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Abstract 

Development of Functional Materials for Extraction, Sequestration, and 

Separation Applications 

Robert Francis Fimognari, Jr., M.A. 

The University of Texas at Austin, 2018 

Supervisor:  Jonathan L. Sessler 

The separation and purification of elements, ions, and molecules are of great 

importance to a wide arrays of chemical industries.  To this end, materials are continuously 

being designed to effect and improve upon these separations.  Herein are described three 

classes of materials for the separation of specific analytes of interest.  Polymeric extractants 

were developed based on the incorporation of selective ligands through ring-opening 

metathesis polymerization, and polymers bearing picolinic acid functionalized pendant 

groups were shown to selectively extract Cu(II) over a panel of transition metal ions.  This 

material shows promise in radiomedicine, for the purification of Cu radioisotopes.  

Rigidified picolinamides were shown to selectively extract Am(III) over Eu(III), and were 

shown to have potential for application in nuclear fuel reprocessing.  Finally, polymeric 

materials for the sequestration of radioiodine are presented and were successfully prepared, 

containing pendant imidazolium groups for binding Ag(I).  These materials may serve as 

solid sorbents for the fixation of volatile radioiodine from nuclear fuel waste. 
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CHAPTER 1: SYNTHESIS OF NORBORNENE-TYPE CONJUGATE 

MONOMERS FOR POLYMERIZATION BY RING-OPENING 

METATHESIS POLYMERIZATION, APPLICATIONS TOWARDS 

THE SELECTIVE BINDING OF COPPER 

1.1 Introduction 

The production and processing of Cu is vital to a wide variety of consumer goods 

and industries. Therefore, the demand for efficient processes to extract selectively Cu from 

its ores and waste streams is of immense importance.  Traditionally, mined Cu was purified 

via pyrometallurgy. Unfortunately, the attendant processes require harsh handling 

conditions, generate large amounts of waste, and produce significant quantities of slag 

byproduct, which may contain up to 1.5% Cu.1,2 This slag must be treated via 

pyrometallurgical and hydrometallurgical processes several times, not only to maximize 

Cu recovery, but also to meet environmental standards.  In addition, waste from 

electrowinning refinement and metal surface treatment industries contains significant 

amounts of Cu, which must be separated from other heavy metals to achieve sufficient 

purity for further use.3,4 Alternative hydrometallurgical processes, such as solvent 

extraction, have been explored for Cu purification. In this context, extractants containing 

carboxylic acid, phosphoric acid, and hydroxyoxime moieties have seen commercial 

applications in the separation and recycling of Cu from a wide range of other metals (Figure 

1.1).5,6 
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Figure 1.1: Extractants and functionalities that are selective for copper cations over other 

metal ions 

To improve the working conditions for solvent extraction, these ligands are often 

immobilized on a solid support, which allows the extraction to be performed with only one 

liquid phase.7 Polymeric supports and materials have been utilized in the recognition and 

separation of metal ions, and the incorporation of certain extractant molecules into 

polymeric resins has been shown to permit the selective binding and extraction of divalent 

metal ions.8,9 Examples of such materials include molecularly-imprinted polymers (MIPs), 

which have allowed the selective preconcentration of a range of organic substrates and 

metal ions.10–12 Unfortunately, the choice of monomer and crosslinker is critical and 

typically must be optimized for each substrate. Moreover, the molecularly-imprinting 

template must be stripped from the polymer after fabrication. This can lead to a breakdown 

in the polymeric structure and affect adversely its ability to recognize and bind analytes of 

interest.13 

The introduction of pendant functional groups onto polymer backbones has also 

been explored as an approach to obtaining polymers that target analytes selectivity.14  One 

approach to obtaining such systems involves the use of radical-initiated polymerization 

methods (e.g., production of polymethyl methacrylates). These strategies are attractive due 

to the general ease of monomer synthesis and their broad functional group tolerance.15,16  
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However, the polymers produced in this way are often irregular and characterized by broad 

dispersities. They can also require significant optimization (monomer and initiator choice, 

solvent, use of a metal catalyst, temperature) in order to achieve a more living character.17  

Ring-opening metathesis polymerization (ROMP) is another polymerization technique that 

is attractive in the context of producing materials suitable for extraction. ROMP is not 

prone to chain transfer or termination events, which allows for highly controllable, living 

polymerizations.18  The catalysts used for ROMP also have high functional group 

tolerance. Finally, the requisite monomers can often be synthesized readily by combining 

a recognition group with a norbornyl moiety to generate precursors that undergo the actual 

polymerization.19  To date, several polymers bearing pendant chelating moieties bound to 

the polymer have been synthesized via ROMP and have been used to achieve selective 

metal ion binding.20,21 However, systems appropriate for selective copper extraction remain 

to be prepared.  

Holliday and coworkers previously reported  polymers synthesized by ROMP that 

could be used to separate actinides from simulated spent nuclear fuel waste.22 These 

systems were prepared by conjugating a selective ligand to the polymer backbone.  

Building off this prior success, we sought an easily functionalized moiety that is capable 

of complexing metal ions in reversible fashion. In this context, controlling metal 

complexation by pH appeared attractive; in principle, it could allow the affinities to be 

tuned with high precision. To achieve the desired pH dependence, we elected to explore 

carboxylic acids as the cation chelating group, in part because carboxylate anions display 

a preference for Cu(II) over other divalent transition metal cations.23  For instance, work 
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by Tasaki and coworkers served to confirm that Cu(II) could be extracted in a pH 

dependent fashion in competition over other transition metal ions when 2-ethylhexyl 

picolinic acid was used as their extractant (Figure 1.2).24  

 

Figure 1.2: pH dependent extraction data for 2-ethylhexyl picolinic acid against a panel of 

transition metal ions.24 

The observed selectivity was attributed to the stability of the 2:1 metal complex 

formed between the ligand and Cu(II), as well as the inherent preference for the Cu(II) 

displayed by carboxylate anions, as the corresponding ester has not shown any extraction 

ability. This functional handle is a moiety that should be readily amenable for use in 

ROMP-based approaches to supported extractant development (Figure 1.3). 

 

Figure 1.3: Picolinic acid extractant EHPA selective for Cu(II) at low pH (1.4) and 

proposed monomer for use in preparing a Cu(II) selective ROMP-derived 

polymer (1.5) 
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1.2 Results and Discussion 

1.2.1 MONOMER AND POLYMER SYNTHESIS  

The monomer 1.5 was synthesized as shown in Scheme 1.1.  Starting from the 

known norbornyl anhydride 1.6, the primary amine 1.7 was prepared via condensation with 

1,6-diaminohexane in acetic acid.25 Intermediate 1.7 was then condensed with dimethyl 

pyridine-2,6-dicarboxylate using catalytic acetic acid to give the amide-ester 1.8 in 91% 

yield. Base hydrolysis of this compound using lithium hydroxide followed by acidic 

aqueous workup gave the free acid 1.5 in 89% yield.  Overall the monomer 1.5 was 

synthesized in a total yield of 64% over three steps. 

 

 

Scheme 1.1: Synthesis of monomers 1.5 and 1.8 and their respective polymers, P1.5 and 

P1.8 

 To confirm the binding stoichiometry of our monomer and metal ions, metal 

complexes were synthesized by stirring 1.5 in an EtOH/H2O (3:1 v/v) solution containing 

NaOH and various divalent metal dichloride test salts.  The chlorides of Cu(II), Ni(II), 
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Zn(II), Mn(II), Fe(II), Co(II), Pb(II), and Cd(II) were investigated.  Crystals suitable for 

X-ray diffraction were obtained for 1.5, as well as complexes with Cu(II), Ni(II), Zn(II), 

and Pb(II).  These crystal structures are shown in Figures 1.4-1.8.  The structures of 

complexes with Cu(II), Ni(II), and Zn(II) are all octahedral, with coordination occurring 

through the carboxylate oxygen, pyridine nitrogen, and amide carbonyl oxygen atoms.  In 

each of the complexes, the bond length between the amide oxygen and the metal is longer 

than between the carboxylate oxygen and the metal.  This indicates that this bond may be 

slightly labile, and acts as a coordinating ligand due to proximity within the inner 

coordinating sphere.  This makes good sense, as the ionic interaction between the 

carboxylate oxygen and the metal is expected to be stronger than neutral σ-donor. 

 

 

Figure 1.4: Molecular structure of 1.5.  The atom labeling scheme is shown. Displacement 

ellipsoids are shown at the 50% probability level 

There is some distortion seen in the Cu(II) complex, most likely due to Jahn-Teller 

distortions as result of the asymmetrically-filled d9 orbital set.26  The Ni(II) complex shows 

similar bond lengths between the two ligands and does not exhibit any distortion.  
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Presumably, this reflects its d8 electron count.  While the Zn(II) complex should not be 

distorted on the basis of orbital energy stabilization, there is a fair amount of asymmetry 

between the two ligands, resulting in a “twisted” orientation.  Zn(II) is a d10 metal ion, and 

therefore is not stabilized in any geometry.  This leads to 4-, 5-, and 6-coordinate complexes 

being common.27  As stated above, the longer bond length of the amide oxygen may lead 

to potential lability.  In the case of Zn(II), that may lead to some distortion as the complex 

is expected to be between 5- and 6-coordinate in solution, with the 6-coordinate complex 

being observed in the solid state, albeit with increased bond lengths.  The Pb(II) complex 

 

Figure 1.5: Crystal structure of 1.5 with Cu(II).  The atom labeling scheme is shown. 

Displacement ellipsoids are shown at the 50% probability level 
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adopts a hemi-directed geometry, as a result of its filled 6s orbital.  Interestingly, this 

complex is completely symmetric with respect to ligand bond lengths.  This may be due to 

reduced steric crowding around the significantly larger Pb(II) ion. 

 

 

 

Figure 1.6: Crystal structure of 1.5 with Ni(II).  The atom labeling scheme is shown.  

Displacement ellipsoids are shown at the 50% probability level 
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Figure 1.7: Crystal structure of 1.5 with Zn(II).  The atom labeling scheme is shown. 

Displacement ellipsoids are shown at the 50% probability level 
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Figure 1.8: Crystal structure of 1.5 with Pb(II).  The atom labeling scheme is shown. 

Displacement ellipsoids are shown at the 50% probability level 

All polymer samples were prepared by stirring either the monomer of choice 

dissolved in methylene chloride or dimethylformamide (0.2 M) with a solution of either 

the Grubbs 2nd or the Grubbs 3rd generation catalyst (0.02 M) and adjusting the solution 

volume to control the chain length as desired. After stirring overnight under an inert 

atmosphere, the polymerization was terminated by adding excess (2-3 mL) ethyl vinyl ether 

and stirring for 30 min. The solvent was removed in vacuo, and the crude residue 

redissolved in a minimal quantity of methylene chloride or dimethylformamide. The 

resulting solution was rapidly added to either excess methanol or diethyl ether to precipitate 

the polymer, a process that was repeated at least three more times. Polymers were found to 

be pure as inferred from NMR spectroscopic analysis after 3-4 precipitations.  Initial 

studies were performed with 1.5 using Grubbs 2nd generation catalyst in dichloromethane.  

This resulted in incomplete consumption of the starting monomer, most likely due to the 
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precipitation of short chain oligomers.  We rationalized this result in terms of the 

propagation of the growing chain leading to increasing insolubility of the 

oligomer/polymer, due to the highly polar pendant carboxylic acid group on our monomer.  

Changing the solvent to DMF prevented this precipitation, but still resulted in poor control 

over the molecular weight.  Our next thought was that the Grubbs catalyst was not initiating 

fast enough to allow for living polymerization.  Therefore, the PCy3 ligand of the catalyst 

was exchanged for 3-bromopyridine, which is a better leaving group and promotes faster 

catalyst initiation.18  Using this catalyst in DMF resulted in good control of molecular 

weight, but only up to ca. n = 50 repeat units (approximately 20.7 kD).  This result led us 

to consider that there may be a secondary polymer structure at play, which would orient 

the polar carboxylic acid moieties towards the solvent and seclude the more hydrophilic 

polymer backbone.  This was problematic, as the secluded backbone would hinder the rate 

of polymerization, resulting in the poor molecular weight control seen at higher degrees of 

polymerization.  Additionally, this could also increase the likelihood that chain-transfer or 

-termination events would occur.  

