate in the presence of nitric acid.  It is 

believed that, on average, for 35 tons of recovered uranium, 30 kg of 99Tc enters high 

level waste while 0.14 kg remains with the uranium and returns to the fuel cycle.  Of this 

0.14 kg, it is believed that up to 13.65 g of 99TcO4
- may enter the water pathway and 0.35 

g may enter the atmosphere when the uranium is recycled and refined for reuse, even 

with numerous safeguards against TcO4
- release.173  While toxicity studies of 

pertechnetate are surprisingly limited, it is believed that at these levels of release into the 

environment, the anion will never reach dangerous levels to humans or animals, thus 

further safeguards are not necessary.  However, a spill of nuclear waste or the breakdown 

of one or more of these safeguards during nuclear fuel reprocessing may lead to a 

significant increase of pertechnetate in the environment, and herein lies the danger.  It is 

known that pertechnetate is highly mobile in water and soil and thus has the potential for 

uptake from plants.173  When combined with the long half-life of Tc-99, the identification 

and selective extraction of this anion from the environment in the event of an accidental 

release is an important area of nuclear research. 

A large number of reports detailing pertechnetate extraction from aqueous media 

have relied on ion-exchange or reduction of the metal center.  It has been demonstrated 

that reduction of Tc(VII)O4
- to a Tc(IV) species, such as TcO2·nH2O, decreases the 

solubility of the metal in aqueous environment and facilitates for its extraction.174  

Additionally, ion-exchange resins, such as polyvinylpyridine (PVP) or quaternary 

ammonium resins, have been thoroughly investigated.175 

Anion recognition through the use of organic molecules is a rapidly expanding 

area of research and has been the subject of numerous reviews.176, 177  Recently, the 

number of organic ligands capable of extracting pertechnetate has grown along with the 
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field of anion recognition.  Crown ethers,178-180 dendrimers,181 various phosphate 

ligands,182 and iron-based complexes183 have been studied as pertechnetate anion 

extractants with moderate success.  The deep-cavity cyclotriveratrylene (CTV) ferrocene-

based receptor, 4.1, has been reported to extract TcO4
- selectively from a 9% saline 

solution into nitromethane over other similar anions such as SO4
2-, ClO4

-, PO4
3-, NO3

- and 

ReO4
-.183  In separate work, a bis-ruthenium CTV derivative has been studied for binding 

with pertechnetate.  Extraction studies were performed with the CTV dissolved in a 

nitromethane layer and a saline solution containing ether perrhenate or pertechnetate 

anion.  Pertechnetate extraction into the organic layer was reported at 84%.184 

Beer and coworkers have demonstrated cooperative binding of TcO4
- with a 

tripodal tris(benzo-15-crown-5) ligand, 4.2 in the presence of sodium cation.185  1H NMR 

titrations in CDCl3 showed that the affinity for the model anion ReO4
- (as the TBA salt) 

increased by as much as 20-fold when 4.2 was studied in the presence of sodium pictrate 

as compared to control studies carried out without the sodium salt.  Extraction studies of 

a CH2Cl2 / water (pH = 11) mixture with NH3TcO4 in the aqueous phase were reported to 

have a 6-fold increase in the rate of transport of TcO4
- into the organic layer when NaNO3 

was added to the aqueous layer. 

Schiff-base azacages, such as 4.3, have been shown to coordinate perchlorate and 

perrhenate within the cavity of the cage.  Extraction studies of NaTcO4 or NaReO4 (1 x 

10-4 M, pH 7.4, HEPES / NaOH buffer) were carried out using a range of azacages (1 x 

10-3 M, in CHCl3).  It was found that 4.3 showed a 20% extractability while some open-

chain analogues displayed comparable or higher extraction percentages.  

A water-soluble sapphyrin, 4.4, has also been suggested as a potential ligand for 

pertechnetate extraction.186  While aggregation of sapphyrin hindered the direct 

calculation of binding constants, comparative studies of phosphate binding with 
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sapphyrin lead to an effective binding of 3900 M-1 for a pH 7 solution of 7.2 x 10-3 M 

pertechnetate anion.  These examples represent just a few recent reports in the ever-

expanding field of pertechnetate extraction chemistry. 
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4.1.1.2  Project Goal 

Work in the Sessler group has focused recently on the identification of new 

sensors for the dioxo actinide cations, low valent actinide cations and other radioactive 

by-products of the nuclear fuel cycle, such as the pertechnetate anion.  One set of 

promising ligands are the cyclo[n]pyrrole series of macrocycles, 4.5-4.7.  These species 

were attractive due to their large core, which makes them potentially suitable for the 

coordination of the large low valent actinide cations or the complexation of anions.  The 

goal of the research presented in this chapter details efforts in the investigation of 

cyclo[n]pyrrole (n=6 or 8) for coordination with actinide cations and / or the 

pertechnetate anion. 
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 Crystals of the bis-chloride and bis-perchlorate cyclo[8]pyrrole complexes were 

grown by Dr. T. Köhler and the crystal of the bis-tetrafluoroborate cyclo[8]pyrrole 

complex was grown by Elisa Tomat.  Additionally, crystals of the uranyl-cyclo[6]pyrrole 

complex were grown by Dr. Fredric Bolze.  The remaining three crystals presented in this 

chapter were grown by the author.  All structures were solved by Dr. Vincent M. Lynch 

of the Department of Chemistry and Biochemistry at UT Austin. 

4.1.2 Background: The Cyclo[n]pyrroles 

The cyclo[n]pyrrole series of macrocycles, 4.5-4.7, reported in 2002168 and 

2003,187 are formed through an oxidative coupling using FeCl3 or, more recently, 

electrochemical oxidation of bipyrrole.188  These expanded porphyrins contain 6, 7, or 8 

pyrroles directly linked to one another and have been shown to be aromatic and 

completely planar, despite the presence of a large conjugation pathway.  In fact, 

cyclo[8]pyrrole ([30]octaphyrin(0.0.0.0.0.0.0.0), 4.5) is the first expanded porphyrin with 

8 pyrroles that is planar, where the majority of expanded porphyrins with a conjugation 

pathway of 30 or more π-electrons adopt ‘figure-eight’ or other twisted conformations. 

As such, these systems represent potentially unique receptor systems. 

The cyclic voltammetry (CV) and spectroelectrochemistry of compounds 4.5-4.7 

have been reported.187  Macrocycle 4.5a was observed to undergo a two-electron 

reduction at -0.08 V and four one-electron oxidations at 0.52, 0.77, 1.14, and 1.30 V for 

oxidations 1-4, respectively (CV’s performed in CH2Cl2 containing 0.1 M 

tetrabutylammonium perchlorate; values vs. SCE).  Comparison of the values for the first 

reduction and first oxidation provides insight into the HOMO-LUMO gap present in the 

system.  Thus, for 4.5a, the HOMO-LUMO gap is calculated to be 0.6 V, a value that is 

much lower than that of typical porphyrins (2.25 ± 0.15 V).189  As might be expected 

given their smaller conjugation pathway, 4.6 and 4.7 are observed to display a higher 
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HOMO-LUMO gap, with values of 0.85 and 1.30 V, respectively.  Only a single one-

electron reduction is seen for both 4.6 (-0.18 V) and 4.7 (-0.35 V) and only two one-

electron oxidations are observed in the case of 4.6 (0.67 and 1.10 V) and 4.7 (0.95 and 

1.56 V), respectively.  It should be noted, however, that the HOMO-LUMO gap is still 

smaller for all three macrocycles as compared to typical porphyrins.  As an extension of 

this work, the reductive N-alkylation of 4.5a and b was reported by Sessler, Kadish, and 

coworkers.190  It was demonstrated that the cyclo[8]pyrrole could incorporate both methyl 

groups and benzyl groups at the pyrrolic nitrogens.  Such alkylation occurs concurrent 

with reduction and serves to break the aromaticity of the macrocycle, as was confirmed 

by 1H-NMR spectroscopy and spectroelectrochemistry.  It was also demonstrated via a 

solid state X-ray diffraction analysis that this reduced macrocycle adopted an up-down 

conformation in the solid state. 

The unusual planarity present in macrocycles 4.5a - 4.7, and in particular 

cyclo[8]pyrrole 4.5a, has prompted explorations of their use in a number of materials 

applications.  The single molecule spectroscopy of cyclo[8]pyrrole was investigated, and 

a non-conventional Kondo effect was observed.169  In work reported by Xu et al., 

Compound 4.5a was also used to form Langmiur-Blodgett (LB) films and studied as 

organic field-effect transistors.191  More recently, alkyl-appended cyclo[8]pyrroles 4.5d-f 

have been reported.  It was demonstrated that hexagonal columnar mesophases were 

formed in the presence of small molecules such as trinitrofluorenone (TNF), 

trinitrobenzene (TNB), trinitrophenol (TNP) or trinitrotoluene (TNT).192  Additionally, 

cyclo[8]pyrrole and cyclo[6]pyrrole were studied as telemorase analgues in G-quadruplex 

binding.  When compared to octaethylporphyrin, 4.8, 4.5a and c and 4.6, 4.7 was found 

to show superior binding with the G-quadruplex d(T2AG3)4, (T4).169, 193 
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Despite the numerous materials-related applications, the anion binding or 

metalation chemistry of these systems has not been extensively studied.  However, it is 

presumed that the large core present in 4.7 and 4.5 would allow for the coordination of 

large cations, such as U(III), or large anions, such as pertechnetate.   

This chapter presents a summary of preliminary investigations involving the 

anion-binding behavior of cyclo[8]pyrrole and the interactions of cyclo[8]pyrrole and 

cyclo[6]pyrrole with both high and low valent uranium. 

4.2 ANION-BINDING PROPERTIES OF CYCLO[8]PYRROLE 

4.2.1 Background—Anion Complexes of Cyclo[8]pyrrole 

The 1H and 13C-NMR spectra for H24.5a2+·SO4
2- are characterized by unusually 

high symmetry in that only three signals are observed, two for the ethyl groups (a triplet 

and quartet in the 1H NMR spectrum) and one signal for the NH peak at 0.64 ppm.  In 

other words, the pyrroles are all completely equivalent.  If the ethyl substituents on 

H24.5a2+-SO4
2- are altered to methyl groups or hydrogens, the NH signal is observed to 

shift up to 1 ppm upfield!  It was postulated that the less sterically hindered systems were 

better able to adopt conformations that lied closer to true planarity and the NH peak 

shifted upfield accordingly.129  X-ray diffraction analysis of H24.5a2+·SO4
2- reveals that a 
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single sulfate molecule is centrally bound within the cavity of 4.5a (Figure 1).  All four 

oxygen atoms of the sulfate anion participate in hydrogen bonding with seven of the 

pyrrolic nitrogens with NH···O distances ranging from 2.696 – 3.148 Å.  The eight 

pyrrolic nitrogen participates in hydrogen bonding with a molecule of methanol also 

present in the crystal lattice.  Observation of this strong anion binding interaction has led 

members of the Sessler group, past and present, to wonder whether 4.5 would bind other 

tetrahedral oxygen-containing anions, such as pertechnetate.  A goal of the author was 

thus to explore this question, at least in a preliminary fashion. 

 

Figure 4.1: Top and side views of H24.5a2+·SO4
2-·CH3OH showing a partial atom labeling 

scheme. Displacement ellipsoids are scaled to the 50% probability level.  
Most hydrogens and the alkyl substituents in the side view have been 
removed for clarity.  Hydrogen bonds are indicated by dashed lines. 

While not yet published, the existence of a bis-HCl salt of cyclo[8]pyrrole has 

been established via X-ray diffraction analysis.  As can be seen from inspection of Figure 

4.2, the resulting structure shows the chloride anions sitting above and below the plane of 

the macrocycle.  Possibly due to the small size of chloride relative to the core of the 
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cyclo[8]pyrrole, two molecules of water are also observed to hydrogen bond with the 

macrocycle.  The macrocycle maintains a high degree of planarity with an average 

dihedral angle (defined as the βCn-αCn vector vs the αC(n+1)-N(n+1) vector for pyrroles 

n and n+1) of 138.8°.  Interestingly, the two molecules of water are found to sit closer to 

the macrocycle than the two negatively charged chloride anions.  The chloride anions are 

observed to form only two hydrogen bonding interactions, with Cl···H-N distances of 

3.292 and 3.317 Å; the O···H-N distances are shorter, with two hydrogen bond distances 

being 2.980, and 3.122 Å, respectively. 

 

Figure 4.2: Top and side views of H24.5a2+·2Cl-· 2H2O showing a partial atom labeling 
scheme.  Displacement ellipsoids are scaled to the 50% probability level.  
Most hydrogens and the alkyl substituents in the side view have been 
removed for clarity.  Hydrogen bonds are indicated by dashed lines. 

The solid state structure of a bis-perchlorate-cyclo[8]pyrrole complex has also 

been determined.  This anion bears closer analogy to the tetrahedral sulfate anion.  

Indeed, like sulfate, the geometry of the perchlorate anion is tetrahedral.  However, 

unlike sulfate, it has a charge of only (-1).  Thus, two perchlorate anions are necessary to 

balance the doubly positively charged form of cyclo[8]pyrrole.  As can be seen from 



 100 

inspection of Figure 4.3, a perchlorate anion is observed to sit above and below the plane 

of the macrocycle.  Of note in this structure is the uneven placement of the two anions, 

which are both observed to be displaced toward one side of the macrocycle.  As a result, 

presumably of this shift, two of the pyrroles form only very weak hydrogen bonds with 

either perchlorate anion, with the O···H-N(1) distance for these two pyrroles being 3.742 

Å.  For the other six pyrroles, the O···H-N distances are 2.789, 2.941, and 3.096 Å for N4, 

N3, and N2, respectively.  Three of the four oxygen atoms of each perchlorate anion 

participate in hydrogen bonding with cyclo[8]pyrrole, while the fourth atom points away 

from the macrocycle. 

 

Figure 4.3: Top and side views of a H24.5a2+·2ClO4
- 

 complex showing a partial atom 
labeling scheme.  Displacement ellipsoids are scaled to the 50% probability 
level.  Most hydrogens and the alkyl substituents in the side view have been 
removed for clarity. 

Finally, Figure 4.4 shows the structure of a bis-BF4
- cyclo[8]pyrrole complex.  

Like the bis-ClO4
- complex, the two BF4

- anions sit above and below the plane.  It is clear 

that three fluorine atoms of each anion participate in hydrogen bonding, with N-H···F 
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distances of 2.776, 2.896, and 3.097Å being seen for N1, N2, and N3, respectively, while 

the fourth fluorine atom points away from the macrocycle.  A weak interaction between 

the N4 atoms and the F2 atoms, with a N-H···F distance of 3.121 Å, is observed.  On the 

other hand, a hydrogen bond is not inferred due to the poor directionality of the bond.  

(The N-H-F angle is 103.3°).  The eight pyrroles are once again observed to adopt a 

slight up-down geometry, with an average dihedral angle of 143.5°. 

 

Figure 4.4: Top and side views of H24.5a2+·2BF4
- showing a partial atom labeling 

scheme.  Ellipsoids are scaled to the 50% probability level.  Most 
hydrogens, two molecules of CH2Cl2 and the alkyl substituents in the side 
view have been removed for clarity.  Hydrogen bonds are indicated by the 
dashed lines. 