To mitigate these putative problems, polymerizations with 1.8 were also attempted.  

Reaction in dichloromethane using Grubbs 2nd generation catalyst gave polymers of the 

desired molecular weight. However, to allows comparison with 1.5, the Grubbs 3rd 

generation catalyst was used for most polymerization studies.  Representative NMR spectra 

of P1.8 and P1.5 are shown in Figure 1.9. 
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Figure 1.9: Representative NMR spectra for P1.8 in CD2Cl2 and P1.5 in DMSO-d6.  The 

region around the residual DMSO solvent peak (ca. 2.5 ppm) has been omitted 

for clarity 

We then wanted to determine the living character of the polymerization of 1.8.  This 

was done by varying the amount of catalyst added and observing the theoretical and actual 

molecular weights obtained.  Molecular weights were determined from the relative 

integration of the region corresponding to the terminal phenyl group of the polymer, as 

illustrated in Figure 1.10.  Figure 1.11 shows a comparison between the theoretical and 

actual molecular weights ranging from 25 to 250 repeat units.  Since the slope is almost 

unity, we concluded that the polymerization was living. 

P1.8 

P1.5 
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Figure 1.10: Determination of polymer molecular weight (Mn) by NMR spectroscopy.  

Integrating the 7.15-7.40 ppm region as 5H gives the relative number of 

monomer repeat units within the polymer 

Additional characterization of samples of P1.5 and P1.8 samples was attempted 

using Gel permeation chromatography (GPC).  However, the data collected was 

insufficient to characterize the dispersity (Đ) of these two samples.  Poor light scattering 

of this polymer type led to very low signal-to-noise ratios, and values for Mw and Mn could 

not be determined.   

  

 

 



 14 

 

Figure 1.11: Living polymerization plot for P1.8.  A slope of near-unity is consistent with 

a living polymerization.  aDetermined by NMR Spectroscopy 

Work by Viéville and coworkers has shown that polymer samples can be 

characterized by diffusion-ordered NMR spectroscopy (DOSY), based on the relative 

diffusion coefficients of the bulk polymer and the end-groups.28,29  This work has shown a 

correlation between these diffusion coefficients and polymer dispersity for a broad variety 

of polymer types, ranging from poly(styrene) and poly(ethylene oxide) to DNA and 

proteins.  DOSY spectra were recorded for P1.8 over a range of molecular weights (10-50 

kD).  Polymer sizes larger than 50 kD did not provide good signals due to instrument 

limitations. Polymer dispersities were calculated using eq. 1.1: 

 

Ð = (
<Dw>

<Dn>
)−d𝑓          (1.1) 

 

where <Dw> represents the mean diffusion coefficient of the polymer backbone, <Dn> is  
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the diffusion coefficient of the endgroup, and df is the fractal dimension of the polymer.28 

A representative DOSY spectrum of P1.8 is shown in Figure 1.12, with the corresponding  

peaks for <Dw> and <Dn> shown. The fractal dimension is equal to the inverse of the Flory 

exponent, δ, which is a quantitative measure of the conformation that the polymer takes in 

solution. The fractal dimension may be determined from eq. 1.2:  

 

Figure 1.12: Representative DOSY spectrum of P1.8.  <Dw> may be obtained from the 

peaks of the polymer backbone (ca. 11*10-10 m2s-1), and <Dn> from the peaks 

corresponding to the end-group (ca. 11.75*10-10 m2s-1) 
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M𝑛 ≈ (
Cr

Dr
)

d𝑓

             (2) 

             

where Mn is the molecular weight of the polymer, Cr is a calibration constant for the 

“family” of polymers in question, Dr is the diffusion coefficient of the polymer backbone, 

and df is the fractal dimension.29  A logarithmic fit of eq. 1.2 is shown in Figure 1.13. The 

fit  

Figure 1.13: Logarithmic fit of P1.8 DOSY data to eq. 1.2 using df*log(Cr/Dr) vs. log(Mn) 

(A) and log(Cr/Dr) vs. log(Mn) (B).  Fitting these two plots gave a value for 

Cr of 540.  The value of df may be obtained from the slope of the plot of 

log(Cr/Dr) vs. log(Mn) 

gives a value of 2.29 for df, which when used in eq. 1.1 gives Ð values for P1.8 in the range 

of 1.02-1.26.  This value for df  of 2.29 corresponds to a Flory exponent of 0.437, meaning 

that the polymer essentially undergoes a random walk in solution, but still favors polymer-

polymer over polymer-solvent interactions to some degree.  Similar studies were conducted 

with P1.5, but did not yield a good linear fit.  This failure may reflect the intrinsically 

higher viscosity of DMSO compared to dichloromethane, which would interfere with the 

A B 
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DOSY experiments.  Or, it could reflect secondary ordering of the polymer, arising from 

relatively increased hydrogen bonding.  

 In order to access P1.15, P1.8 was saponified using conditions analogous used in 

preparing 1.5.  The resulting polymer was suspended in a H2O:THF mixutre (9:1 v/v) 

containing NaOH.  The reaction was eemed complete once all the polymer had dissolved 

(monitored by NMR spectroscopy).  Addition of HCl to reprotonate the carboxylic acids 

served to precipitate P1.5.  Figure 1.14 compares the NMR spectra of P1.8 with P1.5, 

 

Figure 1.14: 1H NMR spectra of P1.8 (top), and P1.5 produced as a result of the base 

hydrolysis of P1.8 (middle), and P1.5 synthesized in dimethylformamide 

with Grubbs 3rd generation catalyst (bottom).  The disappearance of the peak 

at ca. 4 ppm is taken as evidence that hydrolysis of the methyl ester has 

occurred.       

 

P1.5 (saponification, DMSO-d6) 

P1.8 (CDCl3) 

P1.5 (ROMP, DMSO-d6) 
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synthesized by saponification and by ROMP.  After saponification, the peak corresponding 

to the methyl ester at ca. 4 ppm is no longer visible.  This was taken as evidence that the 

desired carboxylic acid as been formed.  Comparison of the NMR spectra of P1.5 

synthesized by saponification and by ROMP does not show many discernable differences, 

providing further evidence of the success of the saponification reaction.   

1.2.2 EXTRACTION STUDIES 

 Initial extraction studies began with 1.5, using a procedure similar to that used by 

Tasaki and coworkers.30  This previous work was focused on the extraction of metal ions 

in a noncompetitive system.  Therefore, our efforts were focused on investigating a panel 

of metal ions in the same solution.  That is, we wanted to see how 1.5 performed in 

extractions when exposed to a panel of metal ions at the same time.  For simplicity, we 

chose the same metal salts from the work of Tasaki and coworkers: CuCl2, NiCl2, ZnCl2, 

FeCl2, MnCl2, CoCl2, CdCl2, and PbCl2.  These salts were dissolved at 1 mM each in 1 M 

aqueous NH4Cl.  The NH4Cl was added to help to drive metal complex formation and 

ultimately ion extraction.  To provide sufficient excess for metal ion extraction, 3.3 

equivalents of ligand per metal ion were dissolved in toluene.  The pH of the aqueous 

solutions used for the extraction studies was adjusted with concentrated HCl and NH4OH 

to give a range of pH values from 1-7.  Extractions were carried out for 24 hours, and 

involved contacting equal volumes of the aqueous and organic phases.  The phases were 

separated and the aqueous phase was analyzed for its metal ion concentration.  The 

extraction efficiency was calculated based on the mass balance between the two phases.  
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The results of this study are shown in Figure 1.15.  The data is plotted as both the initial 

pH before extraction as well as the equilibrium pH measured after extraction.  In the case 

of Cu(II) essentially complete extraction still occurs at ca. pH 2. In contrast, appreciable 

extraction of the other potentially competitive divalent cations does not occur until the pH 

is raised by 1-2 pH units.  This mirrors the results seen by Tasaki and coworkers.30 

However, under these latter higher pH conditions, significant extraction of Fe(II), Ni(II), 

and Zn(II) is achieved. Both Ni(II) and Zn(II) follow Cu(II) in the Irving-Williams series 

providing a qualitative rationale for these findings. The extraction of Fe(II) was ascribed 

to its oxophilic nature and the fact that 1.5 provides two oxygen donor atoms. 

 

Figure 1.15: Liquid-liquid extraction studies with 1.5.  Organic phase: 26.7 mM 1.5 in 

toluene. Aqueous phase: 1 mM in the eight indicated metal salts (as MCl2; 

total concentration of M(II) = 8 mM) in 1 M aqueous NH4Cl.  (A) Data 

shown are for the pH recorded before extraction (B) and the pH recorded at 

equilibrium. 

Subsequent to the above predicative studies, P1.5 was tested for its extraction ability. This 

polymer proved essentially insoluble in most common nonpolar solvents.  Of the solvents 

available to us, only a mixture of methylene chloride and methanol (9:1 v/v) was 

immiscible with the aqueous phase, yet still dissolve P1.5 at sufficient concentrations to 

A B 
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allow for study.  Extraction studies were carried out with P1.5 by adjusting the polymer 

concentration such that approximately 3.3 equivalents of extractant moiety (on the polymer 

backbone) were present in solution compared to the metal cations of interest (Figure 1.16).   

 

Figure 1.16: Liquid-liquid extraction studies with P1.5.  Aqueous phase: 1 mM in the eight 

indicated metal salts (as MCl2; total concentration of M(II) = 8 mM) and 1 M 

aqueous NH4Cl. Organic phase (9:1 v/v methylene chloride:methanol): P1.5 

(Mw = 23,079 D, Đ = 1.07), 3.3 equivalents of pendant extractant moiety 

relative to [M(II)] 

While the polymer was dissolved well at the onset of extraction, notable precipitate could 

be seen forming within five minutes after mixing the two phases.  After extraction, the 

biphasic mixture was filtered, and the aqueous phase tested by ICP-OES for metal ion 

speciation, which r that ionevealed extraction had occurred, and that Cu(II) was mostly 
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removed at ca. pH 2.  Additionally, a decrease in specificity was seen, resulting in base 

extraction levels of ca. 20% of the ions that were not of interest.  It is unknown whether 

this increased extraction at low pH is due to the increased local concentration of ligands on 

the polymer backbone, or if there was co-precipitation of these metal ions that occurred 

with the polymer during the extraction experiments.  Nonetheless, the precipitation of P1.5 

during extraction was deemed problematic since it would complicate potential processing, 

as well as desirable metal ion stripping/recovery.  Therefore, P1.5 was tested under 

conditions of solid-liquid extraction.  When tested in this way, P1.5 showed pH dependent 

extraction features while maintaining a degree of selectivity for Cu(II) in analogy to what 

was found for 1.5 (Figure 1.17). Additionally, extraction was seen at a lower pH than for 

liquid-liquid extractions performed with 1.5 for Pb(II). While not studied in detail, this 

could account for why P1.5 proved capable of extracting Pb(II) in contrast to what was 

seen in the case of 1.5.  When looking at the crystal structure of 1.5 with Pb(II), the 

organization of the ligand in the hemi-directed geometry resembles that of a cleft or pocket.  

It is proposed that in the solid state, the particular arrangement of ligands in more prevalent 

than in the case of the dissolved polymer.  To the extent this is true, preorganization and 

the resulting reduction in the entropy penalty of complex formation may be the primary 

driving forces underlying the increased Pb(II) extraction achieved by solid P1.5. 
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Figure 1.17: Solid-liquid extraction with P1.5.  Aqueous phase: 1 mM in the eight 

indicated metal salts (as MCl2; total concentration of M(II) = 8 mM) and 1 M 

aqueous NH4Cl. Solid phase: P1.5 (Mw = 23,079 D, Đ = 1.07), 3.3 equivalents 

of pendant extractant moiety relative to [M(II)] 

In order to assess the selectivity of P1.5 for Cu(II) over other metal ions, studies 

were carried out using a 5-fold excess of each metal ion salt in our panel.  After the putative 

extraction, samples of P1.5 were digested with concentrated nitric acid and analyzed by 

ICP-OES to determine the nature of the extracted metal ions. Selectivity for Cu(II) was 

seen over a broad pH range, peaking around pH = 5 (Figure 1.18A). The pH dependence 

appears to be driven by competition with Fe(II) and improves in relative terms as the pH 

is raised.  This improvement is likely due to the formation of insoluble Fe(OH)2 species as 

the aqueous medium becomes more basic.31 
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Figure 1.18: (A) Selectivity studies performed with P1.5 (Mw = 23,079 D, Đ = 1.07) using 

a 5-fold excess of each metal chloride salt relative to the picolinic acid ligand 

sites present on the polymer. The bars indicate the selectivity observed for 

each metal ion. (B) Selectivity comparison for Cu(II), Ni(II), and Zn(II) 

Another key result of this study was the noted selectivity for Cu(II) over Ni(II) and 

Zn(II).  This observation led us to believe that P1.5 may have potential for application in 

the purification of Cu radioisotopes, many of which are produced from enriched Ni or Zn 

parent isotopes.32  The 64Cu isotope has shown promise in the field of positron emission 

tomography (PET) as an attractive longer-lived (t1/2 = 12.7 h) alternative to 18F (t1/2 = 110 

min.). The fact that 64Cu decays by both β+ and β- pathways also makes it appealing for 

radiotherapy. The current method of preparing 64Cu involves use of a biomedical cyclotron 

with 64Ni as the parent isotope. Purification is then effected  by ion exchange 

chromatography, a process which has been noted as being costly, tedious, and sometimes 

dangerous to the radiotechnicians preparing this isotope.33  We hypothesized that P1.5 

could be used to purify Cu(II) away from an excess of Ni(II), as well as from Zn(II), which 

is a decay product for 64Cu(II).  

A B 
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Prior to studies with P1.5, its monomer was studied under biphasic extraction 

conditions using equimolar aqueous solutions of Cu(II), Ni(II), and Zn(II) (separate studies; 

1 mM in each MCl2 salt) with toluene containing 1.5 (10 mM) used as the receiving phase. 

Initial extraction studies under these conditions (Figure 1.19A) provided evidence that 

Cu(II) was extracted selectively over Ni(II) and Zn(II) at a pH of ca. 1.7. This selectivity 

diminished as the pH was raised and was largely absent by pH = 3.0. This finding mirrors 

what was seen under noncompetitive conditions.24  Under the biphasic conditions of Figure 

1.19A, the optimal Cu(II) vs. Ni(II)/Zn(II) extraction ratio for 1.5 was realized near pH 2.  

The effect of the concentration of 1.5 was then investigated. This was done keeping the 

metal ion concentration constant and varying that of 1.5, as shown in Figure 1.19B.  Good 

extraction efficiency and selectivity for Cu(II) over Ni(II) and Zn(II) was obtained at a 4:1 

ligand:metal cation ratio. The time dependence on Cu(II) extraction was also studied, and 

it was found that maximum extraction efficiencies could reached within three hours, 

showing a linear time dependence over that time period (Figure 1.19C-D).  After three 

hours, 88% of the Cu(II) but only 3.5% and 4.2% of Ni(II) and Zn(II), respectively, had 

been removed from the aqueous phase.  This translates to selectivity ratios of 25:1 for 

Cu(II):Ni(II) and 21:1 for Cu(II):Zn(II) respectively. 
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Figure 1.19: (A) pH-Dependent biphasic extraction studies. Organic phase: 10 mM 1.5 in 

toluene.  Aqueous phase: 1 mM in CuCl2, NiCl2, and ZnCl2, containing 1 M 

NH4Cl.  The data is plotted as a function of equilibrium pH.  (B) Metal ion 

extraction at ca. pH 2, varying [1.5].  (C) Time-dependent extraction of metal 

ions (1 mM) from an aqueous phase at ca. pH 2 with 1.5 (4 mM in toluene).  

(D) Linear fit of the extraction of Cu(II) versus time with 4 mM 1.5 in toluene.  

In the case of P1.5, solid-liquid extraction studies revealed that a large increase in 

the pH (to ca. pH = 5) was required to obtain efficient Cu(II) extractions (Figure 1.20).  

However, it is to be noted that the effective metal cation concentrations were lower in these 

studies compared to the studies with a panel of metal ions.  Thus, it is difficult to assess at 

present the origin of the pH effect seen on moving from 1.5 to P1.5, but one cause may be 

a reduced Lewis acidic influence of metal ions on P1.5.  

A B 

C D 
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Figure 1.20: Solid-liquid extraction with P1.5. Aqueous phase: 1 mM CuCl2, NiCl2, and 

ZnCl2, containing 1 M NH4Cl.  Solid phase: P1.5 (Mw = 23,079 D, Đ =1.07), 

3.3 equivalents of pendant extractant moiety 

Time-dependent extraction studies revealed a lack of linearity. Nevertheless, ca. 80% 

extraction was achieved with P1.5 after 4 hours under the present solid-liquid extraction 

conditions (Figure 2.21).  Unfortunately, lower Cu(II):Ni(II) and Cu(II):Zn(II) extraction 

ratios (11.6:1 and 3.3:1, respectively) were observed. 
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Figure 1.21: Time-dependent extraction of Cu(II) by P1.5.  Aqueous phase: 1 mM CuCl2, 

containing 1 M NH4Cl.  Solid phase: P1.5 (Mw = 23,079 D, Đ =1.07) bearing 

3.3 equivalents of the pendant extractant moiety.  

Since Ni is usually the main impurity in the production of Cu radioisotopes, the 

selectivity for Cu(II) over Ni(II) was further examined with P1.5 (Figure 1.22).  This was 

done by varying the pH to see if separation efficiencies could be improved at lower pH.  

Studies carried out using mixtures with 1:1, 10:1, and 100:1 Ni(II):Cu(II) ratios revealed a 

reasonably linear relationship between the ratio of Cu(II):Ni(II) extracted and the pH.  The 

best results exceeded the 25:1 ratio seen in extraction studies utilizing 1.5  (Figure 1.22A).  
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Figure 1.22: Solid-liquid phase selectivity studies with P1.5 (Mw = 23,079 D, Đ = 1.07).  

Aqueous phase: 1 mM CuCl2 and 1 M NH4Cl.  The NiCl2 concentrations were 

1 mM (A), 10 mM (B), and 100 mM (C).  In all cases, 0.2 equivalents of P1.5 

were used with respect to the [Cu(II)]. 

Another way to assess the selectivity of an extractant is by calculating the relevant 

separation factors (Sx/y), which are a measure of the ratio of the distribution ratios of any 

two analytes (“a” and “b”) of interest.  In accounting for the relative concentrations of each 

a 

b 

c 

A 

B 

C 
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metal ion, the separation factors at each concentration of Ni(II) show a linear dependence 

on pH.  One exception is when [Ni(II)] = 1 mM (Figure 1.23A).  In this case two 

independent linear regions for SCu/Ni are observed.  One explanation for this may be that 

there are two separate factors contributing to ion extraction.  Increased concentrations of 

[Cl-] may being driving complex formation by acting as an “anion swing”, as described in 

Le Chatelier’s principle.  Because the [Cl-] is high due to the presence of 1 M NH4Cl, it 

may be that at lower pH, the driving force for complex formation is determined more by 

the ease of deprotonation of the carboxylic acids of the ligands than by [Cl-] alone.  

Alternatively, Lewis acid influences from the metal ions present in solution may be causing 

the deviation from linearity at lower pH.  Since in this case [M(II)] = 2 mM, selectivity 

driven by Lewis acid effects on ligand deprotonation may be less prevalent.  Notably, in 

the presence of a 100-fold excess of Ni(II), separation factors as high as 290 in favor of 

Cu(II) were observed (Figure 1.23C).  An explanation for this latter value may be found 

by examining the complex formation constants of Cu(II) (log(Kf) = 14.78) and Ni(II) 

(log(Kf = 12.44) with picolinic acid.34  It is assumed that complex formation occurs by the 

reaction shown in eq. 1.3: 

                                    𝑀(𝐼𝐼) + 2 𝐶𝑙− + 2 𝐿 →   𝑀𝐿2 + 2 𝐻𝐶𝑙                      (3) 

 

where L corresponds to the picolinic acid ligand.  Using this equation and taking the 

difference in the formation constants for Cu(II) and Ni(II) with picolinic acid (Δlog(Kf) = 

2.34) into account, one finds that this value is largely dependent on the ratio of Ni(II):Cu(II) 

in the aqueous phase.  Because the ratio of Ni(II):Cu(II) in these experiments was 100:1 
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and ΔKf~220, more Cu(II) must be extracted than Ni(II) to satisfy this equilibrium, 

supporting the experimental value of SCu/Ni. 

 

 

Figure 1.23: Plots of separation factors, carried out at varying pH from selectivity studies 

with P1.5 (Mw = 23,079, Đ = 1.07).  Aqueous phase: 1 mM CuCl2 and 1 M 

NH4Cl.  The NiCl2 concentration was 1 mM (A), 10 mM (B), and 100 mM 

(C).  In all cases 0.2 equivalents of P1.5 were used with respect to the 

[Cu(II)].  Separation factors were calculated as the ratio of the distribution 

coefficient of Cu(II) to Ni(II), based on the concentrations in the solid 

polymer and in solution 

To evaluate the potential of this material as a reusable extractant, 1.5 (10 mM, 

toluene) was first used to extract a 1mM solution of Cu(II), Ni(II), and Zn(II), buffered 
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with 1 M NH4Cl.  The organic phase and any resulting precipitate was separated from the 

aqueous phase, which was then taken to dryness.  The resulting residue was dissolved in 

CH2Cl2 using minimal MeOH, and biphasic back extractions were performed using a panel 

of strippants. Using the initial aqueous phase and strippant solutions after extraction, the 

amount of metal ions stripped from 1.5 was determined by ICP- OES (Figure 1.24).  These 

experiments showed that stripping Cu(II) bound to 1.5 was nontrivial. 

 

Figure 1.24: Stripping of Cu(II), Ni(II), and Zn(II) from 1.5 using a panel of strippant 

solutions consisting of the agents shown in the x-axis.  

We hypothesized that the apparent stability of the Cu(II) complex of 1.5 with regard 

to stripping was in part due to the hydrophobicity of the norbornyl imide and hexyl chains, 

leading to poor interfacial contact between the organic and aqueous layers.  Additionally, 
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entanglement of the hexyl chains around the metal complex could make it difficult for the 

strippant to be in close proximity to the metal center, resulting in decreased stripping 

efficacy.  To mitigate this presumed problem, we moved to shorten the length of the alkyl 

chain linking the extractant and polymerizable moieties, reducing the number of carbon 

atoms from six to two (Scheme 1.2).  When using 1.11 for extractions and subsequent 

stripping tests, we saw similar extraction efficiencies at ca. pH=2 as for 1.5, but also 

increased stripping efficiency (Figure 1.25).  

 

 

Scheme 1.2: Synthesis of extractant monomer containing a two-carbon atom linker  

linker.  Lower yields than the six-carbon atom linker may be due to an impurity in the 

ethylene diamine starting material.  It is important to note that each strippant tested with 

1.11 indiscriminately stripped about the same amount of each metal ion from the organic 

phase.  This suggests that the release of metal ions from 1.5 is due to hydrophobic effects 

from the hexyl chain, rather than the inherent stability of the metal complex that is formed.  

While this is not advantageous for extraction with 1.5, when going to a polymeric system, 

the extractant moiety should be oriented away from the hydrophobic polymer backbone, 

now more exposed to the aqueous strippant than as a monomeric metal complex.  The 

release of metal ions from P1.5 was investigated using an acid strippant, similar to studies  
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Figure 1.25: Stripping studies with 1.11.  Extraction of metal ions was performed at pH 

= 2.00 

performed with 1.5 and 1.11.  Initially, several concentrated acids (HCl, HNO3, H2SO4, 

AcOH) were chosen as strippants to test.  Unfortunately, the addition of solid P1.5 to these 

solutions dissolved the polymer, eventually degrading it, as evidenced by a color change 

from pale yellow to dark brown.  Because of this, lower acid concentrations were used in 

the stripping tests.  Initially, nitric and hydrochloric acid were tested, yielding very 

different results (Figure 1.26).  Studies with nitric acid showed indiscriminate stripping of 

Cu(II) which did not seem to follow a discernable pattern or trend.  Using hydrochloric 

acid showed better results, with up to 60% of the Cu(II) being stripped from the polymer 

before evidence of substantial degradation was seen.  Time dependent stripping studies 
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Figure 1.26: Stripping experiments with P1.5 loaded with Cu(II), using (A) nitric acid 

and (B) hydrochloric acid 

with hydrochloric acid showed maximum desorption of Cu(II) occurringwithin 

about 4-5 hours (Figure 1.27).  A second order dependence with respect to time was seen.  