4.2.2 Isolation of a bis-ReO4 Complex of Cyclo[8]pyrrole 

With the successful characterization of these four salts of cyclo[8]pyrrole, we felt 

that diprotonated cyclo[8]pyrrole might act to complex other tetrahedral anions, including 

specifically ones larger than the perchlorate anion, such as perrhenate and pertechnetate.  

Since all isotopes of technetium are radioactive, we chose to work with the perrhenate 
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anion, ReO4
-, at least for these structural studies.  As noted above, perrhenate is often 

considered a non-radioactive isostructural analogue to TcO4
-.  Formation of the bis-

perrhenate cyclo[8]pyrrole complex was achieved by washing the ‘free base’ of 

cyclo[8]pyrrole with a 10% aqueous solution of perrhenic acid.  Crystals suitable for X-

ray diffraction were grown by slow evaporation of a CH2Cl2 / CH3OH solution.  As can 

be seen from inspection of Figure 4.5, the bis-perrhenate complex displays remarkable 

similarities to the bis-perchlorate complex.  Most noticeably, the two perrhenate anions 

are once again observed to both sit closer to one side of the macrocycle.  However, only 

two oxygen atoms of each anion participate in hydrogen bonding and with only four of 

the pyrrolic nitrogens.  Observed O···H-N distances are 2.829 and 2.959 Å for N2 and 

N3, respectively.  By contrast, four other weaker hydrogen bonding interactions can be 

observed.  The first two interactions have an O2···H-N4 distance of 3.374 Å, while the 

second set of interactions have a short O4···H-N1 distance of 2.785 Å, but display poor 

directionality with an O-H-N angle of 124º.  It should be noted that there was disorder 

present in the perrhenate anions of the complex, possibly leading to slightly altered 

oxygen-nitrogen distances or angles.  
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Figure 4.5: Top and side views of H24.5a2+·2ReO4
- showing a partial atom labeling 

scheme.  Ellipsoids are scaled to the 50% probability level.  Most hydrogens 
and the alkyl substituents in the side view have been removed for clarity.  
Hydrogen bonds are indicated by the dashed lines.  The minor component of 
the disorderd ReO4

- anion was removed for clarity. 

An iodide salt of 4.5a has also been characterized in the solid state.  However, 

unlike the above examples, four atoms of iodine are observed to interact with a molecule 

of doubly protonated cyclo[8]pyrrole (Figure 4.6).  Here, one iodide anion is observed to 

nearly fit within the plane of the macrocycle, while an I3
- anion is observed to sit above 

the plane of the macrocycle.  The formation of polyhalide species through the addition of 

a halide to an interhalogen compound or via halide-transfer reactions is well established 

and I3
- is one of the most stable polyhalides known.194  Crystals of the iodide complex 

were grown by slow evaporation of CH2Cl2 and cyclohexane while the solution was 

exposed to air.  It can be rationalized that a bis-HI complex of cyclo[8]pyrrole, similar in 

conformation to the bis-perrhenate species, is first formed, and over time, I3
- replaces one 

of the iodides.  The inclusion of an iodide into the plane of the cyclo[8]pyrrole may 
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disfavor complexation of a second I3
- anion and thus lead to isolation of the mixed 

species.  Unfortunately, the cyclo[8]pyrrole is still too large for a singe iodide anion, as 

evidenced by observed N-H···I1 distances range that from 3.822 to 3.959º Å.  As might 

be expected, the I3
- anion does not interact appreciably with the diprotonated 

cyclo[8]pyrrole core.  The closest iodine atom, I2, has minimum N-H···I distance of 3.938 

Å, a value that reflects at best minimal hydrogen bonding interaction. 

 

Figure 4.6: Top and side views of H24.5a2+·I-·I3
- showing a partial atom labeling scheme.  

Ellipsoids are scaled to the 50% probability level.  Most hydrogens, a 
molecule of cyclohexane and the alkyl substituents in the side view have 
been removed for clarity. 

Two separate NH peaks, at either -1.782 and -2.155 ppm, have been observed in 

the 1H-NMR spectrum of the presumed iodide complex.  It was previously noted that the 

NH peak for the H24.5a2+·SO4
2- complex shifted by as much as 1 ppm if the alkyl 

substiuents were altered.129  Table 1 shows a comparison of average dihedral angles 

(again defined as the angle defined by vector of βC1-αC1 when compared to the vector 

of αC2-N2 for pyrroles 1 and 2, respectively) for the six structures listed above as 
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compared to the NH shift observed in the 1H NMR spectra.  No discernable relationship 

between the planarity of the macrocycle and the observed NH shift can be ascertained.  

Similarly, the shape, size, or pKa of the conjugate acid for the different anions do not 

appear to influence the NH shift.  Most likely, some combination of the above features 

result in the observed NH shift.  Additionally, it can be argued that solvent molecules 

play a significant role in defining the chemical shift of the NH protons.  As demonstrated 

by the sulfate complex shown in Figure 1 and the bis-chloride complex shown in Figure 

2, solvent molecules readily hydrogen bond with cyclo[8]pyrrole.  Given the weak 

interactions observed in the H24.5a2+·I-·I3
- complex, it may be rationalized that the 1H 

NMR spectrum of this species is particularly sensitive to additional solvent molecules 

and concentration. 

Table 4.1: Key features of anion complexes formed from the diprotonated form of 4.5a. 

Anion Dihedral angle ± std. dev. NH shift (CDCl3, Hz) pKa (conj. acid) 

H24.5a2+·2Cl-·2H2O  138.8 ± 6.5° -0.76 HCl: -7 

H24.5a2+·2ClO4
- 143.5 ± 7.1° Not determined -10 

H24.5a2+·2BF4
- 143.5 ± 7.8° -5.345 -4.9 

H24.5a2+·2ReO4
- 142.2 ± 7.7° -3.123 -1.25 

H24.5a2+·I-·I3
- 140.5 ± 6.2° -5.388 & -4.455a HI: -11 

H24.5a2+·SO4
2- 143.6 ± 7.6° 1.28 -2 

a: These two peaks are observed as separate signals and the cause for the differences in 
these NH shifts is still undetermined, vide supra. 

4.2.3 UV-Vis Competition Studies of H24.52+·I-·I3
- with TBA Anions 

Analysis of the above crystal structures allowed for qualitative comparisons 

between various anion complexes of cyclo[8]pyrrole; however, we were also interested in 

a more direct analysis of the anion binding behavior of cyclo[8]pyrrole in solution.  In the 
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six crystal structures shown above, the macrocycle is observed to bind anions in its 

diprotonated state, and as such, it was determined that the solution phase anion binding 

studies would be carried out using the diprotonated form of the macrocycle.  For 

technical reasons, we chose to investigate the anion binding by carrying out competitive 

titrations between H24.5a2+·I-·I3
- and the tetrabutylammonium salts of various anions 

using chloroform as the solvent.  Iodide was chosen as the starting point due to the low 

charge density of I- and I3
- and the presumably weak nature of this complex.  The 

integration of the NH peak for this iodide complex when compared to the alkyl groups 

confirms the presence of eight protonated, and symmetric, nitrogens.  It should be noted, 

however, that, in separate experiments, the position of the NH peak, observed at either -

2.155 or -1.782 ppm (vide supra).  For the work reported below, as well as for the X-ray 

analysis, the complex with an NH peak observed at -1.782 ppm was employed. 

In a given titration, a TBA salt, such as TBA-ReO4, is gradually added to a 

solution of H24.5a2+·I-·I3
-.  During the course of this titration, it can be assumed that the 

three species shown in Scheme 4.1, namely 4.8 - 4.10, will be present in solution to 

varying degrees. (Note that 4.8 = H24.5a2+·I-·I3
-.) 
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Scheme 4.1: Species proposed to be present as TBA-ReO4 is titrated into a chloroform 
solution of the iodide complex of cyclo[8]pyrrole, 4.8. 

Figure 4.7 depicts selected spectra for a 1H-NMR spectral titration of the 

diprotonated form of cyclo[8]pyrrole with TBA-ReO4.  A single NH peak is observed at -
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1.782 ppm (CDCl3, 400 MHz) for the starting iodide complex, 4.8, highlighting the high 

degree of planarity present in the macrocycle.  Upon the addition of up to 1.0 equiv. 

TBA-ReO4, this NH peak is observed to shift downfield, up to -1.630 ppm.  At this 

juncture, further addition of TBA-ReO4 does not result in a further shift of the NH peak. 

However, it causes a growing in of a new peak at -1.269 ppm.  This new peak is observed 

to grow in intensity while the original NH peak is seen to decrease over the remainder of 

the titration, up to 6.3 equivalents.  It can be postulated that the original shift in the NH 

peak reflects formation of the mixed species, 4.9.  Upon further addition of TBA-ReO4, 

the bis-ReO4 complex, 4.10, is formed.  It has been determined in separate work that the 

NH peak of the TBA-ReO4 complex appears at -1.249 ppm.  Another interesting feature 

of this titration is the behavior of the ethyl CH2 protons, observed as a quartet.  This peak 

is observed to be very broad in the bis-HI complex, but quickly sharpens upon addition of 

TBA-ReO4.  Indeed, in the 1H-NMR spectra of the bis-ReO4 complex, this quartet is 

observed to be significantly sharper, pointing towards the formation of a more rigid and / 

or symmetrical structure.   
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Figure 4.7: NMR spectra, recorded in CDCl3, of H24.5a2+·I-·I3
-- with the addition of TBA-

ReO4. 

It may be argued that the initial shift of the NH peak from -1.782 to -1.630 ppm, 

from 0 to 1 equivalents, is indicative of a step-wise formation of the mixed species 4.9 

followed by the formation of the bis-ReO4 complex, 4.10 after the addition of more than 

one equivalent of TBAReO4.  This assessment suffers from two drawbacks.  First, in 

separate studies, a clean H24.5a2+·2ReO4
- species was observed to show an NH shift at -

1.249 ppm, not -1.630 ppm.  Thus, the peak at -1.630 may be representative of the mixed 

species, 4.9 or another complex which incorporates solvent or TBA counterions.  

Additionally, even if this were a clean, step-wise formation, determination of an accurate 

binding constant is difficult as the combination of 1H NMR peak shifts and the growth of 

a new peak is difficult to analyze in a quantitative fashion.  With this in mind, we chose 



 109 

to investigate the anion interactions of H24.5a2+·I-·I3
- via UV-vis spectroscopic titrations.  

As was observed in the NMR titration, two separate events can be inferred from the data.  

Upon a closer inspection of the Q-like band at 1164 nm, the peak is observed to increase 

initially up until the addition of 1 equivalent of salt, again possibly representing 

formation of the mixed species, 4.9.  With further addition of salt, the Q-like band is 

observed to decrease and shift, again possibly representing formation of the bis-ReO4 

complex 4.10. 

Figure 4.8A displays a linear-least squares analysis of a typical titration of TBA-

ReO4 (0 to 5.37 x 10-5 M) into a solution of 4.8 (5.154 x 10-4 M) in chloroform.  The 

combination of the two events, marked by an increase and then a decrease and red-shift 

of the Q-like band at 1165 nm, makes it impossible to determine a binding constant when 

the entire spectrum is considered.  However, if the first 10 points, up to 1.05 equivalents, 

are considered, a binding constant for the formation of a 1:1 complex, is found to be 

530,000 ± 96,000 (M-1) at 1165 nm (Figure 4.8B).  It should be noted here that since the 

part of the curve used to calculate the binding constant does not display a typical 

sigmoidal behavior, this value is probably rather inflated versus the actual binding 

constant for this species. 
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Figure 4.8: Nonlinear least squares analysis of the data taken from UV-vis spectroscopic 
titrations in CHCl3. A) 5.154 x 10-6 M of 4.8 with 0-10 equiv. TBAReO4 B) 
5.154 x 10-6 M of 4.8 with 0-1.05 equiv. TBAReO4 C) 6.872 x 10-6 M of 4.8 
with 0-5.01 equiv. TBABF4 and D) Job plot of 4.8 in CHCl3 with TBABF4 
showing 1 : 1 host : guest interactions. 

In separate studies, it was determined that the λmax for the bis-perrhenate complex, 

4.10, occurs at 1172 nm (in CH2Cl2).  Thus the slight red-shift of the Q-like band to 1172 

nm during the course of the titration of 4.8 with TBAReO4 confirmed our hopes that a 

clean bis-ReO4 complex had formed.  With these results, we chose to investigate the 

behavior of 4.8 in the presence of several other monovalent anions.  Interestingly, with 

the addition of other TBA anions, such as TBA-Cl-, Br-, ClO4
- or BF4

- different titration 

profiles were observed and were found to be dependant on the nature of the anion in 
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question.  With the addition of BF4
- or ClO4

-, the Q-like bands were observed to increase.  

Figures 4.8C and 4.9A displays the titration data for the BF4
- and ClO4

- anions 

respectively.  Association constants were calculated based on a 1 : 1 host : guest 

interaction.  While solid state proof exists for a 1 : 2 host : guest interaction, Job plot 

analysis for the interaction of 4.8 with tetrafluoroborate anion was consistent with a 1: 1 

binding stoichiometry (Figure 4.8 D).  It can be assumed that, for all the species 

discussed in this section, the first binding event is reasonably strong while the second 

event is too weak to be observed as a separate event.  Thus, for the following titration 

studies, all calculations were based on a 1 : 1 binding stoichiometry.  Both the Cl- and Br- 

salts displayed a slight fluctuation in the Q-like band up until 0.2 equivalents, at which 

time the Q-like band was observed to decrease in absorbance.  However, if the curves 

were investigated after this fluctuation (at 0.19 equiv. for Br- and 0.34 equiv. for Cl-) 

reasonable binding constants could be calculated (Figure 4.9B and C).  It should be noted 

that the affinity constants presented here may only be considered effective constants as 

the competition with the I- and I3
- anions are not considered in the calculations.  However, 

with this range of effective anion association constants, a ranking of binding strength can 

be estimated with the following descending trend: ReO4
- > Cl- > BF4

- > ClO4
- > Br-. 
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Figure 4.9: Nonlinear least squares analysis of the data taken from UV-vis spectroscopic 
titrations in CHCl3 of 4.8 ( 6.872 x 10-6 M) with A) TBAClO4 (0-5.3 equiv.) 
and B) TBABr (0.19 – 5.11 equiv.) C) 5.154 x 10-6 M of 4.8 with 0.34 – 
4.99 equiv. TBACl.  

Table 4.2: Affinity constants (M-1) for 4.8 as determined from the UV-vis spectroscopic 
titrations carried out in CHCl3.  The anions were studied in the form of their 
tetrabutylammonium salts. 

Anion Ka (M-1)a 

ReO4
- 530,000 ± 96,000b 

Cl- 122,000 ± 16,500 

Br- 41,000 ± 2,000 

ClO4
- 57,000 ± 3,000 
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BF4
- 98,000 ± 6,500 

a: The R2 values for the curve fits used to determine the affinity constants fall in the range 
between 0.98411 and 0.99518. 
b: The curve used to determine the affinity constant represented the addition of up to 1 
equiv. of TBA-ReO4. 