When comparing stripping with nitric versus hydrochloric acid, the difference in their 

efficacy may be ascribed to the properties of the counteranion.  If we consider the 

hydrophobicity of the Cl- and NO3
- anions based on the Hofmeister series35, it can be 

assumed that Cl- is less hydrophobic than NO3
-.  Due to the favorable formation of trans 

double bonds during polymerization36, the polymer can also be viewed as having a 

hydrophobic polymer backbone “core”, containing poly(norbornene) and the hexyl-chain 

tether, and a hydrophilic “surface”, due to the terminal pendant picolinic acid moieites, 

giving the polymer an overall more hydrophilic surface with which solvent contacts.  

Therefore, it is expected that a hydrophilic anion would be able to more easily approach 

the polymer surface; in this case Cl- is more hydrophilic than NO3
-, and therefore HCl can 

more readily strip the bound metal ions. 

 

A B 
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Figure 1.27: Time-dependent stripping of Cu(II) from P1.5 using hydrochloric acid 

P1.5 was also tested for its ability to extract, bind, and release metal ions over 

several cycles.  For this study, Cu(II) was loaded in the polymer and subsequently stripped 

with 6 M HCl over several cycles.  As can be seen in Figure 1.28, diminishing returns for 

extraction are observed after the first cycle.  Presumable this is due to the incomplete 

stripping of Cu(II).  This results in an almost 10-fold decrease in extraction efficiency by 

the third extraction cycle. Future efforts to simplify the conjugate monomer by removing 

the amide and imide functional groups may increase acid stability.  While the imide on the 

norbornene is a versatile attachment point, a simple endo-norbornene having only C-C  
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Figure 1.28: Recycling test with P1.5 using 6 M HCl as the strippant 

bonds to the tethered pendant group could allow for more complete stripping of the bound 

metal ions at higher acid concentrations.   

The polymer detailed in this chapter may also show use in several other applications 

where removal of the bound metal ion species is not necessary or required.  For example, 

P1.5 could be used to remove trace metal catalysts after the production of drug targets in 

the pharmaceutical industry, where material purity must be highly regulated.37  In a similar 

vein this material could potentially be used to scrub heavy metal ions for environmental 

clean-up project, as P1.5 showed increased affinity for Pb(II) at higher pH values.  It would 

be of interest to conduct studies using other heavy metals, such as Hg, to see if this 

suggestion has merit. 
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CHAPTER 2: SYNTHESIS AND PERFORMANCE OF NOVEL 

PICOLINAMIDES BEARING HYDROPHOBIC SIDE CHAINS FOR 

THE SEPARATION OF AM(III) FROM EU(III) 

2.1 Introduction 

In order to utilize nuclear energy safely and effectively, each stage of the 

manufacturing, production, implementation, and disposal process must be carefully 

monitored and controlled.  To limit nuclear proliferation and achieve a sustainable nuclear 

fuel cycle, nuclear waste and fission products (FPs) must be carefully separated, stored, 

and recycled wherever possible.  Spent nuclear fuel consists largely of uranium (>94% by 

mass), with the remainder consisting mostly of fission products, such as cesium, iodine, 

technetium, and several minor actinides (MAs) (Figure 2.1).38  The majority of  

 

Figure 2.1: Makeup of nuclear fuel waste by mass38 

uranium in the waste is recovered via the PUREX (Plutonium and Uranium Extraction) 

process, which significantly shortens its long-lived radiotoxicity lifetime from ca. 300,000 

to 9,000 years.39 In the remaining waste, the minor actinides (Np, Am, Cm) are responsible 
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for a large amount of the radiotoxicity, despite their low abundance by mass (<0.1%).  In 

particular, 241Am represents the largest challenge in the long-term storage of spent wastes.  

Given the time for the fission products to decay significantly (ca. 75 years), 241Am is the 

predominate contributor to remaining heat from radiological decay (Figure 2.2).40  This, 

 

Figure 2.2: Decay heat of stored nuclear fuel waste on a geological repository as a 

function of time40 

combined with its long half-life (t1/2 = 433 years), makes the efficient separation of the 

MAs of paramount importance for the efficient and responsible storage of spent nuclear 

fuel waste.  Several estimates of the benefits of this separation predict a several hundred-

fold increase in waste storage capacity accompanied by the essentially complete (>99.9%) 

removal of the MAs and several other fission products.  Further need for the separation of 

the lanthanides and actinides stems from the high neutron capture cross sections of the 

lanthanides.  Their presemce inhibits the efficiency of the energy-producing nuclear 
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reactions when using recycled fuels and therefore their removal from spent wastes is also 

of importance. 

2.1.1 SEPARATION OF THE MINOR ACTINIDES 

Approaches to the separation of the MAs have been two-fold: Complexation and 

oxidation state manipulation.41  However, both approaches present significant challenges 

that must be overcome in order to perform the desired separation.  The greatest challenge 

associated with complexation strategies is the very similar size of the trivalent lanthanides 

and actinides.42  Therefore, endeavors to bind americium selectively based solely on size 

are not effective to perform this separation.  To circumvent this problem, americium may 

be oxidized to higher oxidation states.  However, this requires very highly oxidizing 

conditions, and both Am(V) and Am(VI) are unstable, being reduced to Am(III) on the 

order of days and minutes, respectively.43  Additionally, the short-lived stability of these 

species is highly dependent on solution conditions, increasing the difficulty for this process 

to be achieved at scale.  In light of this, strategies for the selective complexation of 

americium(III) have been explored more aggressively than oxidation strategies.  As 

previously stated, discrimination of the lanthanides and actinides is difficult due to their 

similar size.  However, the slightly softer nature of the actinides has allowed for the 

development of ligands that are able to effect this separation.44  These ligands often contain 

soft amine donor groups, while ligands for the extraction of lanthanide ions contain harder 

oxygen donors, such as carboxylic or phosphoric acids.  The trivalent actinide-lanthanide 

separations by phosphorus-reagent extraction from aqueous complexes (TALSPEAK) 

process, developed by Weaver and Kappelmann, utilized extraction processes in both the 

aqueous and organic phase to complex both lanthanide and actinide cations, partitioning 

them between the two phases.45  In this separations method, diethylenetriaminepentaacetic 
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acid (DTPA), a ligand selective for actinide species, is introduced to a lactate buffered 

aqueous solution of lanthanides and actinides.  Once the actinides have been coordinated, 

the resulting solution is contacted with an organic phase, which contains bis(2-

ethylhexyl)phosphoric acid (HDEHP).  This latter ligand binds the lanthanide ions in the 

organic phase, effectively separating the two species.  The ligands in question are shown 

in Figure 2.3.   

 

Figure 2.3: Ligands used in the TALSPEAK process 

The TALSPEAK process has shown to be effective on small scale.  However, it suffers at 

large scale due to its high sensitivity to pH.  This latter problem may be mitigated by the 

use of high lactate buffer concentrations (Figure 2.4).46  Unfortunately, the addition of 

lactate is also undesirable as it increases the amount of waste generated in the separation 

process.  Efforts to reduce the pH sensitivity of this separation have led to the development 

of the so-called Advanced TALSPEAK process.  In this process, DTPA is replaced by N-

(2-Hydroxyethyl) ethylenediamine-N,N,N-triacetic acid (HEDTA), HDEHP replaced by 

ethylenediamine-N,N,N-triacetic acid (HEH[EHP]), and the lactate replaced by a citrate 

buffer (Figure 2.5).47  Lanthanide extraction using HEH[EHP] now proved to be more 

consistent across a broader pH range than in TALSPEAK, while still exhibiting pH-

dependent extraction of actinides still being observed (Figure 2.6).48  The lower slope for 

the distribution ratios of americium seen in the Advanced TALSPEAK process (ca. -0.3) 

compared to TALSPEAK (-1.9) illustrate the increased tolerance to changes in pH for this 

process. 
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Figure 2.4: Distribution of Am(III) and Nd(III) species in the TALSPEAK process, using 

1.5 M lactate buffer.46 

 

Figure 2.5: Ligands used in the Advanced TALSPEAK process 
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Figure 2.6: Distribution ratios of americium and several lanthanides performed using 

Advanced TALSPEAK.48 

While effective, the Advanced TALSPEAK process still requires a separate pre-

extraction event to remove wastes other than the lanthanides/actinides when performed at 

scale.  This is because the fuel reprocessing steps produce a fair amount of additional waste 

that must first be dealt with.  Therefore, widespread efforts to simplify the extraction 

process by combining various extractants into one step have been explored.  These 

processes include variations on the PUREX procces, such as the TRUEX (TRansUranic 

Extraction) and DIAMEX (DIAMideEXtraction) processes.  The TRUEX process was 

developed at Argonne National Laboratory in the 1980’s and designed to be applicable 

under conditions seen at existing fuel reprocessing facilities.49  That is, the separation was 

able to be performed under a wide range of conditions, including variations in acid, salt, 

and fission product concentrations.  This process added a second ligand, octyl(phenyl)-
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N,N-diiso-butylcarbamoylmethylphosphine oxide (CMPO), to the existing PUREX 

solvent, which contained tributyl phosphate (TBP) (Figure 2.7).  This ligand along with  

 

 

Figure 2.7: Examples of ligands utilized in the TRUEX and DIAMEX processes 

several other derivatives were tested for their ability to extract Am(III) from PUREX 

raffinate solutions.  Researchers saw that these CMPO derivatives extracted Am(III) 

selectively over the other fission products found in the PUREX waste, and operated at 

conditions analogous to those on process scale (Figure 2.8).  CMPO has also been applied 

in conjunction with other extractant molecules, such as HDEHP and HEH[EHP], but has 

seen limited success, due to extractant-extractant interactions reducing the separation 

factors significantly.50–52 

As its name suggests, the DIAMEX process utilizes diamides, specifically 

malondiamides for the extraction of lanthanides and actinides from PUREX raffinate.  

Diamides, such as dimethyl-dibutyl-tetradecyl malonamide (DMDBTDMA) have shown 

>99.9% recovery of MAs and lanthanides from radioactive waste streams (Figure 2.7).53  

Another process, SANEX (Selective ActiNide Extraction) is used in tandem with 

DIAMEX, which selectively removes the actinides from the partitioned waste resulting 

from DIAMEX or TRUEX processes.  There is not a formal system in place for SANEX, 

but typical ligands utilized are selective for either lanthanides or the MAs that would be 

present in the TRUEX or DIAMEX waste streams.  These ligands vary greatly in structure  
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Figure 2.8: Extraction of Am(III) from synthetic PUREX waste solution.  Results using 

the octyl- (top trace), 2-ethylhexoxy- (middle trace), and 2-ethylhexyl 

(bottom trace) derivatives are shown.49 

and functionality, but several classes of SANEX-type ligands have been put forth and 

studied over the past several decades.   

Diglycolamides (DGA), somewhat similar in structure to malondiamides, are one 

class of extractant molecules that have been heavily explored for the separation of the MAs.  

DGA ligands have been used in conjugation with HEH[EHP] in the ALSEP process 

(actinide-lanthanide separation), due to their decreased interaction with HEH[EHP] 

compared to that of CMPO.54  DGA can effectively extract the MAs at molar 

concentrations of nitric acid, so both they and lanthanide ions are extracted in this process.  