 

4.3 INVESTIGATIONS OF THE METALATION OF CYCLO[8]PYRROLE 

As has been shown previously, expanded porphyrins have been shown to stabilize 

novel coordination complexes, including binuclear species and monomeric species 

containing larger cations, such as those of the trivalent lanthanide series.  Separate from 

this, sandwich complexes have been demonstrated between U(IV) and porphyrins119 

while a number of uranyl-expanded porphyrin complexes have been reported.9, 128  

Similarly, texaphyrin has been shown to form strong complexes with the trivalent 

lanthanide series.159  Unfortunately, the analogues texaphyrin-U(III) complex has 

remained elusive. This provided an incentive to see if the large core present in 

cyclo[8]pyrrole would help to stabilize complexes containing the relatively large U(III) 

cation.  Thus, in collaboration with Los Alamos National Laboratory, the interactions 

between cyclo[8]pyrrole and trivalent uranium were investigated.  A uranium silyl amide 

complex, U[N(SiMe3)2]3, was synthesized as has been previously described.195  This silyl 

amide precursor has been used in a number of reports of novel uranium coordination 

complexes.128  The silyl amide group is very labile and also reacts quickly with hydrogen 

to form trimethyl silane (TMS), H[N(SiMe3)2].  Thus, this reagent deprotonates expanded 

porphyrin precursors to create a more reactive species and enhance possible coordination 

with U(III).  Due to the high reactivity of the uranium trimethylsilylamide to water, 

oxygen, and halogens, all transformations were carried out in an inert atmosphere.  The 

uranium precursor was added to the free base of cyclo[8]pyrrole in THF.  After stirring 
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overnight, the solvent was removed and the complex was studied by UV-vis and 1H-

NMR spectroscopy.  Figure 4.10 displays the UV-vis spectrum of the presumed U(III)-

cyclo[8]pyrrole complex in THF as compared to the ‘free base’ of cyclo[8]pyrrole.  A 

comparison of the two spectra in Figure 4.10 shows that the small Q-like band observed 

in the free-base of cyclo[8]pyrrole shifts slightly from 722 nm to 712 nm.  Additionally, 

the Soret band was observed to shift from 316 to 286 nm.  The 1H-NMR spectra revealed 

the presence of a species influenced by the paramagnetic U(III) as is shown in Figure 

4.11.  While it is clear that uncomplexed cyclo[8]pyrrole is still present in solution, new 

peaks at -13.5 and -5.0 ppm, possibly for the ethyl groups of the cyclo[8]pyrrole are 

observed and are indicative of a paramagnetic influence.  While these data allows for the 

possibility of U(III) coordination with cyclo[8]pyrrole, they are by no means proof of 

formation of such a complex.  Unfortunately, to date, it has not been possible to grow 

crystals suitable for X-ray analysis of this presumed complex.  However, work in this 

area, with cyclo[8]pyrrole and other expanded porphyrins, is ongoing. 

 

Figure 4.10: UV-vis spectra in of the ‘free base’ of cyclo[8]pyrrole, 4.5a (dashed line) 
and after exposure to U[N(SiMe3)2]3 (solid line).  Samples were dissolved in 
dry THF and kept in an inert atmosphere at all times. 
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Figure 4.11: 1H-NMR spectra of the presumed UIII·4.5a complex in toluene-d8. 

4.4 URANYL COORDINATION WITH CYCLO[6]PYRROLE 

4.4.1 Background—Discovery of Cyclo[6]pyrrole 

It was initially postulated that formation of cyclo[6]pyrrole, 4.7, would be 

hindered by steric strain on the six pyrroles.  However, during metalation studies of 

cyclo[8]pyrrole with the uranyl cation, it was quickly discovered that cyclo[6]pyrrole 

formed as a by-product in the cyclo[8]pyrrole synthesis.  When a crude mixture of 

cyclo[8]pyrrole was reacted with uranyl acetate, singly crystals suitable for X-ray 

diffraction analysis grew over the course of a few days.  On the basis of independent 

analysis, it was concluded that the uranyl cation had not reacted with the cyclo[8]pyrrole. 

Thus, it was assumed it arose from cyclo[6]pyrrole present in the original reaction 

mixture.  Inspection of Figure 4.12 shows the near perfect fit of the uranyl cation within 

the central cyclo[6]pyrrole core.  The high symmetry of the complex is underscored not 

only by the nearly planar geometry of the macrocycle around the uranyl cation, but also 
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by the U—N distances that deviate by only 0.005 Å with in the 2.533 or 2.538 Å range.  

It was thus decided to investigate in greater detail the nature of this complex and the 

conditions that would favor its formation. 

 

Figure 4.12: Top and side views of 4.11.  Ellipsoids are scaled to the 50% probability 
level.  Two molecules of CH2Cl2 and the alkyl substituents on the side view 
have been removed for clarity. 

4.4.2 Characterization of Cyclo[6]pyrrole-uranyl Complex 

An improved synthesis of cyclo[6]pyrrole was reported in 2003.187  However, 

even with this increased yield, the best yield of cyclo[6]pyrrole is only about 15%, a key 

fact limiting detailed studies of its coordination chemistry.  However, with the available 

material, a range of uranyl salts were reacted with cyclo[6]pyrrole in a variety of solvents 

in attempts to isolate complex 4.11.  Unfortunately, the uranyl-cyclo[6]pyrrole complex 

could not be isolated.  It was finally decided that a more reactive metalating agent was 

necessary.  The synthesis of a silyl amide precursor, UO2[N(SiMe3)2]2 has been reported 

and has been used in the formation of a number of uranyl complexes.112, 116  Thus, we 

decided to use this precursor in the synthesis of the cyclo[6]pyrrole-UO2 complex.  Work 
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with this ligand was initially carried out by the author at Los Alamos National 

Laboratory, in collaboration with Drs. Mary Neu, Jackie Veauthier and Andrew Gaunt.  

However, all characterization studies involving the resulting uranyl species were carried 

out by the author at the University of Texas at Austin. 

The uranyl precursor was prepared as previously reported.195  This reagent 

hydrolizes quickly in air / water and thus all manipulations were performed under an inert 

atmosphere.  The free base of cyclo[6]pyrrole, dissolved in CH2Cl2, was added to 2 

equivalents of the uranyl amide, also dissolved in CH2Cl2.  As the free base of 

cyclo[6]pyrrole is a deep green, little color change was observed upon its addition to the 

uranyl silyl amide.  The solution was allowed to stir under Ar for 24 hours, at which time 

it was exposed to the atmosphere.  The solution immediately became a darker green 

color.  After stirring for an additional 2 hours, the solvent was removed in vacuo and the 

residue was purified via column chromatography with neutral alumina (50-200 µm) as 

the solid phase and dichloromethane as the eluent.  The first green band was isolated.  

The solvent was then removed in vacuo and the residue was recrystallized from CH2Cl2 / 

hexanes.  If the eluent is increased to a 1% CH3OH in CH2Cl2 mixture, free 

cyclo[6]pyrrole is isolated as the next band off the column. 

In its uncomplexed form, 4.7 exists as a 22 π-electron, aromatic species and 

contains four amine-like pyrrole nitrogens and two imine-like pyrrole nitrogens.  It is 

presumed that the macrocycle oxidizes upon metal coordination to produce a 20 

π−electron, formally antiaromatic species (Scheme 4.2).  While support for this 

assumption comes from in the absence of any observable counter-ions in the solid state, 

the changes observed in the 1H NMR are consistent this assertion.  For the acid salt of 

cyclo[6]pyrrole the signals for the ethyl groups are observed at 4.192 (q CH2CH3) and 

1.874 (t, CH2CH3) in the 1H NMR spectrum recorded in CDCl3.  However, in the UO2[-
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cyclo[6]pyrrole complex, the 1H-NMR peaks ascribable to the  ethyl groups are 

broadened and observed at -1.359 and -1.026 ppm.  The uranium is in its hexavalent 

oxidation state and as such, does not contain any electrons in its outer f-orbital.  Thus, the 

presence of the uranyl cation should not lead to any significant shift in the 1H-NMR 

spectra of the complex and this shift must be due to a change in the expanded porphyrin.  

Indeed, the observed upfield shift of the alkyl protons is consistent with the ring current 

within the macrocycle becoming ‘reversed’ in complex 4.11.  A similar behavior was 

observed with the formation of the uranyl-isoamethyrin complex.8  

Another intriguing change observed in the NMR spectrum is the broadening of 

the triplet and quartets of the ethyl groups, which were observed as sharp, well-defined 

peaks in the 1H-NMR spectra of H24.72+-2Cl-.  To further investigate this behavior, the 
1H-NMR spectrum was monitored as the sample, in CD2Cl2, was cooled to -80ºC.  It was 

assumed that this would serve to sharpen the quartet and triplet peaks; however, the 

quartet peak was observed to shift upfield, from -0.90 ppm at room temperature, to about 

-1.5 ppm at -80ºC (CD2Cl2, 500 MHz).  It is postulated that the unresolved broadening of 

these bands is due to a possible radical form of cyclo[6]pyrrole being present in solution.  

This theory is currently being investigated through spectroelectrochemical and EPR 

analysis of the cyclo[6]pyrrole-UO2 complex being carried out by Prof. Karl Kadish and 

his group at the University of Houston. 
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Scheme 4.2: Formation of the UO2-cyclo[6]pyrrole complex, 4.11. 
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The UV-vis spectra of the cyclo[6]pyrrole-UO2 complex is characterized by two 

broad bands in the visible region, at 643 and 387 nm, respectively, with an additional 

shoulder at 439 nm also being observed (Figure 4.13).  The Q-like band is seen to be 

significantly blue-shifted when compared to the acid salt and the free base form of 4.7, 

reflecting the forest green color of complex 4.11.  The extinction coefficient is four times 

lower than what was reported for the bis-Cl salt of cyclo[6]pyrrole.  This decrease in 

extinction coefficient provides further support for the conclusion that the aromatic 

species 4.7 has undergone oxidation to an antiaromatic or non-aromatic product upon 

uranyl cation coordination. 

 

Figure 4.13: UV-vis spectra recorded in CH2Cl2 of the acid salt of 4.7 (H24.72+·2Cl-) (- - - 
); the ‘free base’ of 4.7 obtained after washing with 10% NaOH (····); and 
the UO2-4.7 complex (—), 4.11. 

4.5 CONCLUSIONS 

The interactions of 4.5 and 4.7 with various anions and the uranium cation has 

been investigated.  The large core of 4.5 makes it ideal for coordination with large anions, 

such as perrhenate.  It was concluded after competition studies involving the use of an 
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iodide complex of cyclo[8]pyrrole as the initial species and various (-1) anions that the 

macrocycle binds with tetrahedral anions more strongly than other simple test anions.  On 

the basis of these finding, Dr. Evgeny Katayev, a former Sessler group member and now 

an assistant professor at Moscow State, elected to carry out extraction studies using 4.5a 

and the pertechnetate anion. This work is in progress. 

Additionally, evidence has been put forth for coordination of 4.5a with U(III).  

The large core of cyclo[8]pyrrole could prove suitable for accommodating the relatively 

large U(III) cation.  While only preliminary evidence for formation of a UIII·4.5a complex 

has been presented, it is believed to be enough to warrant further investigations.  As has 

been observed in the case of uranyl-isoamethyrin and uranyl-cyclo[6]pyrrole complexes, 

oxidation of the macrocycle may facilitate metal coordination.  However, U(III) itself is 

readily oxidized to U(VI) or U(VI).  Thus, a pre-oxidation of the cyclo[8]pyrrole may 

provide the most promising route.  Additionally, cyclo[8]pyrrole may prove a useful 

ligand for other large trivalent cations such as Am(III) or Cm(III).  These radioactive 

species are highly stable as trivalent cations and a need for their selective extraction from 

nuclear waste is an important area of research.   

Finally, it was demonstrated that cyclo[6]pyrrole, 4.7, possess a core size that is 

ideal for the coordination of the uranyl cation.  Upon formation of the uranyl complex, 

the previously aromatic expanded porphyrin oxidizes to become an antiaromatic species.  

These results highlight the diminished benefit of obeying Hückel’s 4n+2 aromaticity rule 

as the conjugation pathway of a given macrocycle is increased.  This work also 

demonstrates that the cyclo[n]pyrrole series of macrocycles may serve as size-tailored 

ligands for the uranium cation in its various oxidation states, whle likewise serving as a 

receptor for large anions, such as ReO4
-, I-, and TcO4

-. 
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Chapter 5: Experimental 

General:  All chemicals (obtained from Fischer Scientific, Aldrich Chemical Co. 

and Strem Chemical) and solvents were of reagent grade quality and used without further 

purification unless otherwise stated.  Spectroscopic grade methanol and dichloromethane 

were used for the uranyl titrations and chloroform was used for anion titrations without 

further purification.  Tetrahydrofuran (THF) was dried by passage through two columns 

of activated alumina.  Isoamethyrin was synthesized by the author or Daniel Seidel as 

previously reported.5   Electronic absorption spectra were recorded on a Beckman DU-7 

spectrophotometer, or a Carey 5000 spectrophotometer using 1 cm quartz cells.  Nuclear 

magnetic resonance (NMR) spectra were obtained on a Varian Mercury 400 MHz or a 

Varian Unity Innova at 500 MHz.  High-resolution mass spectra were measured with 

either a Finnigan-MAT 4023, Bell and Howell 21-491 or VG Analytical ZAB E/SE 

instrument.  Elemental analyses were performed by Midwest Microlabs Inc., 

Indianapolis, IN. 

Cyclo[6]- and cyclo[8]pyrroles 4.5a and 4.7 were prepared by Sung Kuk Kim and 

Jeong Tae Lee and given to the author.  The U[N(SiMe3)2]3 and UO2[N(SiMe3)2]2 

reagents were prepared by the author using reported procedures35 in collaboration with 

Drs. Mary Neu and Andrew Gaunt.  Additionally, for the preliminary studies carried out 

at Los Alamos National Laboratory involving the study of UO2[N(SiMe3)2]2 and 4.7, the 

requisite uranyl reagent was provided by Dr. Jim Boncella. 

Chemical shifts are reported in parts per million (ppm, d) and are referenced to 

the residual solvent.  Coupling constants are reported in Hertz (Hz).  Spectral splitting 

patterns are designated as s: singlet, d: doublet, t: triplet, q: quartet, m: multiplet 

(chemically equivalent H’s) and, br: broad. 
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Bis-[(µ-chloro-)copper(II)]isoamethyrin, 2.18: The ‘free base of macrocycle 2.3 

(0.0242 g, 0.0362 mmol) was dissolved in 10 mL of a 1:1 v/v CH2Cl2/MeOH mixture.  

Cu(OAc)2 (0.0177 g, 0.885 mmol, 2.2 equiv) dissolved in 5 mL MeOH was added and 

the solution was stirred overnight.  After evaporation of the solvent, the residue was 

subjected to column chromatographic purification, using neutral alumina (50-200 µm) as 

the stationary phase and 3% CH3OH/ CH2Cl2 as the eluant. The first red band was 

collected and the solvent removed in vacuo.  The solid was recystallized from 

CH2Cl2/cyclohexanes to give metallic red needles of 2.18. (0.0168 g, 54%). (Found: C, 

56.13; H, 5.50; N, 8.35; calc’d for C44H50Cl2Cu2N6-CH2Cl2-0.5CH3OH: C, 56.19; H, 5.88; 

N, 8.46%); UV-visible: λmax (CH2Cl2)/nm 515 (ε /dm3mol-1cm-1 78 000), 808 (21 000), 

889 (15 500); m/z (ESI) 788.2693 (M+ C44H50N6Cu2 requires:  788.2689). 

 

Bis-[(µ-hydrogensulfate-)copper(II)]isoamethyrin, 2.19: The free base of 

macrocycle 2.3 (0.0247g, 0.037 mmol) was obtained by dissolving the ‘acid salt’ of 

isoamethyrin in CH2Cl2 and then washing with a saturated solution of aqueous sodium 

bicarbonate (2x50mL).  After drying the organic layer over sodium sulfate, the solvent 

was removed in vacuo.  The resulting residue was dissolved in THF.  Cu(OAc)2 (0.163, 

0.0815mmol), dissolved in water, was added and the resulting bright red solution was 

allowed to stir overnight.  After evaporation of the solvent under reduced pressure, the 

red residue was washed with hexanes and recrystallized by slow evaporation from a 

THF/hexanes solution.  The product, 2.19, grew as red needles. UV-visible: λmax 

(THF)/nm 512, 561sh, 815, 895; m/z (ESI) 788 (M+ C44H50N6Cu2 requires:  788.2689).  It 

has been observed that two products existed in this solution, both the copper-coordinated 

isoamethyrin, 2.19, and a copper-free acid salt of isoamethyrin, 2.20, with two 
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coordinating hydrogen sulfate molecules.  Due to the fact that this mixed species was 

obtained, a yield for the reaction sequence was not calculated. 

 

9,18-Diphenyl-2,7,11,16,20,25-hexaethyl-3,6,12,15,21,24-hexamethyl-

hexapyrrin: (3.24).  Phosphorus oxychloride (~8mL) was added to 3.19 (0.056 g, 0.132 

mmol) under Ar.  The resulting red solution was then stirred at 60° for 0.5 hours.  At this 

time, 2,2’-3,3’-dimethyl-4,4’-diethyl bipyrrole (0.085 g, 0.39 mmol, 3 equiv.) was added 

and the now-purple mixture was stirred for an additional 3 hours.  After cooling, the 

volatile components were removed using a rotary evaporator, leaving a green-blue 

residue, which was taken up in MeOH and Et3N.  This solution was stirred for 1 hour 

before the solvents were removed in vacuo.  The resulting purple product was purified 

via column chromatography over silica gel (4% CH3OH-CH2Cl2) with the fourth band, a 

purple/ brown color, being isolated.  The product was isolated as red crystals after 

recrystallization from CH2Cl2/hexanes (0.040 g, 34% yield).  UV-visible: λmax (CH2Cl2) / 

nm: 833 (ε / dm3mol-1cm-1 8,000), 561 (88,000), 342 (25,000). 1H NMR: (400 MHz, 

CDCl3); δ: 0.765 (t, J = 8Hz, 6H, CH2CH3), 0.865  (t, J = 8 Hz, 6H, CH2CH3), 1.037 (t, J 

= 8 Hz, 6H, CH2CH3), 1.868-1.780 (m, 12H), 2.053(s, 6H, CH3)  2.116 (s, 6H, CH3), 

2.270 (q, J = 8 Hz, 8H, CH2CH3), 2.309 (s, 6H, CH3), 6.405 (s, 2H, CH), 7.544-7.471 (m, 

10H, C6H5), 11.450 (s, 2H, NH), 12.390(s, 2H, NH), 13.019(s, 2H, NH). 13C (100 MHz, 

CDCl3), δ 10.8, 11.0, 11.3, 14.1, 15.3, 15.6, 18.5, 19.1, 39.4, 116.2, 119.0, 122.9, 

124.355, 127.0, 127.6, 127.9, 128.2, 129.9, 134.0, 136.0, 137.1, 138.1, 140.0, 142.2, 

146.5, 153.1. HRMS (ESI+) m/e calc’d. for C56H65N6 (M+1)+: 821.527072; found: 

821.525929. 
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Bisphenyl-isoamethyrin, 3.9: Hexapyrrin 3.24 (0.062 g, 0.0693 mmol) was 

dissolved in 10 mL CH2Cl2.  To this solution, 4 mL of 0.5 M FeCl3 in 2 M HCl was 

added dropwise and the reaction was allowed to stir at room temperature for 3-5 hours, or 

until judged complete by TLC analysis.  The biphasic mixture was then separated and the 

organic layer was washed with water (3 x 100 mL), sat. NaHCO3 (2 x 100 mL) and 1 M 

HCl (2 x 100mL).  The organic layer was then dried over sodium sulfate and the solvent 

removed in vacuo.  The residue was then columned over silica with 2% MeOH/ CH2Cl2 

as the elutant.  The purple/red spot was isolated and concentrated.  The residue was then 

subject to column chromatography using alumina as the solid support and with 1:1 (v/v) 

EtOAc:Hexanes as the eluent.  The red/orange band was isolated and the solvent was 

removed in vacuo.  The residue was washed with 1M HCl (2x 50mL), dried over sodium 

sulfate, and concentrated before being recrystallized from CH2Cl2/hexanes.  Compound 

3.9 was isolated in the form of purple crystals purple crystals. (0.010 g, 16% yield).  

Crystals suitable for X-ray diffraction were grown from slow evaporation of a 

THF/cyclohexane mixture.  UV-visible: λmax (CH2Cl2)/nm 364 (ε /dm3mol-1cm-1 27000), 

515 (63500), 642 (23500).  1H NMR (400 MHz, CDCl3): δ = 0.677 (m, 12H), 1.030 (t, J 

= 8Hz  6H, CH2CH3), 1.459 (s, 6H, CH3),  1.802 (s, 12H, CH3, CH3), 2.195 (m, 4H), 

2.293 (m, 4H), 7.487-7.154 (m, 10H, C6H5), 14.153 (s, 2H, NH), 15.460 (s, 2H, NH), 

15.713 (s, 2H, NH).  13C NMR (100 MHz, CDCl3): δ = 7.6, 10.2, 10.4, 13.1, 13.3, 13.9, 

17.1, 18.5, 18.5, 28.7, 35.6, 121.2, 126.2, 127.0, 127.2, 127.5, 129.6, 129.9, 130.0, 130.1, 

130.4, 131.9, 134.2, 135.7, 136.3, 137.7, 149.7, 150.1, 150.5.  HRMS (ESI+H) m/z 

calc’d. for C56H63N6: 819.511422; found: 819.512411.  

 

Diformyl Bipyrrole 3.32:  2.14 mL POCl3 was added dropwise to 3 mL DMF at 

0ºC under argon.  The resulting mixture is then stirred at room temperature for 10 
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minutes and then cooled back down to 0 C.  A solution of 3.18 (0.3811 g, 1.76 mmol) in 

a minimal amount of DMF (~2mL) was then slowly added over the course of 10 minutes 

while covered from light.  Once addition was complete, the reaction mixture was warmed 

to room temperature and stirred in the dark for 2 hours.  After this, 100 equiv. of NaCO3 

(12.19 g) and 1 mL of MeOH was slowly added to the mixture.  The reaction mixture 

was stirred for an additional hour.  An excess of water was added to the solution, turning 

the green solution to yellow.  The mixture was stirred for an additional 3 hours before 

filtering off the solution and washing the solid with an excess of water.  (0.1459 g 21%)  
1H NMR (400 MHz, CDCl3) δ = 2.370 (s, 6H, CH3), 2.821-2.799 (m, 8H, CH2CH2), 

3.696, (s, 6H, COCH3), 9.714 (s, 2H, CHO), 11.650, (s, 2H, NH). 13C (100 MHz, CDCl3), 

δ = 9.3, 19.0, 29.6, 32.8, 52.3, 121.5, 128.1, 130.0, 175.3.  HRMS (CI+) m/e calc’d. for 

C20H25N2O6 (M+1)+: 389.171262; found:  389.172425. 

 

2,7,20,25-tetraethyl-3,6,11,16,21,24,-hexamethyl-12,15-di-ethyl(methylester) 

hexapyrrin, 3.33: 0.159 g (0.409 mmol) of 3.32 was dissolved in approximately 700 mL 

of methanol and heated to 60ºC.  Once the solid was completely dissolved, 0.195 g (0.901 

mmol, 2.2 equiv.) of methyl ethyl bipyrrole 3.18 was added in two aliquots.  In the first 

aliquot, 0.8 equiv., 0.07 g was added to the solution followed by 4 drops conc. HCl.  The 

solution was stirred for 5 minutes and the remaining bipyrrole was added (~0.125 g).  

The solution stirred for approximately 20 h at 60ºC.  At this point, the methanol was 

removed in vacuo and the purple-red solid was recrystallized from CH2Cl2 : hexanes to 

give 0.199 g of a red solid (57% yield).  UV-visible: λmax (CH2Cl2)/nm 525 (ε /dm3mol-

1cm-1 98,000), 752 (25,000), 434 (22,000); 1H NMR (400 MHz, CDCl3) δ = 1.096 (t, J = 

7.6, 6H, CH2CH3), 1.272 (t, J = 7.4 Hz, 6H, CH2CH3), 2.200 (s, 6H, CH3), 2.216, (s, 6H, 

CH3), 2.399-2.370 (m, 10H, CH3 and CH2CH3), 2.546 (t, J = 8.2 Hz, 2H, CH2CH2),  2.764 
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(q, J= 8Hz, 2H, CH2CH3),  2.991 (t, J = 8Hz, 2H, CH2CH2),  3.589 (s, 6H, COCH3),  

6.318 (s, 2H, py-H), 7.097 (s, 2H, CH), 11.625 (s, 4H, NH), 12.527 (s, 2H, NH); 13C 

NMR (75 MHz, CDCl3) δ 10.9, 12.4, 13.0, 14.3, 15.8, 18.9, 19.0, 21.3, 34.2, 52.0, 115.2, 

120.1, 124.3, 125.3, 126.0, 127.0, 129.2, 129.5, 131.7, 135.3, 136.9, 150.8, 151.2, 173.5. 

HRMS (ESI+) m/e calc’d. for C48H61N6O4 (M+): 785.47566; found: 785.47488. 

 

Isoamethyrin Dimethyl Ester, 3.14:  3.33 (0.183 g, 0.21mmol) is dissolved in 20 

mL CH2Cl2.  A solution consisting of 10 mL of 0.5 M FeCl3 in 2M HCl was added and 

the biphasic mixture was stirred for 4 hours or until judged complete by TLC (8 % 

CH3OH in CH2Cl2).  The layers were then separated and the organic layer was washed 

several times with water (3 x 100 mL) and 1 M HCl (2 x 100 mL) before being dried over 

sodium sulfate and dried in vacuo.  The resulting solid was purified by column 

chromatography over silica gel using 2-5% CH3OH/ CH2Cl2 as the eluent.  The first red 

fraction (major product) was collected.  This fraction was concentrated in vacuo and 

washed with 1 M HCl, dried over Na2SO4, and again dried in vacuo.  Recrystallization 

from CH2Cl2 layered with hexanes afforded green crystals with a metallic luster (0.0734 

g, 40% yield). UV-vis (CH2Cl2)/nm: λmax 378 (ε /dm3mol-1cm-1 / 24,600), 494 (81,100), 

596 (32,500).  1H NMR (400 MHz, CDCl3) δ = 0.497 (t, J = 7.4 Hz, 6H, CH2CH3), 0.622 

(t, J = 7.4 Hz, 6H, CH2CH3), 0.900 (s, 6H, CH3), 1.039 (s, 6H, CH3), 1.125 (s, 6H, CH3), 

1.410-1.342 (m, 8H), 1.484 (t, J=7.4 Hz, 4H, CH2CH2), 2.281 (t, J = 8Hz, 4H, CH2CH2), 

3.582 (s, 2H CH), 3.919 (s, 6H, COCH3), 22.689 (s, 2H, NH), 23.088 (s, 2H, NH), 23.340 

(s, 2H, NH); 13C NMR (75 MHz, CDCl3) δ = 9.3, 9.5, 10.7, 13.0, 13.9, 16.4, 16.9, 19.3, 

33.0, 52.1, 118.8, 123.8, 126.1, 131.6, 131.8, 132.3, 132.7, 135.0, 137.6, 138.1, 141.6, 

151.6, 157.8, 173.0. HRMS (ESI+) m/e calc’d. for C48H59N6O4 (M+): 783.456, found: 

783.45923. 
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UO2-3.14: The ‘free base’ of isoamethyrin 3.14 (0.012 g, 1.5 mmol) was 

dissolved in a 50:50 v/v mixture of CH2Cl2: CH3OH.  A solution of uranyl acetate 

(0.0082 g, 1.9 mmol, 1.2 equiv) dissolved in CH3OH was added and the solution was 

allowed to stir overnight.  At this point, the solvent was removed in vacuo and the residue 

was taken up in CH2Cl2.  The product was purified by column chromatography (neutral 

alumina, 50-200 µm) using a 2:3 v/v mixture of ethyl acetate: hexanes as the eluent.  The 

first red band was isolated and the solvent was removed in vacuo.  The solid was 

recrystallized from CH2Cl2/hexanes to give 0.0037 g of metallic grean crystals of UO2-

3.14 (24%).  UV-visible: λmax (CH2Cl2)/nm 531 (ε: dm3 cm-1 mol-1 98,000), 839 (24,000), 

793 (17,000).  1H NMR (500 MHz, CDCl3) δ = 1.823-1.912 (m, 6H, CH2CH3), 2.805 (t, J 

= 8.33, CH2CH2COOCH3), 3.373 (s, 12H, CH3), 3.581 (s, 6H, CH3), 3.662 (s, 6H, CH3), 

4.043 (q, J = 7.40, 4H, CH2CH3), 4.082 (q, J = 7.38, 4H, CH2CH3), 4.329 (t, 4H, 

CH2CH2COOCH3), 9.926 (s, 2H, meso-H).  13C (125 MHz, CDCl3), δ = 12.3, 15.9, 16.5, 

17.1, 18.0, 20.1, 21.3, 24.1, 36.0, 51.5, 107.6, 134.9, 136.6, 138.3, 144.3, 145.3, 145.6, 

147.3, 148.0, 148.6, 149.4, 151.3, 151.5. HRMS (ESI+) m/e calc’d. for C48H55N6O6U 

(M+): 1049.4691, found: 1049.4683.   

 

Diacid isoamethyrin 3.34: Isoamethyin diester 3.14 (0.1221, 0.143 mmol) was 

placed in a 2-neck round bottom flask under argon.  A solution of 5.5 mL fresh TFA and 

5.5 mL concentrated HCl were added to the flask and the reaction was stirred for 24 

hours.  At that time, ~150 mL H2O was added and the product was extracted from 

CH2Cl2.  The organic layers were combined washed with 1M HCl and dried over Na2SO4.  

The solid was then purified by column chromatography over silica gel and 10% CH3OH/ 

CH2Cl2 as the eluent, until the majority of impurities were removed.  0.1 % TFA was then 
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added to the eluent and the orange-red band was collected.  (0.1181g 85 % yield).  UV-

visible: λmax (CH2Cl2)/nm 377 (ε /dm3mol-1cm-1 18,500), 497 (57,000), 599( 22,500); 1H 

NMR (400 MHz, CDCl3) δ = 0.496 (t, J = 7Hz, 6H, CH2CH3), 0.647 (t, J = 7.6Hz, 6H, 

CH2CH3), 0.948 (s, 6H, CH3), 1.055 (s, 6H, CH3), 1.216 (s, 6H, CH3), 1.406 (br-m, 8H, 

CH2CH3), 1.601 (br-t, 4H, CH2CH2), 2.376 (br-t, 4H, CH2COOH), 3.712 (s, 2H, CH), 

8.150, 22.207 (s, 2H, NH), 22.620 (s, 2H, NH), 22.891 (s, 2H, NH); HRMS (ESI+): m/e 

calc’d. for C46H55N6O4 (M+): 755.4289, found: 755.42793. 