Subsequent contact with aqueous solutions containing a polyaminocarboxylate, such as 

HEDTA, strips the MAs from the solution, separating them from the lanthanides.  DGA 
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ligands for the ALSEP process include N, N, N, N-tetra(2-ethylhexyl)diglycolamide 

(T2EHDGA) and N, N, N, N-tetraethyldiglycolamide (TEDGA) (Figure 2.9).  ALSEP has  

 

 

Figure 2.9: DGA ligands utilized in the ALSEP process 

shown extraction of americium as well as the lanthanides, at nitric acid concentrations 

greater than 1 M.  it also shows selectivity over the lighter lanthanides, such as lanthanum 

(Figure 2.10).48  Stripping with HEDTA shows lower distribution ratios for americium than 

that of the lanthanides.  The stripping curve is characterized by a fairly low slope, indicating 

a fair range of pH variation would be acceptable (Figure 2.10) 

 

Figure 2.10: Extraction of americium and lanthanides using a mixture of T2EHDGA and 

HEH[EHP] in n-dodecane (left).48 
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2.1.2 AMERICIUM-LANTHANIDE SEPARATIONS 

As previously stated, the coextraction of americium and the lanthanides, and their 

subsequent separation, is of great importance in developing a process which may be 

implemented into current fuel reprocessing infrastructures.  Of interest is the separation of 

americium(III) and europium(III), which are in the same group in the periodic table and 

therefore have very similar chemical properties.  Additionally, europium(III)-152/154 is a 

convenient radiotracer that can be used in monitoring these separations.  After the 

development of malondiamide and diglycolylamide ligands for the coextraction of 

lanthanides and actinides, great effort has gone into the development of ligands that 

selectively extract americium from the lanthanides, with a specific focus on europium.  

Ligands containing soft N- and S-donors were desired, as they would have more covalent 

interactions with the softer americium ion lone pair electrons.  Early ligands designed for 

this purpose included nitrogen-containing heterocycles such as 2,4,6-tri(2-pyridyl)-1,3,5-

triazines (TPTZ) and terpyridines (TERPY) (Figure 2.11).55,56  Work with these ligands 

showed breakthrough separation factors (SFAm/Eu) as high as 12, which in the time period 

of the 1980’s and 1990’s was considered to be unachievable.  However, intramolecular 

hydrogen bonding of these ligands at low pH rendered them ineffective for extraction under 

model field conditions. 

 

Figure 2.11: Nitrogen heterocycle ligands for the selective extraction of americium(III) 

over europium(III) 
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Extraction studies with 2.10-2.12 showed the need to reduce the basicity of the N-

donors.  In order to achieve this, adjustments could be made to reduce the electron density 

of the nitrogen electron lone pair or increase the covalency of their interactions with metal 

cations.  This was achieved by making use of the α-effect, whereby overlap of adjacent 

nonbonding lone pair electrons results in a more diffuse, covalent, interaction with metal 

cations.57  This effect is seen in 1,2,4-triazines, and was reflected in pioneering work with 

(2,6-bis(1,2,4-triazin-3-yl)pyridine (BTP) systems.  These latter ligands were able to 

extract Am(III) over Eu(III) in 1-4 M nitric acid, achieving separation factors greater than 

100.58  They also were much easier to synthesize than the previously referenced N-

heterocycles (Scheme 2.1).  Unfortunately, stripping of americium from these ligands 

proved difficult, and experiments  

 

Scheme 2.1: Synthesis of BTP ligands 

using PUREX raffinate showed that alkyl BTP derivatives were susceptible to radiological 

decay.  The latter problem was ascribed to the presence of benzylic protons on the ligands.59  

These benzylic protons were absent in the new ligands CyMe4-BTP and BzCyMe4-BTP 

(Figure 2.12).60  Fortuitously, these ligands outperformed their BTP predecessors, with 

2.16 exhibiting high selectivity and extraction efficiency (ca. SFAm/Eu = 5,000, DAm = 500), 

as well as being resistant to both acid and radiation.  However, stripping remained a 

problem with these ligands, making their implementation in SANEX-type processes 

virtually impossible.  
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Figure 2.12: BTP ligands containing no benzylic protons, for the extraction of Am(III) 

over Eu(III) 

To overcome the problem of stripping the actinides from BTPs, the coordination 

sphere of the trivalent lanthanides and actinides was heavily investigated.  Electrospray 

ionization mass spectrometry (ESI-MS) experiments involving complexes formed between 

BTPs and the trivalent lanthanides revealed a 1:3 interaction between the metal ion and 

BTP ligand, filling the coordination sphere of the lanthanides.61  Crystal structures of 

CyMe4-BTP with ytterbium (III) confirmed a 1:3 metal ion to ligand binding ratio as well.60  

It was proposed that increasing the denticity of the ligand, from tridentate to tetradentate, 

may weaken the ligand interactions with americium.  That is, by increasing the denticity of 

the ligand, only two ligands would be permitted to bind americium, resulting in an overall 

lower stability of the resultant metal complex.  A simple change from the pyridine core of 

BTPs to a bipyridine core was thought to be a suitable structural change to test this 

hypothesis.  This new class of ligands, 6,6’-bis(1,2,4-triazin-3-yl)-2,2’-bipyridines 

(BTBPs), was  prepared in a similar manner to BTPs from the condensation of a 

dicarbohydrazonamide and α-diketone (Scheme 2.2).62  These ligands allowed for the  
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Scheme 2.2: Synthesis of BTBP ligands 

stripping of bound americium from the ligand, and were able to be reused for further 

extraction processes.  A large variety of BTBP derivatives have been explored to improve 

solubility and extraction efficiency, as well as to understand the structural factors that 

contribute to these properties.63–65  However, despite achieving great success in SANEX-

type applications, BTBPs suffer from slow extraction kinetics and low solubility in the 

nonpolar hydrocarbon solvents used in these processes.  The slow extraction kinetics were 

ascribed to restricted rotation about the aryl-aryl bipyridine bond.  Therefore, to achieve 

better preorganization, 2,9-bis(1,2,4-triazin-3-yl)-1,10-phenanthroline (BTPhen) ligands 

were proposed (Scheme 2.3).  CyMe4-BTPhen was prepared and studied, and gave rise to 

an increase in the extraction efficiency by two orders of magnitude, while maintaining 

similar separation efficiencies (ca. DAm = 1000, SFAm/Eu = 400).66  The extraction time was 

also reduced from1 hour for CyMe4-BTBP to 15 minutes for CyMe4-BTPhen.  Moreover, 

BTPhens did not require a phase transfer agent to facilitate the extraction.  The only notable 

drawback seen with the BTPhens was that back-extraction rates were significantly lower 

than those for BTBPs.  Solubility also remained a concern for BTPhens, and some work 

has gone into studying the effects of installing hydrophobic groups throughout the  
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Scheme 2.3: Synthesis of the BTPhen derivative, CyMe4-BTPhen 

molecule.67,68 Of interest are the effects of these substituents on separation efficiency, as 

well as interfacial activity, as CyMe4-BTPhen seems to lie in a “sweet-spot” between these 

competing needs.  Several research groups have also investigated the immobilization of 

these ligands onto solid supports, in order to remove the use of organic solvents in the 

separation process.69,70  Additional work with BTPhens has been in the form of water 

soluble ligands.  Lewis and coworkers have developed a tetrasulfonated BTPhen, which 

selectivity binds Am(III) over Eu(III) in aqueous solutions (Figure 2.13).71  By introducing 

an organic phase containing the nonspecific N, N, N’,N’-

tetraoctyldiglycolamide(TODGA) coextractant, they were able to study the separation 

efficiencies of 2.28.  These experiments revealed a four-fold increase in separation 

efficiency for TS-BTPhen-2 compared to CyMe4-BTPhen.  This presents an alternative 

strategy for the separation of the MAs. 
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Figure 2.13: Tetrasulfonated BTPhen and nonspecific TODGA ligands (Top).  

Extraction of Am (III) from Eu (III) using 2.28; blue bars: DAm, red bars: 

DEu, solid bullet: SFEu/Am (Bottom).71 

Further investigations into the BTPhen ligand scaffold have focused on increasing 

ligand preorganization, as the triazine functional groups still contain two degrees of 

rotational freedom.  By reducing rotation, extraction kinetics may be improved further still.  

Xiao and coworkers have reported a new phenanthroline-based diamide ligand, which was 

thought to have diminished rotation due to the presence of amide groups on the 

phenanthroline core (Figure 2.14).72  Additionally, they sought to install considerable steric 

bulk on their ligand in order to promote a 1:1 complexation.  Extraction experiments using 

several actinides (Th(IV), U(VI), Am(III)) and Eu(III) showed favorable extraction of 
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actinides, with very minimal extraction of the test lanthanide cation, Eu(III).  Crystal 

structural studies of 2.30 with U(VI) (Figure 2.14) and Th(IV) (not shown) provided 

support for the contention that a 1:1 complex was formed.  Computational methods also 

supported the proposed 1:1 complex stoichiometry for the Am(III) complex of 2.30.  These 

calculations led to suggestions that this ligand binds Am(III) more strongly than Eu(III).   

 

 

 

Figure 2.14: Et-Tol-DAPhen ligand 2.30 and its crystal structure with UO2
2+ bound 

(Top).  Extraction data for lanthanide and actinide ions using Et-Tol-

DAPhen as an extractant (Bottom).72  
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While only one lanthanide was studied in this work, the researchers’ efforts showed that 

their ligand was in fact capable of complexing a wide range of actinides. 

Complete preorganization of a phenanthroline-based ligand was achieved by 

Jansone-Popova and coworkers at The Oak Ridge National Laboratory.73  For this work, 

new 2,9-bis-lactam-1,10-phenathroline (BLPhen) ligands were synthesized, in which the 

lactam rings were thought to restrict amide bond rotation (Figure 2.15).  A crystal structure  

 

Figure 2.15: BLPhen ligand developed for the selective extraction of Am(III) over 

Eu(III) (Top).  Nitric acid dependence on metal ion extraction and 

selectivity (Bottom).73  
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of BLPhen coordinated to Eu(III) revealed a 1:1 binding stoichiometry, and 

correspondingly extraction equilibrium was reached after 1 hour.  Extractions with Am(III) 

and Eu(III) showed excellent efficiency and selectivity for Am(III), with a low affinity 

being seen for Eu(III) (DAm = 3525, SFAm/Eu = 211).  Extractions were performed in 1,2-

dichloroethane (DCE).  This means additional solubilizing groups will be required if this 

ligand is to be used in current fuel reprocessing systems. 

2.1.3 PICOLINAMIDE EXTRACTANTS 

N-Alkyl picolinamides are another class of ligands that have garnered interest in 

the selective extraction of the MAs.  Initial work by Berthon and coworkers investigated 

the extraction of Am(III) from Eu(III) using several picolinamides and their analogs 

(Figure 2.16).74  In the presence of molar concentrations of LiNO3, derivatives of 2.32 

showed modest selectivity for americium (SFAm/Eu ≤ 8), while 2.33 showed essentially no 

selectivity.  These ligands were weak extractants (DAm ≤ 4), which may reflect the 

unrestricted rotation of the amide group.  Picolinamides have also been incorporated  

 

 

Figure 2.16: Picolinamide ligands and its analogs for the separation of Am (III) and Eu 

(III) 

into macromolecular systems. Presumably, this was done in an attempt to circumvent this 

very problem.  As picolinamides have a slight preference for americium(III) over the 

lanthanides, increasing the local concentration of these groups by preorganizing them onto 

a scaffold may increase extraction efficiency and potentially selectivity.  Several research 
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groups have used calix[n]arenes as a macrocyclic scaffold for this separation (Figure 

2.17).75–77  Despite increased ligand preorganization, these compounds also suffered from 

poor extraction efficiency and modest selectivities (SFAm/Eu ≤ 4).  Unfortunately, any 

optimization of these ligands to increase extraction efficiency resulted in a complete loss 

in selectivity.  These results point further towards the impact of amide bond rotation on the 

efficiency of metal ion extraction.   

 

  

Figure 2.17: Picolinamide functionalized calix[n]arenes for the separation of Am (III) 

and Eu (III) 

Picolinamides have also been incorporated into phenanthroline and triazine systems.  Work 

by Bisson and coworkers installed N, N-dialkyl picolinamides off of phenanthroline and 

triazine cores, respectively, in an attempt to improve synergistic extraction (Figure 2.18).78  
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These ligands were not particularly efficient extractants for Am(III).  However, they did 

display improved selectivity compared to the previous picolinamide ligands.  