 

Dihydroxy Isoamethyrin 3.36: 1.5 M DiBAlH (0.91mL) in toluene was added to 

a flame-dried 2-neck RBF with 1mL of dry toluene at 0° C under Ar.  The free base of 

3.14 (0.0763, 0.0975mmol), dissolved in 20mL of dry toluene was added dropwise.  The 

solution was kept at 0º C for 0.5 hours and then water (~1 mL) followed by 10%NaOH 

(~2mL) was added to the solution and it was stirred for a further 20 minutes.  At this 

time, CH2Cl2, 50mL, was added to the mixture and the organic layer was separated.  It 

was then washed with water (2 x 50mL) and 1M HCl (2 x 50mL).  The organic layer was 

collected, dried over sodium sulfate and the solvent was removed in vacuo.  The purple 

residue was then subjected to purification via column chromatography over silica gel wih 

2% methanol in dichloromethane as the eluent.  The third band, a brown/red fraction, was 

collected and the solvent was removed.  The residue was then redissolved in CH2Cl2 and 

washed with 1M HCl (2 x 50mL).  The resulting solution was dried over anhydrous 

Na2SO4, concentrated to ~2mL and layered with hexanes.  After cooling overnight, a 

purple solid of 3.36 formed which was collected and dried.  (0.0167g, 22% yield). UV-

visible: λmax (CH2Cl2)/nm 379 (ε /dm3mol-1cm-1 19,000), 498 (61,000), 598 (23,500); 1H 

NMR (400 MHz, CDCl3): δ = [ppm] 0.522 (t, J = 7.2Hz, 6H, CH2CH3), 0.662 (t, J = 

7.2Hz, 6H, CH2CH3), 0.961 (s, 6H, CH3), 1.066 (s, 6H, CH3), 1.213 (s, 6H, CH3), 1.446-
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1.372 (m, 12H), 1.595 (5-et, J = 6.4Hz, 2H, CH2CH2CH2), 3.767 (s, 2H, CH), 4.076 (t, J 

= 6.4Hz, 4H, CH2OH), 22.068 (s, 2H, NH), 22.552 (s, 2H, NH), 22.900 (s, 2H, NH).  13C-

NMR (75.4 MHz, CD2Cl2) δ = [ppm] 9.6, 9,9, 10.9, 13.3, 14.1, 16.8, 17.4, 20.5, 31.8, 

61.8, 119.8, 123.8, 126.6, 131.6 (2 peaks), 132.6, 134.1, 135.4, 137.3, 139.2, 142.9, 

152.3, 157.1; HRMS (ESI+): m/z calc’d for C46H59N6O2 (M+ H ): 727.4688, found: 

727.46940. 

 

Preparation of 4.10 and 4.8:  The cyclo[8]pyrrole salt, H24.5a2+·2Cl- was 

dissolved in CH2Cl2.  This dark yellow solution was then washed with 10% NaOH (2 x 

100 ml) or until the organic layer was aqua-green.  The organic layer was then washed 

with either 10% perrhenic acid (aq) or 10% iodic acid (aq) (2 x 100 mL).  The organic 

layer was then dried over molecular sieves and the solvent was removed in vacuo.  It 

should be noted that anhydrous sodium sulfate should not be used as a drying agent.  

Cyclo[8]pyrrole has been shown to readily coordinate SO4
2- from the sodium sulfate and 

in solutin will favor sulfate binding over I- and possibly ReO4
-.  Recrystallization from 

CH2Cl2 / hexanes provided metallic blue metallic crystals of 4.10 or 4.8. 

 

Uranyl-cyclo[6]pyrrole, 4.11:  UO2[N(SiMe3)2]2·2THF (16 mg, 0.022 mmol) was 

added, under an inert atmosphere, to a stirred solution of the free base form of 

cyclo[6]pyrrole, (7.96 mg, 0.011mmol) in dry CH2Cl2.  The mixture was allowed to stir 

under Ar for 12 hours and then exposed to air and allowed to stir for an additional 12 

hours.  At this time, the solvent was removed in vacuo and the residue was columned 

over neutral alumina (50-200 µm) using CH2Cl2 as the eluent.  The second band was 

isolated, concentrated and recrystallized from a mixture of CH2Cl2 / hexanes to give 2.68 

mg (25%) of 4.11 as green needles. UV-visible: λmax (CH2Cl2)/nm 387 (dm3cm-1mol-1 
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32,000) 439 (25,200) 643 (25,700). 1H NMR (CDCl3, 500 MHz) δ = [ppm] -1.120 (br s, 

36H CH2CH3), -1.418 (br s, 24H, CH2CH3). 13C NMR: (CDCl3, 125 MHz) δ = [ppm] 

8.327, 18.060, 132.963, 184.676.  HRMS (ESI+H): m/z calc’d. for C48H61N6O2U: 

991.5364; found: 991.5363. 

UV-vis Titration Experiments:  UV-vis titrations analogous to those presented 

in Chapter 2 have been previously described by the Sessler group.37  While the general 

procedures were followed as reported, rather than recording the spectrum of the same 

solution before and after uranyl addition, identical solutions containing both host 

(isoamethyrin) and guest (uranyl cation) were prepared one week prior to recording the 

spectra.  This procedure was required due to the slow rate of the uranyl coordination 

displayed with isoamethyrin.  Thus, for the study shown in Figure 2.4, 24 vials containing 

1.5 mL of an isoamethyrin solution in 95:5 (v/v) methanol : dichloromethane solution 

with 4 equiv. of Et3N were prepared.  Concentrations of uranyl acetate ranging from 8.9 x 

10-7 M to 2.9 x 10-4 M were added to the above solution, while keeping the isoamethyrin 

concentration constant at 1.68 x 10-5 M.  The vials were sealed and stored in the dark for 

1 week in order to allow for complete complexation.  After this time, the UV-vis spectra 

of all vials were recorded essentially concurrently. 

 

Metalation Studies:  For the metalation studies presented in Chapter 2, initial 

‘quick and dirty’ experiments were performed with a number of different metal salts in 

high excess in order to assess the ability of isoamethyrin to coordinate the metal cation in 

question.  Those found worthy of further investigation were subject to more precise 

study.  Two equiv. of the metal solution were added to a solution of isoamethyrin 

containing 4 equiv. of Et3N in 95:5 dichloromethane-methanol (v/v) solution.  The 

absorption spectra of the solutions were monitored by UV-vis spectroscopy until no 



 131 

further changes were observed.  All metalations were found to be complete within 48 

hours.  For the UV-Vis spectra, 20 μL of the presumed isoamethyrin-metal complex was 

added to 2.0 mL methanol to produce a final solution with an absorptivity suitable for 

study (1.02 x 10-5 M). 

 

Competition Studies:  For the competition studies presented in Chapter 2, 10 mL 

of ‘stock’ solutions containing an appropriate metal salt, Pb(OAc)4, UO2(OAc)2, 

Cu(OAc)2 or Gd(OAc)3 in methanol were prepared.  0.0263 g of 2.3 was dissolved in 95 : 

5 dichloromethane-methanol (v/v) solution for a final concentration of 2.0 x 10-5M and 3 

equiv. of Et3N was added.  This caused the purple solution to become gold in color.  

Enough of the metal salt solution to give 3 equiv. of the salt in question was then 

combined with a corresponding solution containing 3 equiv. of UO2(OAc)2.  This mixture 

was then added immediately to 5 mL of the isoamethyrin mixture.  The reactions were 

monitored by UV-vis spectroscopy with the solutions being measured without further 

dilution. 

 

UV-vis Anion Recognition Studies (general method):  The anion titration 

studies presented in Chapter 4 were performed as has been previously described.36, 37  

Briefly, stock solutions of diprotonated 4.8 were made up in chloroform with final 

concentrations between 5.514 x 10-6 M and 6.872 x 10-6 M.  Stock solutions of the guest 

were prepared by dissolving 10-100 equivalents of the tetrabutylammonium salt of the 

anion in question into 1 or 2 mL of the stock solution of the host.  Serial dilutions of the 

solution containing the guest were performed so as to provide of 20-25 equiv. of the guest 

relative to the host. 
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The general procedure for the UV-vis binding studies involved making sequential 

additions of titrant (anionic guest) to a 2 mL aliquot of the host stock solution in a 

spectrophotometric cell.  UV-vis spectroscopic data were then collated and combined to 

produce plots that showed the changes in host spectral features as a function of changes 

in the concentration of guest. 

Effective equilibrium constants were calculated using equation 4.5 of Connors,38 

where [L] = [anion].  The resulting equation, of the form, y = B x Ka x x / (1+Ka x x), was 

computer fit using the Origin version 7.5 software package, where x = [anion], y = ΔA, B 

= Δe x b and Ka = the effective equilibrium constant.  The change in absorbance, ΔA, was 

calculated at the λ value where the spectral change was maximal. 
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Appendix: X-ray Experimental and Crystallographic Data 

All crystals for X-ray crystallographic analyses described in this appendix were 

grown by the author.  All xx crystal X-ray diffraction structures were solved by Dr. 

Vincent Lynch of the Department of Chemistry and Biochemistry at UT Austin.  

Structures described in this work but not included in this appendix may be obtained by 

contacting J. L. Sessler at UT Austin.  Structure 4.11 has been deposited with the 

Cambridge Crysallographic Data Base and can be obtained from there.  A general 

experimental method as provided by Dr. Lynch used in obtaining these structures, along 

with relevant data tables for each structure now follows. 

X-ray Experimental for (C44H50N6)Cu2Cl2 – 3C6H12, 2.18:  Crystals grew as 

fairly large, dark red needles by slow evaporation from cyclohexane.  The data crystal 

was cut from a cluster of crystals and had approximate dimensions; 0.31 x 0.10 x 0.08 

mm.  The data were collected on a Nonius Kappa CCD diffractometer using a graphite 

monochromator with MoKα radiation (λ = 0.71073Å).  A total of 222 frames of data 

were collected using ω-scans with a scan range of 1.5° and a counting time of 208 

seconds per frame.  The data were collected at 153 K using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are 

listed in Table 1.  Data reduction were performed using DENZO-SMN.1  The structure 

was solved by direct methods using SIR972 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97.3  The 

hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement 

parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).   
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 The Cu complex lies around a crystallographic two-fold rotation axis at ½, y, ¾.  

There are 1.5 molecules of cyclohexane per asymmetric unit.  One molecule of solvent 

lies around a crystallographic inversion center at 0, ½, ½. 

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + 

(0.0421*P)2 + (12.345*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.106, with R(F) 

equal to 0.0396 and a goodness of fit, S, = 1.02.  Definitions used for calculating R(F), 

Rw(F2) and the goodness of fit, S, are given below.4  The data were checked for 

secondary extinction effects but no correction was necessary.  Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).5  All figures were generated using 

SHELXTL/PC.6 
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1) DENZO-SMN.  (1997).  Z. Otwinowski and W. Minor, Methods in 
Enzymology, 276: Macromolecular Crystallography, part A, 307 – 326, C. 
W. Carter, Jr. and R. M. Sweets, Editors, Academic Press. 

2) SIR97.  (1999).  A program for crystal structure solution. Altomare A., 
Burla M.C., Camalli M., Cascarano G.L., Giacovazzo C. , Guagliardi A., 
Moliterni A.G.G., Polidori G.,Spagna R.  J. Appl. Cryst. 32, 115-119. 

3) Sheldrick, G. M. (1994).  SHELXL97.  Program for the Refinement of 
Crystal Structures.  University of Gottingen, Germany. 

4) Rw(F2) =  {Σw(|Fo|2 - |Fc|2)2/Σw(|Fo|)4}1/2 where w is the weight given 
each reflection. 

 R(F) =  Σ(|Fo| - |Fc|)/Σ|Fo|} for reflections with Fo > 4(σ(Fo)). 
 S =  [Σw(|Fo|2 - |Fc|2)2/(n - p)]1/2, where n is the number of reflections and p is 

the number of refined parameters. 
5) International Tables for X-ray Crystallography (1992). Vol. C, Tables 

4.2.6.8 and 6.1.1.4, A. J. C. Wilson, editor, Boston: Kluwer Academic 
Press. 

6) Sheldrick, G. M. (1994).  SHELXTL/PC (Version 5.03).  Siemens 
Analytical X-ray Instruments, Inc., Madison, Wisconsin, USA. 



 135 

 

Table A1.  Crystal data and structure refinement for 2.18. 

Empirical formula  C62 H86 Cl2 Cu2 N6 

Formula weight  1113.35 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 22.6533(3) Å α= 90°. 

 b = 18.5581(3) Å β= 128.203(1)°. 

 c = 17.2459(3) Å γ = 90°. 

Volume 5697.39(15) Å3 

Z 4 

Density (calculated) 1.298 Mg/m3 

Absorption coefficient 0.885 mm-1 

F(000) 2368 

Crystal size 0.31 x 0.10 x 0.08 mm 

Theta range for data collection 2.19 to 27.47°. 

Index ranges -29<=h<=29, -24<=k<=24, -22<=l<=22 

Reflections collected 12599 

Independent reflections 6526 [R(int) = 0.0247] 

Completeness to theta = 27.47° 99.9 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6526 / 18 / 326 

Goodness-of-fit on F2 1.023 

Final R indices [I>2sigma(I)] R1 = 0.0396, wR2 = 0.0962 

R indices (all data) R1 = 0.0570, wR2 = 0.1060 

Largest diff. peak and hole 0.841 and -0.497 e.Å-3 



 136 

 

Figure A1.  View of the Cu complex in 2.18 showing the atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level.  The complex lies on a 
crystallographic two-fold rotation axis at ½, y, ¾.  Atoms with labels appended by a ‘ 
are related by 1-x, y, 1½ - z. 
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Table A3.  Crystal data and structure refinement for 3.24. 

Empirical formula  C56 H64 N6 

Formula weight  821.13 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P21/c 

Unit cell dimensions a = 12.7929(6) Å α= 90°. 

 b = 16.9703(8) Å β= 116.203(3)°. 

 c = 11.6831(4) Å γ = 90°. 

Volume 2275.74(17) Å3 

Z 2 

Density (calculated) 1.198 Mg/m3 

Absorption coefficient 0.070 mm-1 

F(000) 884 

Crystal size 0.27 x 0.25 x 0.12 mm 

Theta range for data collection 2.99 to 25.00°. 