Phenanthroline ligands, 2.39 and 2.40 showed the greatest selectivity (SFAm/Eu ≤ 27).  The 

triazine ligands 2.41 and 2.42 were also more selective than previously mentioned 

picolinamide ligands (SFAm/Eu = 12).  These ligands were also able to operate at molar acid 

concentrations, increasing their viability if used in current fuel reprocessing systems. 

 

 

Figure 2.18: Phenanthroline and triazine ligands containing picolinamide functional 

groups 

Previous work by the Chemical Separations Group at The Oak Ridge National 

Laboratory explored N-alkyl dihydroisoquinolin-1-ones, as conformationally locked 

picolinamide ligands for Am(III) separations (Figure 2.19).  It was believed that by 

restricting rotation about the amide bond, the extraction efficiency, as well as the selectivity 

could be improved.  Extraction experiments with 2.43 and 2.44 in the presence of 7 M 

LiNO3 showed a clear improvement in extraction efficiency for both Am(III) and Eu(III) 

using the rigidified picolinamide.  Selectivity for Am(III) also improved, by approximately 

an order of magnitude (SFAm/Eu ≤ 17).  However, these extractions were performed at 

[HNO3] = 10-4 M, due to significant third phase formation at higher acid concentrations.  

Additionally, the solubility of 2.43 limited its use to DCE, which is a solvent incompatible  
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Figure 2.19: Extraction of Am(III) and Eu(III) using dihydroisoquinilin-1-one and 

picolinamide extractants 

with current fuel reprocessing systems.  However, given these promising results, it is hoped 

that similar ligands with more desirable solubility and tolerance to higher acid 

concentrations would prove effective.  This inspired our own synthetic efforts.  We 

believed that increasing the lipophilicity of the alkyl group on the dihydroisoquilin-1-one 

core would serve to improve both solubility and reduce third phase formation.  We were 
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also interested in exploring the effects of increasing the conjugation of our ligand by 

preparing the isoquinolin-1-one as well. 

2.2 Results and Discussion 

2.2.1 EXTRACTANT SYNTHESIS 

The synthesis of the dihydroisoquinolin-1-one 2.47 is shown in Scheme 2.4.  The 

dihydroisoquinolin-1-one 2.45 was reacted with the alkyl bromide 2.46 and sodium hydride 

to give the desired N-alkyl dihydroisoquinolin-1-one 2.47 in 81% yield.  Initially, this 

reaction gave 2.47 in very poor yields (<30%).  However, by increasing the amount of 

sodium hydride from one to three equivalents, higher yields were achieved.  The 9-

heptadecyl alkyl group was chosen because it provided exceptional solubility for 2.47 in 

Isopar-L Fluid, a high-boiling isoparaffinic hydrocarbon solvent used in 

hydrometallurgical solvent extraction.  A 3,7-dimethyloctyl group was also considered.  

However, it did not provide enough solubility to the ligand.  

 

 

Scheme 2.4: Synthesis of new dihydroisoquinolin-1-one ligand for Am(III) extractions 

Scheme 2.5 outlines the synthesis of the isoquinolin-8-one ligand.  First, 1,7-

naphthyridin-8-amine was deaminated by heating at reflux in sulfuric acid.  This gave the 

requisite isoquinolin-8-one 2.49 in 80% yield.  Subsequent alkylation with conditions 

analogous to those employed in the synthesis of 2.47 gave the desired ligand in 73% yield.  

An analogous picolinic acid ligand was also synthesized for comparison.  This synthetic 

work is summarized in Scheme 2.6.  The corresponding amine 2.53 was synthesized from 
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2.46 in 75% yield over two steps via a Gabriel synthesis.  Amide condensation of 2.53 and 

methyl picolinate in the presence of a catalytic amount of acid gave the desired 

picolinamide 2.55 in 76% yield. 

 

 

Scheme 2.5: Synthesis of new isoquinolin-8-one ligand for Am (III) extractions 

 

Scheme 2.6: Synthesis of picolinamide with analogous alkyl group for Am (III) 

extractions 

2.2.2 EXTRACTION STUDIES 

With our new ligands in hand, we sought to evaluate their ability to extract Am(III) 

and Eu(III).  All extractions were performed at 25 °C using a 1:1 ratio of organic and 

aqueous phases.  We began with 2.47, using conditions similar to the previous work with 

2.43.  However, we omitted the use of LiNO3 from these experiments.  Instead, we 

increased the ligand concentration to 25 mM.  This provided data suitable for analysis.  

Initial studies, using DCE as the diluent, varied [HNO3] to observe the effect of acid 

concentration on extraction efficiency and selectivity (Figure 2.20).  The extraction 

efficiency for both Am(III) and Eu(III) increased linearly until around [HNO3] = 0.3 M.  
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Selectivity was seen to decrease as the acid concentration was increased as well, with a 

dramatic drop off above [HNO3] = 1 M.  This decrease in extraction and selectivity at 

higher acid concentrations may have been due to extraction of nitric acid into the organic 

phase.  To test this latter hypothesis, we determined the amount of nitric acid extracted into 

the organic phase by 2.47 in the absence of any metal ions (Figure 2.21).   

 

Figure 2.20: Extraction of Am(III) and Eu(III) using 25 mM 2.47 in 1,2-dichloroethane, 

and an aqueous phase containing a 10 μL spike of 1.85 x 103 kBq 241Am(III) 

and 152/154Eu(III) tracer and 10-4 M Eu(NO3)3, plotted against the initial 

[HNO3] 
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Figure 2.21: Extraction of nitric acid by 2.47 (25 mM) into 1,2-dichloroethane, as a 

function of the aqueous phase nitric acid concentration 

This study revealed that when 1 M nitric acid was used, ca. 25 mM of acid was extracted 

into the organic phase.  This finding meant that almost all of 2.47 was protonated in solution 

under these conditions.  This served to explain the large decrease in extraction efficiency 

seen for both Am(III) and Eu(III) at higher acid concentrations since the protonated ligand 

was expected to be much to be much less effective.  Stoichiometric slope analyses were 

then performed to assess further the complexation characteristics of 2.47 (Figure 2.22).  

Slope analysis with both Am(III) and Eu(III) present together in solution, as well as with 

Am(III) alone revealed a non-integer slope of ca. 2.3 ligands per metal ion in both cases.  

This finding may reflect the fact that several metal complex species are present 

concurrently in solution.  However, slope analysis is not the most effective way to 
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characterize binding stoichiometry, and techniques such as X-ray crystallography could 

provide a more precise description of the metal ion complexes and their composition.   

 

Figure 2.22: Slope analyses for the interaction of 2.47 (25 mM) in 1,2-dichloroethane 

with a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) tracer 

(Left), and a 10 μL spike of 1.85 x 103 kBq 241Am(III) alone (Right). 

[HNO3] = 0.1 M. 

Similar experiments were performed using 2.50, to examine the effects of increased 

conjugation on extraction and selectivity (Figure 2.23).  We believed that the additional 

degree of unsaturation in 2.50 would decrease the basicity of the heterocyclic nitrogen 

atom, allowing for extraction to occur at higher acid concentrations.  Studies with 2.50 in 

DCE showed that the extraction efficiency did not decrease until above [HNO3] = 1 M.  

This represents an increase in operating range of about an order of magnitude relative to 

2.47.  This improvement was further evidenced from the acid extraction data, which 

revealed only ca. 20 mM of acid was extracted by 2.50 at [HNO3] = 1 M (Figure 2.24).  

However, 2.50 performed similarly to 2.47 when considering maximum extraction 

efficiencies and selectivity.  In results almost mirroring those for 2.47, slope analysis of 

2.50 gave a non-integer slope in the range of 2.1-2.2.  Again, this value left the binding 
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stoichiometry of this class of ligand relatively unknown (Figure 2.25).  To date, no known 

metal complexes of this ligand class or similar ligands have been reported. 

 

 

Figure 2.23: Extraction of Am(III) and Eu(III) using 25 mM 2.50 in 1,2-dichloroethane, 

and an aqueous phase containing a 10 μL spike of 1.85 x 103 kBq 241Am(III) 

and 152/154Eu(III) tracer and 10-4 M Eu(NO3)3, plotted against the initial 

[HNO3] 
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Figure 2.24: Extraction of nitric acid by 2.50 (25 mM) into 1,2-dichloroethane, as a 

function of the aqueous phase nitric acid concentration 

 

Figure 2.25: Slope analyses for the interaction of 2.50 (25 mM) in 1,2-dichloroethane 

with a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) tracer 

(Left), and a 10 μL spike of 1.85 x 103 kBq 241Am(III) alone (Right) 
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We also sought to test whether our new ligands could be effective under solvent 

extraction conditions more similar to those used in current fuel reprocessing systems.  

Therefore, we performed extraction studies with 2.47 and 2.50 in Isopar L Fluid.  Initial 

studies with 2.47 resulted in large emulsions after contacting with aqueous nitric acid 

solutions.  Therefore, the organic phase was adjusted to contain 3% Exxal 13, a branched 

mixture of 13-carbon alcohols.  With this new mixture, nearly all the emulsions were 

eliminated.  Extraction of Am(III) and Eu(III) using 2.47 is shown in Figure 2.26.  Several 

notable differences  

 

Figure 2.26: Extraction of Am(III) and Eu(III) using 25 mM 2.47 in 97:3 Isopar:Exxal 

13, and an aqueous phase containing a 10 μL spike of 1.85 x 103 kBq 
241Am(III) and 152/154Eu(III) tracer and 10-4 M Eu(NO3)3, plotted against the 

initial [HNO3] 

between extractions in DCE and the Isopar mixture can be seen.  In Isopar, 2.47 appears to 

have increased sensitivity to acid, as extraction begins diminishing at nitric acid 

concentrations above 0.1 M, whereas in DCE, this was seen above 0.3 M.  Titrations to 
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determine the amount of nitric acid extracted into the organic phase provided quantitative 

evidence of this difference (Figure 2.27).  Despite this increased sensitivity, the extraction 

efficiency of 2.47 in Isopar was comparable to that for DCE.  However, selectivity was 

essentially nonexistent, and may have been a result of the use of Exxal 13.  The additional 

OH-groups in solution could occupy any open coordination sites around the Am(III) or 

Eu(III) cations,  

 

Figure 2.27: Extraction of nitric acid by 2.47 (25 mM) into 97:3 Isopar:Exxal 13, as a 

function of the aqueous phase nitric acid concentration 

potentially reducing the selectivity of the system.  Slope analysis for 2.47 in Isopar gave 

inconclusive results, yielding a 4:1 ligand:metal ion binding stoichiometry for Am(III), but 

no meaningful data for Eu(III) (Figure 2.28).  While a 4:1 binding ratio was suspiciously 

high, the exceptionally hydrophobic nature of Isopar could promote increased exclusion of  
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Figure 2.28: Slope analyses for the interaction of 2.47 (25 mM) in 97:3 Isopar:Exxal 13 

with a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) tracer 

(Left), and a 10 μL spike of 1.85 x 103 kBq 241Am(III) alone (Right) 

the metal cations from the solvent.  Extractions performed using 2.50 showed a higher 

tolerance towards nitric acid, as was seen when using DCE as the solvent (Figure 2.29).  

Noticeably, the use of 2.50 did not lead to a drastic decrease in selectivity, as was seen with 

2.47.  The selectivity of 2.50 for Am(III) tracked nicely with nitric acid concentration, and 

this system showed the highest selectivity thus far (SAm/Eu ≤ 21).  Ligand 2.50 also extracted 

more acid in Isopar than it did in DCE (Figure 2.30).   Slope analysis of this compound in 

Isopar gave different results than for 2.47.  Specifically, slopes of 3.00 and 2.63 were 

recorded for Am(III) and Eu(III), respectively (Figure 2.31).  These numbers are closer to 

what one would expect for metal ion complexes formed from a ligand such as 2.50.  