Index ranges -15<=h<=15, -20<=k<=19, -13<=l<=13 

Reflections collected 7459 

Independent reflections 3999 [R(int) = 0.1074] 

Completeness to theta = 25.00° 99.7 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3999 / 0 / 293 

Goodness-of-fit on F2 1.041 

Final R indices [I>2sigma(I)] R1 = 0.0648, wR2 = 0.1158 

R indices (all data) R1 = 0.1928, wR2 = 0.1465 

Extinction coefficient 3.5(8)x10-6 

Largest diff. peak and hole 0.199 and -0.184 e.Å-3 
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Figure A3.  View of 3.24 showing the atom labeling scheme.  Displacement ellipsoids 
are scaled to the 50% probability level.  The molecule lies on a crystallographic 
inversion center at ½, ½, ½.  Atoms with labels appended by a ‘ are related by 1-x, 1-y, 
1-z.  Dashed lines are indicative of H-bonding interactions.  The geometry of these 
interactions are:  N2-H2N…N3, N…N 2.624(4)Å, H…N 1.93(6)Å, N-H…N 135(5)°; N3-
H3N…N2, N…2.624(4)Å, H…N 2.26(7)Å, N-H…N 103(5)°. 
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Table A4.  Crystal data and structure refinement for H23.92+·2Cl-. 

Empirical formula  C72 H96 Cl2 N6 O 

Formula weight  1132.45 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.5580(2) Å α= 106.3610(11)°. 

 b = 16.3100(4) Å β= 98.0950(11)°. 

 c = 19.9420(6) Å γ = 94.6300(9)°. 

Volume 3235.84(14) Å3 

Z 2 

Density (calculated) 1.162 Mg/m3 

Absorption coefficient 0.148 mm-1 

F(000) 1224 

Crystal size 0.24 x 0.13 x 0.04 mm 

Theta range for data collection 1.96 to 25.00°. 

Index ranges -12<=h<=10, -19<=k<=17, -23<=l<=23 

Reflections collected 17683 

Independent reflections 11360 [R(int) = 0.0494] 

Completeness to theta = 25.00° 99.5 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 11360 / 30 / 635 

Goodness-of-fit on F2 1.105 

Final R indices [I>2sigma(I)] R1 = 0.0670, wR2 = 0.1385 

R indices (all data) R1 = 0.1449, wR2 = 0.1532 

Extinction coefficient 1.7(5)x10-6 

Largest diff. peak and hole 0.486 and -0.260 e.Å-3 
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Figure A4.  View of the macrocycle in H23.92+·2Cl-. showing the atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level.  Dashed lines are 
indicative of H-bonding interactions. 
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Table A5.  Crystal data and structure refinement for H23.92+·2Cl-·H2O 

Empirical formula  C62 H72 Cl2 N6 O2.5 

Formula weight  1012.16 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 25.3718(5) Å α= 90°. 

 b = 14.4680(3) Å β= 102.685(2)°. 

 c = 33.3400(10) Å γ = 90.000(5)°. 

Volume 11939.7(5) Å3 

Z 8 

Density (calculated) 1.126 Mg/m3 

Absorption coefficient 0.155 mm-1 

F(000) 4320 

Crystal size 0.45 x 0.22 x 0.20 mm 

Theta range for data collection 3.09 to 22.50°. 

Index ranges -27<=h<=27, -15<=k<=15, -35<=l<=35 

Reflections collected 14511 

Independent reflections 7785 [R(int) = 0.1057] 

Completeness to theta = 22.50° 99.6 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7785 / 395 / 597 

Goodness-of-fit on F2 2.698 

Final R indices [I>2sigma(I)] R1 = 0.1411, wR2 = 0.2540 

R indices (all data) R1 = 0.2419, wR2 = 0.2640 

Largest diff. peak and hole 0.805 and -0.403 e.Å-3 
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Figure A5.  View of the macrocycle in H23.92+·2Cl-·H2O showing the atom labeling 
scheme.  Displacement ellipsoids are scaled to the 30% probability level.  Most 
hydrogen atoms have been removed for clarity.  Dashed lines are indicative of H-
bonding interactions.  The geometry of these interactions are:  N1-H1a…O1W, H…O 
1.93Å, N…O 2.80(1)Å, N-H…O 163°; O1W…Cl1 3.05(1)Å; N3-H3a…Cl1, N…Cl 
3.255(8)Å, H…Cl 2.44Å, N-H…Cl 150°;  N5-H5a…Cl1, N…Cl 3.215(9)Å, H…Cl 2.53Å, N-
H…Cl 147°; N4-H4a…Cl2, N…Cl 3.114(9)Å, H…Cl 2.26Å, N-H…Cl 160°; N6-H6a…Cl1, 
N…Cl 3.339(8)Å, H…Cl 2.48Å, N-H…Cl 160°.    
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Table A6.  Crystal data and structure refinement for H23.142+·2Cl-. 

Empirical formula  C48 H61 Cl2 N6 O4.50 

Formula weight  864.93 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 25.8233(3) Å α= 90°. 

 b = 10.4391(10) Å β= 90°. 

 c = 33.9936(16) Å γ = 90°. 

Volume 9163.7(10) Å3 

Z 8 

Density (calculated) 1.254 Mg/m3 

Absorption coefficient 0.193 mm-1 

F(000) 3688 

Crystal size 0.40 x 0.07 x 0.04 mm 

Theta range for data collection 2.40 to 25.00°. 

Index ranges 0<=h<=30, 0<=k<=12, -40<=l<=0 

Reflections collected 8068 

Completeness to theta = 25.00° 99.8 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8068 / 0 / 563 

Goodness-of-fit on F2 1.094 

Final R indices [I>2sigma(I)] R1 = 0.0779, wR2 = 0.1187 

R indices (all data) R1 = 0.2221, wR2 = 0.1512 

Extinction coefficient 7.5(13)x10-7 

Largest diff. peak and hole 0.414 and -0.405 e.Å-3 
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Figure A6.  View of the macrocycle in H23.142+·2Cl- showing the atom labeling scheme.  
Displacement ellipsoids are scaled to the 50% probability level.  Most hydrogen atoms 
have been removed for clarity.  Dashed lines are indicative of H-bonding interactions. 
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Table A7.  Crystal data and structure refinement for UO2·3.14. 

Empirical formula  C123 H142 N15 O15 U2.50 

Formula weight  2665.59 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 

Unit cell dimensions a = 40.592(2) Å α= 90°. 

 b = 16.1043(6) Å β= 94.662(2)°. 

 c = 17.9271(6) Å γ = 90°. 

Volume 11680.3(8) Å3 

Z 4 

Density (calculated) 1.516 Mg/m3 

Absorption coefficient 3.528 mm-1 

F(000) 5340 

Crystal size 0.27 x 0.06 x 0.04 mm 

Theta range for data collection 2.92 to 23.75°. 

Index ranges -43<=h<=45, -18<=k<=16, -20<=l<=19 

Reflections collected 41835 

Independent reflections 17429 [R(int) = 0.1480] 

Completeness to theta = 23.75° 97.8 %  

Absorption correction Gaussian 

Max. and min. transmission 0.872 and 0.450 

Refinement method Full-matrix-block least-squares on F2 

Data / restraints / parameters 17429 / 968 / 1401 

Goodness-of-fit on F2 1.427 

Final R indices [I>2sigma(I)] R1 = 0.1001, wR2 = 0.1416 

R indices (all data) R1 = 0.2303, wR2 = 0.1669 

Largest diff. peak and hole 1.683 and -2.841 e.Å-3 
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Figure A7.  View of the macrocycle 1 in UO2·3.14 showing the atom labeling scheme.  
Displacement ellipsoids are scaled to the 30% probability level.  The hydrogen atoms 
have been removed for clarity.   
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Table A8.  Crystal data and structure refinement for H24.5a2+·SO4
2-·CH3OH. 

Empirical formula  C132 H192 N16 O12 S2 

Formula weight  2259.14 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  Cc 

Unit cell dimensions a = 12.888(1) Å α= 90°. 

 b = 18.432(1) Å β= 91.703(1)°. 

 c = 25.603(1) Å γ = 90°. 

Volume 6079.3(6) Å3 

Z 2 

Density (calculated) 1.234 Mg/m3 

Absorption coefficient 0.112 mm-1 

F(000) 2448 

Crystal size 0.35 x 0.25 x 0.20 mm 

Theta range for data collection 1.93 to 27.47°. 

Index ranges -11<=h<=16, -23<=k<=23, -31<=l<=33 

Reflections collected 18336 

Independent reflections 6962 [R(int) = 0.0315] 

Completeness to theta = 27.47° 99.8 %  

Absorption correction None 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6962 / 27 / 786 

Goodness-of-fit on F2 1.002 

Final R indices [I>2sigma(I)] R1 = 0.0378, wR2 = 0.0915 

R indices (all data) R1 = 0.0455, wR2 = 0.0959 

Extinction coefficient 1.8(2)x10-6 

Largest diff. peak and hole 0.318 and -0.308 e.Å-3 
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Figure A8.  View of the macrocycle in H24.5a2+·SO4
2- showing the atom labeling 

scheme.  Displacement ellipsoids are scaled to the 50% probability level.  Most 
hydrogen atoms have been removed for clarity.  Dashed lines are indicative of H-
bonding interactions. 
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Table A9.  Crystal data and structure refinement for H24.5a2+·2ReO4
-. 

Empirical formula  C64 H88 N8 O8 Re2 

Formula weight  1469.82 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C2/c 

Unit cell dimensions a = 13.5103(2) Å α= 90°. 

 b = 18.0328(3) Å β= 94.545(1)°. 

 c = 25.0387(4) Å γ = 90°. 

Volume 6080.96(17) Å3 

Z 4 

Density (calculated) 1.605 Mg/m3 

Absorption coefficient 4.039 mm-1 

F(000) 2968 

Crystal size 0.28 x 0.19 x 0.19 mm 

Theta range for data collection 2.40 to 27.50°. 

Index ranges -17<=h<=17, -23<=k<=21, -32<=l<=32 

Reflections collected 12683 

Independent reflections 6951 [R(int) = 0.0149] 

Completeness to theta = 27.50° 99.4 %  

Absorption correction Multiscan 

Max. and min. transmission 1.00 and 0.77 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6951 / 130 / 404 

Goodness-of-fit on F2 1.146 

Final R indices [I>2sigma(I)] R1 = 0.0281, wR2 = 0.0648 

R indices (all data) R1 = 0.0332, wR2 = 0.0668 

Extinction coefficient 2.4(3)x10-7 

Largest diff. peak and hole 1.109 and -1.034 e.Å-3 
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Figure A9.  View of H24.5a2+·2ReO4
- showing the atom labeling scheme.  Displacement 

ellipsoids are scaled to the 50% probability level.  Most hydrogen atoms have been 
removed for clarity.  The macrocycle lies on a crystallographic two-fold rotation axis at 
½, y, ¼.  Atoms with labels appended by a ‘ are related by 1-x, y, ½ - z.  The minor 
component of the disordered ReO4 ion was removed for clarity. 
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Table A10.  Crystal data and structure refinement for H24.5a2+·I-.· I3
-. 

Empirical formula  C70 H100 I4 N8 

Formula weight  1561.18 

Temperature  153(2) K 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 10.8475(5) Å α= 89.551(2)°. 

 b = 11.3013(6) Å β= 82.301(2)°. 

 c = 29.623(2) Å γ = 76.234(2)°. 

Volume 3494.3(3) Å3 

Z 2 

Density (calculated) 1.484 Mg/m3 

Absorption coefficient 1.828 mm-1 

F(000) 1576 

Crystal size 0.14 x 0.09 x 0.05 mm 

Theta range for data collection 3.01 to 22.50°. 

Index ranges -11<=h<=11, -12<=k<=11, -29<=l<=31 

Reflections collected 11956 

Independent reflections 8138 [R(int) = 0.0883] 

Completeness to theta = 22.50° 89.0 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.91 and 0.41 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8138 / 468 / 756 

Goodness-of-fit on F2 1.703 

Final R indices [I>2sigma(I)] R1 = 0.1402, wR2 = 0.1631 

R indices (all data) R1 = 0.2380, wR2 = 0.1781 

Extinction coefficient 7.5(16)x10-7 

Largest diff. peak and hole 1.635 and -0.964 e.Å-3 
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Figure A10.  View of the macrocycle I1- complex in H24.5a2+·I-.· I3
- showing the atom 

labeling scheme.  Displacement ellipsoids are scaled to the 50% probability level.  Most 
hydrogen atoms have been removed for clarity.  Dashed lines are indicative of H-
bonding interactions. 

 

 
 



 153 

References 

 
1. Sessler, J. L.; Lynch, V.; Johnson, M. R., J. Org. Chem. 1987, 52, 4394-4397. 

2. Broadhurst, M. J.; Grigg, R.; Johnson, A. W., J. Chem. Soc., Perkin Trans. 1 
1972, 1124-1135. 

3. Bauer, V. J.; Clive, D. L. J.; Dolphin, D.; Paine, J. B. I.; Harris, F. L.; King, M. 
M.; Loder, J.; Wang, S. W. C.; Woodward, R. B., J. Am. Chem. Soc. 1983, 105, 
6429-6436. 

4. Shionoya, M.; Furuta, H.; Lynch, V.; Harriman, A.; Sessler, J. L., J. Am. Chem. 
Soc. 1992, 114, 5714-5722. 

5. Camiolo, S.; Gale, P. A.; Sessler, J. L., Pyrrolic and Polypyrrolic Anion Binding 
Agents. In Encyclopedia of Supramolecular Chemistry, Atwood, J. L.; Steed, J. 
W., Eds. Marcel Dekker: New York, 2004. 

6. Sessler, J. L.; Camiolo, S.; Gale, P. A., Coord. Chem. Rev. 2003, 240, 17-55. 

7. Sessler, J. L.; Gorden, A. E. V.; Siedel, D.; Hannah, S.; Lynch, V.; Gordon, P. L.; 
Donohoe, R. J.; Tait, C. D.; Keogh, D. W., Inorg. Chim. Acta 2002, 341, 54. 

8. Sessler, J. L.; Seidel, D.; Vivian, A. E.; Lynch, V.; Scott, B. L.; Keogh, D. W., 
Angew. Chim. Int. Ed., Engl. 2001, 40, 591-594. 

9. Sessler, J. L.; Vivian, A. E.; Seidel, D.; Burrell, A. K.; Hoehner, M.; Mody, T. D.; 
Gebauer, A.; Weghorn, S. J.; Lynch, V., Coord. Chem. Rev. 2001, 216-217, 411. 

10. Unknown, Nuclear power. In Wikipedia: 2006. 

11. Unknown, world nuclear association. In world nuclear association: 2006. 

12. Kaltsoyannis, N.; Scott, P., In The f elements. Oxford University Press: Oxford, 
1999; Vol. 76, p 83. 

13. Clark, D. L.; Hobart, D. E.; Neu, M. P., Chem. Rev. 1995, 95, 25-48. 

14. Choppin, G. R., Radiochim. Acta 1983, 43-53. 

15. Nash, K. L.; Choppin, G. R., Sep. Sci. Tech. 1997, 32, 255-274. 



 154 

16. Horwitz, E. P.; Kalina, D. G.; Diamond, H.; Vandergrift, G.; Schultz, W. W., 
Solvent Extr. Ion Exch. 1985, 3, 75. 

17. Choppin, G. R.; Nash, K. L., Radiochim. Acta 1995, 70/71, 225-274. 

18. Kaszuba, J. P.; Runde, W. H., Environ. Sci. Technol. 1999, 33, 4427-4433. 

19. Madic, C.; Blanc, P.; Condamines, N.; Baron, P.; Berthon, L.; Nicol, C.; Pozo, C.; 
Lecomte, M.; Philippe, M.; Masson, M.; Hequet, C.; Hudson, M. J. In Actinide 
Partitioning from HLLW Using the DIAMEX Process, Fourth Intl. Conf. on 
Nuclear Fuel Reprocessing and Waste Management, London, UK, 1994; London, 
UK, 1994. 

20. Bilancia, G.; Facchini, A.; Ferrando, M.; Giola, M.; Maluta, F.; Mariani, M.; 
Mazzuccato, M.; Madic, C.; Sabbioneda, S., Solvent Extr. Ion Exch. 2005, 23, 
773-780. 

21. Adnet, J. M.; Donnet, L.; Faure, N.; Bros, P.; Brossard, P.; Josso, F. In The 
development of the SESAME process, 5th International nuclear conference on 
recycling, conditioning and disposal, Nice, France, 1998; SFEN, P., France, Ed. 
SFEN, Paris, France: Nice, France, 1998. 

22. Deshayes, L.; Keller, N.; Lance, M.; Navaza, A.; Nierlich, M.; Vigner, J., 
Polyhedron 1994, 6, 189-195. 

23. Navaza, A.; Villian, F.; Charpin, P., Polyhedron 1984, 3, 143-149. 

24. Dejean, A.; Charpin, P.; Folcher, G.; Rigny, P.; Navaza, A.; Tsoucaris, G., 
Polyhedron 1987, 6, 189-195. 

25. Moody, D. C.; Penneman, R. A.; Salazar, K. V., Inorg. Chem. 1979, 18, 208-209. 

26. Moody, D. C.; Zozulin, A. J.; Salazar, K. V., Inorg. Chem. 1982, 21, 3856-3857. 

27. Shukla, J. P.; Singh, R. K.; Kumar, A., Radiochim. Acta 1991, 54, 73-77. 

28. Dozol, J.; Rouquette, H.; Ungaro, R.; Casnati, A. Preparation of calix[4]arene 
crown ethers for selective extraction of cesium and actinides from aqueous 
wastes. 1994. 

29. Clark, D. L.; Keogh, D. W.; Palmer, P. D.; Scott, B. L.; Tait, C. D., Angew. Chem. 
Int. Ed. 1998, 37, 164-166. 

30. Shinkai, S.; Koreishi, H.; Ueda, K.; Arimura, T.; Manabe, O., J. Am. Chem. Soc 
1987, 109, 6371-6376. 



 155 

31. Harrowfield, J. M.; Ogden, M. I.; White, A. H., J. Chem. Soc., Dalton Trans. 
1991, 2589-2594. 

32. Leverd, P. C.; Berthault, P.; Lance, M.; Nierlich, M., Eur. J. Inorg. Chem. 1998, 
1859-1862. 

33. Shinkai, S.; Shiramana, Y.; Satoh, H.; Manabe, O.; Arimura, T.; Fujimoto, K.; 
Matsuda, T., J. Chem. Soc., Perkin Trans. 2 1989, 1167. 

34. Nagasaki, T.; Shinkai, S., J. Chem. Soc., Perkin Trans. 2 1991, 1063-1066. 

35. Montavon, G.; Duplâtre, G.; Asfari, Z.; Vicens, J., J. Radioanal. Nucl. Chem. 
Articles 1996, 210, 87-103. 

36. Thuery, P.; Nierlich, M., J. Inclusion Phenom. Mol. Recognit. Chem. 1997, 27, 
13-20. 

37. Kubo, Y.; Maeda, S.; Nakamura, M.; Tokita, S., J. Chem. Soc., Chem. Commun. 
1994, 1725-1726. 

38. Araki, K.; Hashimoto, N.; Tsuka, H. O.; Nagasaki, T.; Shinkai, S., Chem. Lett. 
1993, 829-832. 

39. Dasaradhi, L.; Stark, P. C.; Huber, V. J.; Smith, P. H.; Jarvinen, G. D.; Gopalan, 
A. S., J. Chem. Soc., Perkin Trans. 2 1997, 1187-1192. 

40. Baston, M. B. R.; Moreira, J. C.; Farias, P. A. M., Anal. Chim. Acta 2000, 408, 
83-88. 

41. Shamsipur, M.; Saeidi, M.; Yari, A.; Yaganeh-Faal, A.; Mashihadizadeh, M. H.; 
Azimi, G.; Naeimi, H.; Sharghi, H., Bull. Kor. Chem. Soc. 2004, 25, 629-633. 

42. Sah, A. K.; Rao, C. P.; Sarenketo, P. K.; Wegelius, E. K.; Kolehmainen, E.; 
Rissanen, K., Eur. J. Inorg. Chem. 2001, 2773-2781. 

43. Hassan, S. S. M.; Attawiya, A. M. Y., Talanta 2006, 70, 883-889. 

44. Sawicki, M.; Siaugue, J. M.; Jacopin, C.; Moulin, C.; T., B.; Burgada, R.; 
Meunier, S.; Baret, P.; Pierre, J. L.; Taran, F., Chem. Euro. J. 2005, 11, 3689-
3697. 

45. Gray, H. N.; Jorgensen, B.; McClaugherty, D. L.; Kippenberger, A., Ind. Eng. 
Chem. Res. 2001, 40, 3540-3546. 



 156 

46. Suresh, A.; Patre, D. K.; Srinivasan, T. G.; Rao, P. R. V., Spectrochim. Acta A 
2002, 58, 341-347. 

47. Collins, G. E.; Lu, Q., Anal. Chim. Acta 2001, 436, 181-189. 

48. Rohwer, H.; Rheeder, N.; Hosten, E., Anal. Chim. Acta 1997, 341, 263-268. 

49. Tabushi, I.; Kobuke, Y.; Nishiya, T., Nature 1979, 280, 665-666. 

50. Tabushi, I.; Kobuke, Y.; Ando, K.; Kishimoto, M.; Ohara, E., J. Am. Chem. Soc. 
1980, 102, 5947-5948. 

51. Beer, P. D.; Drew, M. G. B.; Hesek, D.; Kan, M.; Nicholson, G.; Schmitt, P.; 
Sheen, P. D.; Williams, G., Dalton Trans. 1998, 2783-2785. 

52. Czolk, R., Sens. Actuators, B: Chem. 1995, 30, 61-63. 

53. Chou, J.-H.; Nalwa, H. S.; Kosal, M. E.; Rakow, N. A.; Suslick, K. S., 
Applications of Porphyrins and Metalloporphyrins to Materials Chemistry. In The 
Porphyrin Handbook, Kadish, K. M.; Smith, K. M.; Guilard, R., Eds. Academic 
Press: San Diego, 2000; Vol. 6, pp 114-131. 

54. Nappa, M.; Valentine, J. S., J. Am. Chem. Soc. 1978, 100, 5075-5080. 

55. Brunink, J. A. J.; Di Natale, C.; Bungaro, F.; Davide, F. A. M.; D'Amico, A.; 
Paolesse, R.; Boschi, T.; Faccio, M.; Ferri, G., Anal. Chim. Acta 1996, 325, 53-
64. 

56. Di Natale, C.; Macagnano, A.; Repole, G.; Saggio, G.; D'Amico, A.; Paolesse, R.; 
Boschi, T., Mater. Sci. Eng. C 1998, 5, 209-215. 

57. Rakow, N. A.; Suslick, K. S., Nature 2000, 406, 710-713. 

58. Suslick, K. S.; Rakow, N. A.; Sen, A., Tetrahedron 2005, 60, 11133-11138. 

59. Zhang, C.; Suslick, K. S., J. Am. Chem. Soc. 2005, 127, 11548-11549. 

60. Ishii, Y.; Onda, Y.; Kubo, Y., Tet. Lett. 2006, 47, 8221-8225. 

61. Johnson-White, B.; Zeinali, M.; Shaffer, K. M.; Patterson, C. H.; Charles, P. T.; 
Markowitz, M. A., Biosens. Bioelectron. 2007, 22, 1154-1162. 

62. Kejik, Z.; Záruba, K.; Michalik, D.; Sebek, J.; Dian, J.; Pataridis, S.; Volka, K.; 
Král, V., Chem. Commun. 2006, 1533-1535. 



 157 

63. Dolci, L. S.; Marzocchi, E.; Montalti, M.; Prodi, L.; Monti, D.; Di Natale, C.; 
D'Amico, A.; Paolesse, R., Biosens. Bioelectron. 2006, 22, 399-404. 

64. De Luca, G.; Pollicino, G.; Romeo, A.; Scolaro, L. M., Chem. Mater. 2006, 18, 
2005-2007. 

65. Itoh, J.-I.; Yotsuyanagi, T.; Aomura, K., Anal. Chim. Acta 1975, 74, 53-60. 

66. Malinski, T.; Ciszewski, A.; Fish, J. R.; Czuchajowski, L., Anal. Chem. 1990, 62, 
909. 

67. Gupta, V. K.; Ajay, K. J.; Singh, L. P.; Khurana, U., Anal. Chim. Acta 1997, 355, 
33. 

68. Hambright, P.; Chock, P. B., J. Am. Chem. Soc. 1974, 96, 3123. 

69. Tabata, M.; Tanaka, M., Trends Anal. Chem. 1991, 10, 128. 

70. Tabata, M.; Kumamoto, M.; Nishimoto, J., Anal. Chem. 1996, 68, 758-762. 

71. Bellacchio, E.; Lauceri, R.; Magri, A.; Purrello, R.; Gurrieri, S.; Scolaro, L. M.; 
Romeo, A., Chem. Commun. 1998, 1333-1332. 

72. Czolk, R.; Reichert, J.; Ache, H. J., Sensors and Actuators B 1992, 7, 540-543. 

73. Morales-Bahnik, A.; Czolk, R.; Reichert, J.; Ache, H. J., Sens. Actuators, B: 
Chem. 1993, 13, 424-426. 

74. Plaschke, M.; Czolk, R.; Ache, H. J., Anal. Chim. Acta 1995, 304, 107-113. 

75. Yang, R.; Li, K.; Wang, K.; Liu, F.; Li, N.; Zhao, F., Anal. Chim. Acta 2002, 469, 
285-293. 

76. Streitwieser, A.; Mueller-Westerhoff, U., J. Am. Chem. Soc. 1968, 90, 7364. 

77. Maurya, M. R.; Maurya, R. C., Rev. Inorg. Chem. 1995, 15, 1-107. 

78. Burns, C. J.; Neu, M. P.; Boukhalfa, H.; Gutowski, K. E.; Bridges, N. J.; Rogers, 
R. D., In Coordination Chemistry of the s,p and f metals. 2004; Vol. 3, p 189. 

79. Ephritikhine, M., Dalton Trans. 2006, 21, 2501-2516. 

80. Hayton, T. W.; Boncella, J. M.; Scott, B. L.; Batista, E. R.; Hay, P. J., J. Am. 
Chem. Soc. 2006, 128, 10549-10559. 



 158 

81. Hayton, T. W.; Boncella, J. M.; Scott, B. L.; Palmer, P. D.; Batista, E. R.; Hay, P. 
J., Science 2005, 310, 1941-1943. 

82. Maurya, R. C.; Patel, P.; Rajput, S., Syn. React. Inorg. Met. 2003, 33, 817-836. 

83. Mandlik, P. R.; Aswar, A. S., Pol. J. Chem. 2003, 77, 129-135. 

84. Kannappan, R.; Tanase, S.; Tooke, D. M.; Spek, A. L.; Mutikainen, I.; Turpeinen, 
U.; Reedijk, J., Polyhedron 2004, 23, 2285-2291. 

85. Zheng, G. X.; Wang, Q. F.; Luo, S. G., J. Radioanal. Nucl. Chem. 2003, 258, 
693-696. 

86. Mizuguchi, K.; Park, Y.-Y.; Tomiyasu, H.; Ikeda, Y., J. Nucl. Sci. Technol. 1993, 
30, 542-548. 

87. Mizuoka, K.; Kim, S.-Y.; Hasegawa, M.; Hoshi, T.; Uchiyama, G.; Ikeda, Y., 
Inorg. Chem. 2003, 42, 1031-1038. 

88. Mizuoka, K.; Ikeda, Y., Inorg. Chem. 2003, 42, 3396-3398. 

89. Mizuoka, K.; Tsushima, S.; Hasegawa, M.; Hoshi, T.; Ikeda, Y., Inorg. Chem. 
2005, 44, 6211-6218. 

90. Salmon, L.; Thuéry, P.; Ephritikhine, M., Polyhedron 2003, 22, 2683-2688. 

91. Le Borgne, T.; Riviere, E.; Marrot, J.; Girerd, J.-J.; Ephritikhine, M., Chem. Euro. 
J. 2002, 8, 773-778. 

92. Salmon, L.; Thuéry, P.; Riviére, E.; Miyamoto, S.; Yamato, T.; Ephritikhine, M., 
New. J. Chem. 2006, 30, 1220-1227. 

93. Castro-Rodriguez, I.; Olsen, K.; Gantzel, P.; Meyer, K., Chem. Commun. 2002, 
2764-2766. 

94. Nakai, H.; Hu, X.; Zakharov, L. N.; Rheingold, A. L.; Meyer, K., Inorg. Chem. 
2004, 43, 855-857. 

95. Castro-Rodriguez, I.; Olsen, K.; Gantzel, P.; Meyer, K., J. Am. Chem. Soc. 2003, 
125, 4565. 

96. Castro-Rodriguez, I.; Nakai, H.; Zakharov, L. N.; Rheingold, A. L.; Meyer, K., 
Science 2004, 305, 1757-1759. 



 159 

97. Castro-Rodriguez, I.; Nakai, H.; Meyer, K., Angew. Chem. Int. Ed. 2006, 45, 
2389-2392. 

98. Roussel, P.; Scott, P., J. Am. Chem. Soc. 1998, 120, 1070-1071. 

99. Sessler, J. L.; Gale, P. A., Porphyrins: Applications, Past, Present and Future. In 
The Porphyrin Handbook, Kadish, K. M.; Smith, K. M.; Guilard, R., Eds. 
Academic Press: San Diego, 2000; Vol. 6, p 257. 

100. Floriani, C.; Floriani-Moro, R., The Porphyrin Handbook. In Inorganic, 
Organometallic and Coordination Chemistry, Kadish, K. M.; Smith, K. M.; 
Guilard, R., Eds. Academic Press: San Diego, 2000; Vol. 3, p 405. 