Unfortunately, a slight deviation from linearity at higher ligand concentrations was also 

observed.  This latter finding could reflect high concentration effects, such as ligand-ligand 

interactions.  To compare the effects of imparting rigidity to the structures of 2.47 and 2.50, 

2.55 was studied under similar extraction conditions in DCE.  Unfortunately, this latter 

system proved ineffective.  Notably, even at higher concentrations of HNO3, there was not 
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sufficient extraction of either Am(III) or Eu(III) into the organic phase to allow distribution 

coefficients to be calculated. 

 

Figure 2.29: Extraction of Am(III) and Eu(III) using 25 mM 2.50 in 97:3 Isopar:Exxal 

13, and an aqueous phase containing a 10 μL spike of 1.85 x 103 kBq 
241Am(III) and 152/154Eu(III) tracer and 10-4 M Eu(NO3)3, plotted against the 

initial [HNO3] 
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Figure 2.30: Extraction of nitric acid by 2.50 (25 mM) into 97:3 Isopar:Exxal 13, as a 

function of the aqueous phase nitric acid concentration 
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Figure 2.31: Slope analyses for the interaction of 2.50 (25 mM) in 97:3 Isopar:Exxal 13 

with a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) tracer  

In an effort to compare the performance of 2.47 and 2.50 to 2.43,extraction studies 

of these two ligands in the presence of LiNO3, up to 10 M, were carried out.  We chose a 

nitric acid concentration that produced the most efficient extraction, namely 0.1 M, in 

performing these experiments.  Extraction studies with 2.47 in DCE revealed a fairly linear 

relationship between [NO3
-] and extraction efficiency.  The distribution coefficients were 

increased by 2-3 orders of magnitude for both Am(III) and Eu(III) when the [LiNO3] was 

10 M (Figure 2.32).  However, as [LiNO3
-] was increased, selectivity for Am(III) decreased 

steadily, from approximately 20 to 5, going from 0 M LiNO3 to 10 M.  A similar result was 

seen when examining 2.50 in DCE (Figure 2.33).  Extraction of Am(III) and Eu(III) 

increased by approximately three orders of magnitude, achieving a distribution coefficient  
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Figure 2.32: Extraction efficiencies for Am(III) and Eu(III) with 25 mM 2.47 in 1,2-

dichloromethane, as a function of the [LiNO3] in the aqueous phase, 

containing a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) 

tracer and 10-4 M Eu(NO3)3 

of 165 for Am(III).  Selectivity decreased by about the same amount as was seen for 2.47.  

These findings reduce the appeal of increasing [NO3
-] to achieve higher extraction 

efficiency.  Interestingly, changing the solvent from DCE to Isopar led to a reduction in 

extraction efficiency in the case of 2.47 (Figure 2.34).  The addition of LiNO3 appeared to 

have little to no effect on the extraction of either metal ion at higher concentrations, while 

at lower concentrations extraction efficiency was increased by ca. two orders of magnitude.  

Selectivity was fairly low across all concentrations of LiNO3 as well.  Such a drastic change 

in extraction behavior upon changing the solvent from DCE to Isopar was unexpected, and 
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Figure 2.33: Extraction efficiencies for Am(III) and Eu(III) with 25 mM 2.50 in 1,2-

dichloromethane, as a function of the [LiNO3] in the aqueous phase, 

containing a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) 

tracer and 10-4 M Eu(NO3)3 

it is unclear exactly what is the cause of this change.  Extraction was further reduced when 

LiNO3 was used in conjunction with 2.50 in Isopar (Figure 2.35).  Extraction efficiency 

was decreased to such an extent that there was not enough sample extracted at lower 

concentrations of LiNO3 ([LiNO3 < 5 M) to calculate distribution coefficients for either 

metal ion species.  Overall, distribution coefficients were reduced by at least 1-2 orders of 

magnitude when LiNO3 was present in the system, and selectivity was reduced 

significantly as well.  From these experiments, we infer that the solvent plays a substantial 

role in modulating the efficiency of \ 2.47 and 2.50 in the presence of LiNO3. 
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Figure 2.34: Extraction efficiencies for Am(III) and Eu(III) with 25 mM 2.47 in 97:3 

Isopar:Exxal 13, as a function of the [LiNO3] in the aqueous phase, 

containing a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) 

tracer and 10-4 M Eu(NO3)3 
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Figure 2.35: Extraction efficiencies for Am(III) and Eu(III) with 25 mM 2.50 in 97:3 

Isopar:Exxal 13, as a function of the [LiNO3] in the aqueous phase, 

containing a 10 μL spike of 1.85 x 103 kBq 241Am(III) and 152/154Eu(III) 

tracer and 10-4 M Eu(NO3)3 

LIGAND STABILITY 

We next sought to test the stability of our ligands under extraction conditions.  For these 

studies, we monitored the stability of our compounds by NMR spectroscopy, varying the 

nitric acid concentration and observing any changes in the spectrum that occurred over a 

one week period.  After one week, the respective organic phases were washed with distilled 

water, so as to remove, theoretically, any nitric acid that had been co-extracted.  The results  
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Figure 2.36: Stability of 2.47 (25 mM) in 1,2-dichloroethane-d4 contacted with 0.1 M 

(Top), 1 M (Middle), and 5 M (Bottom) aqueous nitric acid solutions, as 

monitored by 1H NMR spectroscopy over a period of one week, followed by 

contact with distilled water 
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for 2.47 are shown in Figure 2.36.  After contact with nitric acid solutions of all three 

concentrations, downfield shifts of the ligand resonances (ca. 9.0, 8.0, 7.5, 7.1, and 6.4 

ppm) were observed.  This was thought to be due to the protonation of the ligand, which 

would withdraw electron density and cause a downfield shift in proton resonances.  After 

one hour, an equilibrium appears to have been reached, as no further changes were seen in 

the NMR spectra for each concentration of nitric acid after one day or one week.  After 

contacting 2.47 with distilled water, resonances for samples contacted with 0.1 M and 1 M 

nitric acid solutions appear to shift upfield and return to their initial frequencies.  However, 

the sample contacted with 5 M nitric acid sees little to no shift in the peak resonances after 

washing with distilled water.  This may have been due to an insufficient number of washes 

to remove all of the nitric acid that was extracted.  We do not believe that this difference 

was due to degradation of the material, as the magnitude of the peak shifts after contact 

with each nitric acid solution were relatively the same.  An additional experiment with 

multiple water washes would most likely reveal that 2.47 was also stable to contact with 5 

M nitric acid. 

Similar experiments performed with 2.50 revealed somewhat different behavior 

than what was seen for 2.47 (Figure 2.37).  After contact in solutions of 2.50 with aqueous 

nitric acid for one hour, two sets of new peaks, shifted downfield, were seen in the NMR 

spectrum of each sample.  The area ratios of the two sets of peaks were found to vary as a 

function of the nitric acid concentration.  This ratio did not appear to follow any trend with 

relation to the amount of nitric acid present in the contacting solution.  After washing with 

water, not much change was seen in the NMR spectra of the sample contacted with 0.1 M 

nitric acid.  In contrast, the sample contacted with 1 M nitric acid showed upfield peak 

shifts in the NMR spectrum after washing with water, but two sets of peaks were still 

present.  The most surprising finding was that the sample contacted with 5 M nitric acid  
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Figure 2.37: Stability of 2.50 (25 mM) in 1,2-dichloroethane-d4 contacted with 0.1 M 

(Top), 1 M (Middle), and 5 M (Bottom) aqueous nitric acid solutions, as 

monitored by 1H NMR spectroscopy over a period of one week, followed by 

contact with distilled water 
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showed an almost complete reversion in the peak shifts after washing with water.  This 

compound, 2.50, was thus deemed stable under these seemingly harsh conditions.  There  

were still two sets of peaks seen in the NMR spectrum after the water wash.  However, the 

major set of peaks corresponded to ca. >95% of the peak area, and had very similar 

chemical shifts as the starting material before this treatment.  This led us to believe that in 

this case some degradation of the material was occurring, albeit at the <5% level.  For the 

samples contacted with 0.1 M and 1 M nitric acid, the two new sets of peaks that were seen 

and persisted after the water wash.  These peaks could potentially be ascribed to the 

presence of varying proportions of the protonated and unprotonated ligand.  This could 

have been seen with 2.50 and not 2.47, since acid extraction titrations showed that 2.47 is 

more basic than 2.50 and would be more likely to be completely protonated in solution.  

Additionally, the acid protonation equilibrium could simply be faster for 2.47 than for 2.50.  

To the extent this is true, one would only see one set of peaks.  Another possibility is that 

the two acid-base equilibria structures for the protonated form of 2.50 correspond to the 

two sets of peaks seen in the NMR spectrum (Figure 2.38).  This would provide another 

nitrogen atom that could be protonated and could explain the varied chemical shifts seen 

in the NMR spectra.  This could also explain why the water washes did not return the same 

chemical shifts as seen in the starting material. 

 

 

Figure 2.38: Potential acid-base equilibria for protonated 2.50 
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In summary, we have prepared two new ligands, 2.47 and 2.50, and a control ligand, 

2.55 in order to study their extraction properties towards Am (III) over Eu (III) for 

applications in nuclear fuel waste reprocessing.  Studies were performed in DCE and a 

mixture of Isopar/Exxal 13, so as to test the effects of nitrate concentration, in the form of 

nitric acid and lithium nitrate, on extraction efficiency and selectivity.  Distribution 

coefficients below 1.0 were observed for both 2.47 and 2.50 over a range of nitric acid 

concentrations in DCE and Isopar.  On the other hand, selectivities as high was 20 were 

observed.  These latter values eclipse those recorded by previous researchers using 2.43.  

We were also able to quantify the concentration of nitric acid extracted into the organic 

phase by ligands 2.47 and 2.50.  The quantitative values reflected the resultant decrease in 

extraction efficiency seen at higher concentrations of nitric acid.  We also observed a stark 

contrast between the effect of [LiNO3] on extraction when performed in DCE versus what 

was seen in Isopar.  In DCE, increasing the LiNO3 concentration served to increase the 

distribution coefficients by several orders of magnitude.  In contrast, in Isopar these values 

were either unaffected or diminished by at least 2-3 orders of magnitude.  Further work 

will be needed to explore and rationalize these findings.  The stability of the ligands was 

tested as well, with 2.47 showing good stability to nitric acid.  The stability of 2.50 requires 

further examination, as several sets of new peaks appeared in the NMR spectrum after it 

was contacted with nitric acid.  These new peaks persisted after washing with water.  

Whether these new peaks represent degradation products or are simply different 

protonation states of the ligand remains to be determined. 
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CHAPTER 3: SYNTHESIS OF NORBORNENE-TYPE MONOMERS 

CONTAINING IMIDAZOLIUM FUNCTIONALITIES FOR 

POLYMERIZATION BY RING-OPENING METATHESIS 

POLYMERIZATION, SEQUESTRATION OF RADIOIODINE BY 

SILVER IMPREGNATED POLYMERS 

3.1 Introduction 

In order to facilitate the growth and expansion of nuclear energy, the safe, long-

term storage of spent nuclear fuel must be examined, in the form of waste reprocessing.  