101. Korobkov, I.; Gambarotta, S.; Yap, G. P. A., Organometallics 2001, 20, 2552-
2559. 

102. I. Korobkov, S. Gambarotta, G. P. A. Yap, Organomet. 2001, 20, 2552-2559. 

103. Korobkov, I.; Gambarotta, S.; Yap, G. P. A., Angew. Chem. Int. Ed. 2002, 41, 
3433. 

104. Korobkov, I.; Gambarotta, S.; Yap, G. P. A.; Thompson, L.; Hay, P. J., 
Organometallics 2001, 20, 5440. 

105. Callaway, W.; Veauthier, J. M.; Sessler, J. L., J. Porphyr. Pthalocya. 2004, 8, 1. 

106. Sessler, J. L.; Mody, T. D.; Dulay, M. T.; Espinoza, R.; Lynch, V., Inorg. Chim. 
Acta 1996, 246, 23. 

107. Sessler, J. L.; Mody, T. D.; Lynch, V., Inorg. Chem. 1992, 31, 529. 

108. Clark, S. C.; Elliott, J. M.; Chipperfield, J. R.; Styring, P.; Sinn, E., Inorg. Chem. 
Commun. 2002, 5, 249. 

109. Sessler, J. L.; Callaway, W.; Dudek, S. P.; Date, R. W.; Lynch, V.; Bruce, D. W., 
Chem. Commun. 2003, 19. 

110. Sessler, J. L.; Callaway, W. B.; Dudek, S. P.; Date, R. W.; Bruce, D. W., Inorg. 
Chem. 2004, 43, 6650-6653. 

111. Lao, M.-S.; Kar, T.; Scheiner, S., J. Phys. Chem. A 2004, 108, 3056. 

112. Arnold, P. L.; Blake, A. J.; Wilson, C.; Love, J. B., Inorg. Chem. 2004, 43, 8206. 



 160 

113. Sessler, J. L.; Cho, W.-S.; Dudek, S. P.; Hicks, L.; Lynch, V.; Huggins, M. T., J. 
Porph. Pthal. 2003, 7, 97. 

114. Givaja, G.; Blake, A. J.; Wilson, C.; Schroder, M.; Love, J. B., Chem. Commun. 
2003, 2508. 

115. Veauthier, J. M.; Cho, W.-S.; Lynch, V.; Sessler, J. L., Inorg. Chem. 2004, 43, 
1220. 

116. Arnold, P. L.; Patel, P.; Blake, A. J.; Wilson, C.; Love, J. B., J. Am. Chem. Soc. 
2006, 30, 9610-9611. 

117. J. L. Sessler, A. E. V. Gorden, D. Siedel, S. Hannah, V. Lynch, P. L. Gordon, R. 
J. Donohoe, C. D. Tait, D. W. Keogh, Inorg. Chim. Acta 2002, 341, 54-70. 

118. Girolami, G. S.; Milam, S. N.; Suslick, K. S., Inorg. Chem. 1987, 26, 343-344. 

119. Kadish, K. M.; Moninot, G.; Hu, Y.; Dubois, D.; Ibnlfassi, A.; Barbe, J.-M.; 
Guilard, R., J. Am. Chem. Soc. 1993, 115, 8153-8166. 

120. Lomova, T. N.; Andrianova, L. G., Medeleev. Commun. 2003, 5, 213. 

121. Burrell, A. K.; Sessler, J. L.; Cyr, M. J.; McGhee, E.; Ibers, J. A., J. Am. Chem. 
Soc. 1991, 113, 4690. 

122. Burrell, A. K.; Cyr, M. J.; Lynch, V.; Sessler, J. L., J. Chem. Soc., Chem. 
Commun. 1991, 1710-1713. 

123. Sessler, J. L.; Gebauer, A.; Hoehner, M.; Lynch, V., Chem. Commun. 1998, 1835-
1836. 

124. J. L. Sessler, D. Siedel, A. E. V. Gorden, V. Lynch, B. L. Scott, D. W. Keogh, 
Angew. Chem. Int. Ed., Eng. 2001, 40, 591-594. 

125. Le Borgne, T.; Lance, M.; Nierlich, M.; Ephritikhine, M., J. Organomet. Chem. 
2000, 598, 313-317. 

126. Gaunt, A. J.; Scott, B. L.; Neu, M. P., Inorg. Chem. 2006, 45, 7401-7407. 

127. Gaunt, A. J.; Scott, B. L.; Neu, M. P., Angew. Chem. Int. Ed. 2006, 45, 1638-
1641. 

128. Sessler, J. L.; Melfi, P. J.; Pantos, G. D., Coord. Chem. Rev. 2006, 250, 816-843. 



 161 

129. Seidel, D. Development of new methodologies for the synthesis of expanded 
porphyrins... The University of Texas at Austin, Austin, 2002. 

130. Srinivasan, A.; Furuta, H., Acc. Chem. Res. 2005, 38, 10-20. 

131. Chandrashekar, T. K.; Venkatraman, S., Acc. Chem. Res. 2003, 36, 676-691. 

132. Veauthier, J. M.; Tomat, E.; Lynch, V.; Sessler, J. L.; Mirsaidov, U.; Market, J. 
T., Inorg. Chem. 2005, 44, 6736-6743. 

133. Sessler, J. L.; Tomat, E.; Mody, T. D.; Lynch, V.; Veauthier, J. M.; Mirsaidov, 
U.; Market, J. T., Inorg. Chem. 2005, 44, 2125-2127. 

134. Veauthier, J. M.; Cho, W.-S.; Lynch, V.; Sessler, J. L., Inorg. Chem. 2004, 43, 
1220-1228. 

135. Acholla, F. V.; Takusgawa, F.; Mertes, K. B., J. Am. Chem. Soc. 1985, 107, 6902-
6908. 

136. Li, R.; Mulder, T. A.; Beckmann, U.; Boyd, P. D.; Brooker, S., Inorg. Chim. Acta 
2004, 357, 3360-3368. 

137. Sessler, J. L.; Tomat, E., Acc. Chem. Res. 2007, accepted. 

138. Charriére, R.; Jenny, T. A.; Rexhausen, H.; Gossauer, A., Heterocycles 1993, 36, 
1561-1575. 

139. Werner, A.; Micheles, M.; Zander, L.; Lex, J.; Vogel, E., Angew. Chem. Int. Ed. 
1999, 38, 3650-3653. 

140. Gisselbrecht, J.-P.; Bley-Escrich, J.; Gross, M.; Zander, L.; Michels, M.; Vogel, 
E., J. Electroanalyt. Chem. 1999, 469, 170-175. 

141. Bley-Escrich, J.; Gisselbrecht, J.-P.; Vogel, E.; Gross, M., Eur. J. Inorg. Chem. 
2002, 2829-2837. 

142. Weghorn, S. J.; Sessler, J. L.; Lynch, V.; Baumann, T. F.; Silbert, J. W., Inorg. 
Chem. 1996, 35, 1089-1090. 

143. Sessler, J. L.; Weghorn, S. J.; Hiseada, Y.; Lynch, V., Chem. Euro. J. 1995, 1, 56. 

144. Hannah, S.; Seidel, D.; Sessler, J. L.; Lynch, V., Inorg. Chim. Acta 2001, 317, 
211-217. 



 162 

145. Sessler, J. L.; Gebauer, A.; Guba, A.; Scherer, M.; Lynch, V., Inorg. Chem. 1998, 
37. 

146. Shin, J.-Y.; Furuta, H.; Yoza, K.; Igarashi, S.; Osuka, A., J. Am. Chem. Soc. 2001, 
123, 7190-7191. 

147. Shimizu, S.; Osuka, A., Eur. J. Inorg. Chem. 2006, 1319-1335. 

148. Shimizu, S.; Anand, V. G.; Taniguchi, R.; Furukawa, K.; Kato, T.; Yokoyama, T.; 
Osuka, A., J. Am. Chem. Soc. 2004, 126, 12280-12281. 

149. Shimizu, S.; Shin, J.-Y.; Furuta, H.; Ismael, R.; Osuka, A., Angew. Chem. Int. Ed. 
2003, 42, 78-82. 

150. Tanaka, Y.; Hoshino, W.; Shimizu, S.; Youfu, K.; Aratani, N.; Maruyama, N.; 
Fujita, S.; Osuka, A., J. Am. Chem. Soc. 2004, 126, 3046-3047. 

151. Evans, D. F., J. Chem. Soc. 1959, 2003-2005. 

152. Grant, D. H., J. Chem. Educ. 1995, 72, 39-40. 

153. Schubert, E. M., J. Chem. Educ. 1992, 69, 62. 

154. Sessler, J. L.; Lisowski, J.; Boudreaux, K. A.; Lynch, V.; Barry, J.; Kodadek, T. 
J., J. Org. Chem. 1995, 60. 

155. Clezy, P. S.; Liepa, A. J., Aust. J. Chem. 1970, 23, 2443-2459. 

156. Treibs, A.; Hintermeier, K., Chem. Ber. 1954, 87, 1167-1174. 

157. Woller, E. K.; Smirnov, V. V.; DiMagno, S. G., J. Org. Chem. 1998, 63, 5706-
5707. 

158. Sessler, J. L.; Anzenbacher, P.; Shriver, J. A.; Jursíková, K.; Lynch, V. M.; 
Marquez, M., J. Am. Chem. Soc. 2000, 122, 12061-12062. 

159. Sessler, J. L.; Mody, T. D.; Hemmi, G. W.; Lynch, V., Inorg. Chem. 1993, 32, 
3175-3187. 

160. Rexhausen, H.; Gossauer, A., J. Chem. Soc., Chem. Commun. 1983, 275. 

161. Sessler, J. L.; Cyr, M. J.; Lynch, V.; McGhee, E.; Ibers, J. A., J. Am. Chem. Soc. 
1990, 112, 2810-2813. 



 163 

162. Kral, V.; Brucker, E. A.; Hemmi, G.; Sessler, J. L.; Kralova, J.; Bose, H., Bioorg. 
Med. Chem. 1995, 3, 573-578. 

163. Sessler, J. L.; Brucker, E. A., Tet. Lett. 1995, 36, 1175-1176. 

164. Shimizu, S.; Shin, J.-Y.; Furuta, H.; Ismael, R.; Osuka, A., Angew. Chem. Int. Ed., 
Engl. 2003, 42, 78-82. 

165. Bröring, M., Synthesis 2000, 9, 1291-1294. 

166. Wallace, D. M.; Leung, S. H.; Senge, M. O.; Smith, K. M., J. Org. Chem. 1993, 
58, 7245-7257. 

167. Sessler, J. L.; Weghorn, S. J.; Lynch, V.; Fransson, K., J. Chem. Soc., Chem. 
Commun. 1994, 1289-1290. 

168. Seidel, D.; Lynch, V.; Sessler, J. L., Angew. Chem. Int. Ed. 2002, 41, 1422-1425. 

169. Lee, J. T. Cyclo[n]pyrroles and Their Applications. The University of Texas at 
Austin, Austin, 2006. 

170. Davis, J. Sapphyrins: Aggregation and Anion Binding Behavior in Polar, Protic 
Media. The University of Texas at Austin, Austin, 2001. 

171. Goodey, A.; Lavigne, J. J.; Savoy, S. M.; Rodriguez, M. D.; Curey, T.; Tsao, A.; 
Simmons, G.; Wright, J.; Yoo, S.-J.; Sohn, Y.; Anslyn, E. V.; Shear, J. B.; 
Neikirk, D. P.; McDevitt, J. T., J. Am. Chem. Soc. 2001, 123, 2559-2570. 

172. Colton, R., In The Chemistry of Rhenium and Technetium. 1st ed. ed.; John Wiley 
and Sons, Ltd.: Interscience Publishers: New York, 1965. 

173. Schwochau, K., In Technetium: Chemistry and Radiopharmaceutical 
Applications. Wiley-VCH: Weinheim, 2000. 

174. Farrell, J.; Bostick, W. D.; Jarabek, R. J.; Fiedor, J. N., Environ. Sci. Technol. 
1999, 33, 1244-1249. 

175. Del Cul, G. D.; Bostick, W. D.; Trotter, D. R.; Osborne, P. E., Sep. Sci. Tech. 
1993, 28, 551-564. 

176. Sessler, J. L.; Gale, P. A.; Cho, W.-S., In Anion Receptor Chemistry. Wiley: 2006; 
p 413. 

177. Schmidtchen, F. P.; Berger, M., Chem. Rev. 1997, 97, 1609-1646. 



 164 

178. Jalhoom, M. G., J. Radioanal. Nucl. Chem. 1986, 104, 131. 

179. Korpusov, G. V.; Krylov, Y. S.; Tsalon, S. I., Radiokhimiya 1984, 26, 408-410. 

180. Thuery, P.; Nierlich, M.; Asfari, Z.; Vicens, J.; Dozol, J.-F., Polyhedron 2000, 19, 
1749-1756. 

181. Stephan, H.; Spies, H.; Johannsen, B.; Karsten, G.; Gorka, M.; Voegtle, F., Eur. J. 
Inorg. Chem. 2001, 11, 2957-2963. 

182. Garraway, J.; Wilson, P. D., J. Less Common Met. 1985, 106, 183-192. 

183. Gawenis, J. A.; Holman, K. T.; Atwood, J. L.; Jurisson, S. S., Inorg. Chem. 2002, 
41, 6028-6031. 

184. Atwood, J. L.; Holman, K. T.; Halihan, M. M.; Steed, J. W.; Jurisson, S. S., J. 
Am. Chem. Soc. 1995, 117, 7848-7849. 

185. Beer, P. D.; Hopkins, P. K.; McKinney, J. D., Chem. Commun. 1999, 1253-1254. 

186. Gorden, A. E. V.; Davis, J.; Sessler, J. L.; Král, V.; Keogh, D. W.; Schroeder, N. 
L., Supramol. Chem. 2004, 16, 91-100. 

187. Köhler, T.; Seidel, D.; Lynch, V.; Arp, F. O.; Ou, Z.; Kadish, K. M.; Sessler, J. L., 
J. Am. Chem. Soc. 2003, 125, 6872-6873. 

188. Bucher, C.; Devillers, C. H.; Moutet, J.-C.; Pécaut, J.; Sessler, J. L., Chem. 
Commun. 2006, 3891-3893. 

189. Fuhrhop, J. H.; Kadish, K. M.; Davis, D. G., J. Am. Chem. Soc. 1973, 95, 5140. 

190. Köhler, T.; Ou, Z.; Lee, J. T.; Seidel, D.; Lynch, V.; Kadish, K. M.; Sessler, J. L., 
Angew. Chem. Int. Ed. 2005, 44, 83-87. 

191. Xu, H.; Yu, G.; Xu, W.; Xu, Y.; Cui, G.; Zhang, D.; Liu, Y.; Zhu, D., Langmuir 
2005, 21, 5391-5395. 

192. Stepien, M.; Donnio, B.; Sessler, J. L., Angew. Chem. Int. Ed. 2007, 46, 1431-
1435. 

193. Baker, E. S.; Lee, J. T.; Sessler, J. L.; Bowers, M. T., J. Am. Chem. Soc. 2006, 
128, 2641-2648. 

194. Greenwood, N. N.; Earnshaw, A., In Chemistry of the Elements. Butterworth 
Heinemann: Oxford, 1998. 



 165 

195. Clark, D. L.; Sattelberger, A. P.; Bott, S. G.; Vrtis, R. N., Inorg. Chem. 1989, 28, 
1771. 

 



 166 

 

 Vita 

 

Patricia Jennifer Melfi, the second child of James A. and Donna M. Melfi, was 

born November 24, 1979 in Providence, RI.  She graduated second in her class from 

North Providence High School in Rhode Island in 1997.  Later that year, she enrolled at 

Providence College, also in Rhode Island, and upon graduation with a B.S. in chemistry 

in June 2001, was the recipient of the Rev. Frederick C. Hickey award and the Award for 

Highest GPA in Chemistry.  Throughout her undergraduate studies, she participated in a 

number of undergraduate research programs.  In the summer of 1999, she was the 

recipient of an undergraduate research grant (REU) and spent two months doing 

chemistry research with Christain Brückner at the University of Connecticut.  She also 

spent a summer at Brown University under the aegis of Dwight Sweigert and Paul T. 

Czech.  She entered the University of Texas at Austin in August 2001 to pursue her 

doctorate studies in inorganic chemistry. 

 

 

 

 

 

Permanent address: 97 Alexander St., North Providence, RI 02904 

 

This dissertation was typed by the author. 



 167 

 
 