However, these processes release several volatile radionuclides whose environmental 

exposure must be well-controlled.  One element of concern present in these waste streams 

is iodine.  While nominally present in the form of I-, the high concentrations of nitric acid 

used to dissolve fuel rods in the for reprocessing leads it its oxidation to I2, which is volatile 

and present in off-gas streams.79  Several isotopes of iodine are present in this off-gas, 

including stable 127I and some unstable isotopes (129I, 131I to 135I).80    Many of these possess 

short half-lives with the exception of 129I, which is on the order of 107 years.  While short-

lived radionuclides other than 129I will be present in higher concentrations during fuel 

reprocessing, after 1 year 129I is the most prominent remaining source of radioiodine from 

these wastes.81  Because of this, the Environmental Protection Agency (EPA) has set 

required decontamination factors (DF) between 104-105 for 129I, which correspond to 

greater than 99% capture.82  In addition to I2, iodine has been found to be present in these 

off-gas systems in the form of HI, ICN, and alkyl iodides, predominantly methyl iodide but 

up to octyl iodide. 
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3.1.1 LIQUID SCRUBBING PROCESSES  

Given the need to fix volatile radioiodine from the air and environment, several wet 

scrubbing and sequestration strategies have been developed and implemented.  One 

relatively simple method involves is the use of an alkaline solution (e.g. NaOH) to scrub 

iodine from off-gas streams.  Under these basic conditions, disproportionation of I2 occurs 

according to eq. 3.1: 

3 I2    +    6 OH-    ↔    5 I-    +    IO3
-    +    3 H2O      (3.1) 

In which the aqueous iodine salts can then be precipitated as the corresponding barium 

salts.83  Decontamination factors for this process are in the range of 101-102, due to the 

presence of organic iodine species which have a much lower propensity to be removed 

compared to elemental iodine.  Another method, which removes both elemental and 

organic sources of iodine, is the Mercurex process.  This process utilizes mercuric nitrate 

in a nitric acid solution to scrub elemental iodine (eq. 3.2): 

6 I2    +    6 Hg(NO3)2    +    6 H2O    ↔    5 HgI2    +    Hg(IO3)2    +    12 HNO3       (3.2) 

and organic iodide (eq. 3.3): 

2 CH3I    +    Hg(NO3)2    ↔    HgI2    +    2 CH3NO3         (3.3) 

Decontamination factors on the order of 104 have been reported for this process, but 

typically more modest numbers in the range of 10-150 have been observed at scale.80,84  

The use of mercury is also a limitation, as environmental regulations limit the scale in using 

this toxic metal.   



 82 

 Eliminating the use of mercury, the Iodox process uses hyperazeotropic nitric acid 

(20-30 M) and can also scrub and solubilize elemental and organic iodine.  Volatile iodine 

is fixed in solution through several oxidation reactions, shown below (eqs. 3.4-3.6): 

2 CH3I    +    4 HNO3    ↔    2 CH3NO3    +    I2    +    N2O4    +    2 H2O          (3.4) 

   I2    +    4 H2O    +    2 HNO3    ↔    2 I+    +    N2O4    +    2 H2O    +    2 H+       (3.5) 

I+    +    3 HNO3    +    NO3
-    ↔    IO3

-    +    H+    +    2 N2O4    +    H2O         (3.6) 

This process has reported decontamination factors on the order of 104 but suffers in 

practical terms due to the use of hyperazeotropic nitric acid, which is both scarce and 

especially corrosive.  Additionally, its use may lead to high concentrations of organic 

nitrates, which limit the scope and scale of its application.85 Investigation into reducing the 

concentration of nitric acid required for these scrub solutions has led to the study of 

electrolytic scrubbing techniques.  One such method utilizes Co(III) as an oxidant, which 

is regenerated electrochemically throughout the process.  Work performed on a laboratory 

scale has reported decontamination factors as high as 600 for elemental iodine, and 100 for 

organic iodide, but the system suffers from acute sensitivity to the presence of NO2, which 

competes with I2 and I- in the oxidation reaction with Co(III).  A reduction in the 

decontamination factor by an order of magnitude can be seen with as little as 1% NO2 

present in the system.86  Additional work involving wet scrubbing solutions for the 

solubilization of iodine has focused on the use of fluorocarbons, polysiloxanes, and molten 

salts.  Unfortunately these methods have not been applied at scales larger than that of a 

laboratory setting or small pilot plant.87  
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3.1.2 SOLID ADSORBENTS 

 An alternative strategy for fixing volatile iodine species is the use of solid 

adsorbents.  These systems have several advantages over liquid scrubbing techniques, as 

the use of corrosive solutions is minimized, and the captured iodine does not need to be 

further transformed for storage, as it is already incorporated onto a solid material.  These 

systems also require less infrastructure for application and can be processed much more 

easily than liquid scrub solutions.  Several traditional adsorbents have been examined, such 

as activated carbon and Amberlite, but were not considered to be suitably efficient for 

radioiodine capture.88,89  Primarily, adsorbents containing silver have been studied for 

application due to the known propensity of silver and iodine to form solid silver 

iodide/iodate species.90   These materials, which include zeolites, mordenites, as well as 

silica and alumina-based adsorbents, are exchanged or impregnated with silver cations.  

Advantages of using these types of adsorbents are their high loading capacities and 

stability, as well as their strong ability to retain both organic and elemental iodine.  Initial 

work with solid adsorbents utilized silver nitrate on amorphous silica, which reacted with 

elemental iodine (eqs. 3.7-3.8): 

AgNO3    +    I2    →    AgI    +    INO3        (3.7) 

4 INO3    +    2 AgNO3    →    2 AgIO3    +    6 NO2    +    I2       (3.8) 

And alkyl iodides (eq. 3.9): 

AgNO3    +    RI    →    RNO3    +    AgI        (3.9) 

which irreversibly fixed the iodine species within the solid matrix.  These materials 

tolerated the higher temperatures (>150 °C) required to facilitate the reaction of silver with 
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alkyl iodides, and were able to remove iodine from air at the  >99.99% level in a laboratory 

setting, and >99% when performed at scale.91,92  Additional work has been performed using 

silver-impregnated alumina as well, achieving similar iodine removal at scale as silica 

materials.93 

 Silver-exchanged zeolites, such as faujasite (AgX) and mordenite (AgZ), are 

another class of material for radioiodine capture.  In fact, they have been one of the most 

studied systems in the United States towards this purpose.  These types of materials contain 

labile sodium counterions within the porous matrix, which may be exchanged for silver 

cations with relative ease.  Zeolites are attractive in that they are commercially available 

and can be selected based on the desired physical properties, which include acid stability 

and porosity (i.e. the availability of sodium ions for exchange).  It is believed that iodine 

sorption occurs via a redox reaction with silver (I) oxides within the zeolite (eq. 3.10): 

2 Ag2O    +    2 I2    ↔    4 AgI    +    O2      (3.10) 

however a formal mechanism has yet to be accepted.92  Work with AgX and AgZ sorbents 

has shown decontamination factors on the order of 103-105 for both elemental and organic 

iodine species with the materials containing approximately 15% silver by weight.94  Of 

note, Chapman and coworkers discovered that silver-exchanged mordenites produced 

differing results depending on the oxidation state of silver within the material.95  

Commercial NaZ was exchanged with silver and then reduced under a hydrogen gas 

stream, yielding Ag+Z and Ag0Z sorbents.  Upon iodine capture, crystallographic analysis 

of these two materials showed the formation of subnanoscale AgI within the zeolites, as 

well as nanocrystalline AgI on the zeolite surface in the case of Ag0Z (Figure 3.1).  This 
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implied that migration of Ag0 was occurring during iodine capture with Ag0Z, while Ag+ 

was confined to the zeolite pores in Ag+Z.  This has led to concerns with using Ag0Z for 

iodine capture applications, as pore-confined AgI represents a lower risk for iodine leakage 

than surface-bound AgI.  However, in an effort to reduce the cost of these materials, 

methods for their regeneration using hydrogen gas have been developed, using a PbX 

adsorbent bed as a cheaper alternative for long term storage.96  Pretreated Ag0Z systems 

have also shown improved uptake of organic iodide compared to Ag+Z, and the 

optimization of these materials for implementation at scale is currently ongoing.97   

 

Figure 3.1: Iodine capture performed using silver-exchanged mordenite and reduced 

silver-exchanged mordenite.95 
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 Over the last decade, aerogels have shown promise as materials with significantly 

higher iodine uptake than zeolite materials.  Aerogels are a class of materials that have 

extremely low densities, due to approximately 95% of the material being porous space; 

they are also highly robust and temperature stable, making them ideal adsorbents for iodine 

capture and storage.98  These materials are prepared first by synthesizing and casting the 

gels; for silica aerogels, they are prepared by the acid-catalyzed gelation of a siloxane.  The 

gels are then aged in the mother liquor to ensure that the entire material is saturated, and 

then the gels are dried, removing the solvent from within the material.  This is typically 

done using supercritical CO2, yielding the desired aerogel material.99  Silica aerogels have 

been used as iodine capture materials through their functionalization and incorporation of 

silver; within the pores and on the surface of the aerogel are free hydroxyl moieties, which 

can be further reacted with silanes to install various functional handles.  Researchers at 

Pacific Northwest National Laboratory (PNNL) were able to functionalize silica aerogels 

with thiol groups and subsequently bind silver(I).  Reduction of this material gave an Ag0-

functionalized silica aerogel (Ag0-aero) capable of iodine capture and storage (Figure 3.2).  

In experiments using simulated iodine carrier gas feeds, Ag0-aero outperformed Ag0Z 

materials, with a mass increase of near 40%, as opposed to 10% Ag0Z (Figure 3.3).  

Additionally, after six months of aging the materials, Ag0-aero only showed a 22% loss in 

iodine uptake performance, while Ag0Z showed a loss of 40%.  Ag0-aero also showed no 

discernable change in the aerogel structure or silver nanoparticle size over that time, while  
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Figure 3.2: Functionalization of raw silica aerogels to bind silver, for iodine capture 

experiments.100 

 

Figure 3.3: Iodine capture performance by as-synthesized (solid lines) six-month aged 

(dashed lines)  Ag0-aero and Ag0Z100 
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Ag0Z is known to be air-sensitive and degrade over time.100  Another class of aerogels are 

chalcogels, which are made up of a network of chalcogens (S, Se, and Te) and various 

interlinking metals.  One advantage of chalcogels compared to silica aerogels is that they 

do not require functionalization, as they already contain chalcogen anions instead of 

oxygen.101  They also have a wider range of precursors (Cd, Zn, Pb, Ge), which has allowed 

for their physical and chemical properties to be tuned as desired (e.g. surface area, chemical 

affinity).102,103  Work performed by researchers at PNNL with several chalcogels containing 

differing metal ions saw very high capture efficiences, greater than 99%, with the SnS 

chalcogel performing sufficiently well as to satisfy the EPA standards for iodine capture 

and breakthrough (Figure 3.4).104,105  Chalcogels have also shown high iodine retention at  

 

Figure 3.4: Plot of iodine capture performed with several chalcogels containing varying 

interlinking metal ions.105 
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temperatures up to 600 °C, further supporting their use as a long term storage option for 

captured radioiodine.106   

While these solid sorbent materials are effective, they are not able to be regulated; 

each system relies on nonspecific interactions of silver and the material upon loading, 

which may be irregular.  Therefore, the fabrication of each material cannot be truly 

replicated, as there is no formal ordering in place.  In light of these deficiencies, discrete 

systems for iodine capture have been investigated.  One such system relies on the use of 

cyclodextrins, which are known to form inclusion complexes with iodine.  Various 

methylated α-, β-, and γ-cyclodextrins were shown to have strong affinities for iodine and 

were used in a wet solution scrub to capture airborne iodine.  Once crosslinked, these 

cyclodextrin derivatives were used as solid adsorbents, and showed efficient iodine capture 

and retention at elevated temperatures.107  Work by Sessler and coworkers has shown the 

ability of calix[3]bipyrrole (Figure 3.5) to bind iodide anions with affinity on the order of 

the aforementioned cyclodextrins.108  The Sessler group has also demonstrated the use of 

poly(methyl methacrylates) containing pendant calix[4]pyrroles in the extraction of halides 

in a biphasic extraction system.  This approach has the advantage of allowing discrete 

control over the number of calix[4]pyrrole repeat units on the polymer backbone.14 
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Figure 3.5: Calix[3]bipyrrole, a receptor capable of binding iodide anions in organic 

media 

The development of a well-controlled, selective material for iodine capture based 

on the success of these receptors could lead to the development of new sorbents.  We have 

proposed the use of organic polymers fabricated via ring-opening metathesis 

polymerization (ROMP).  ROMP allows for the systematic chain growth of polymers from 

discrete, well-characterized monomers.  The Grubbs catalyst utilized for ROMP also has a 

broad scope of reactivity and a large functional group tolerance.18  In designing our ligands, 

we sought a functional group that would have a discrete interaction with silver, and contain 

a point of attachment for installing a norbornyl moiety for polymerization.  We proposed 

an N-heterocyclic carbene (NHC) as the silver complexing entity.  This ligand class is well 

known to form monomeric or dimeric complexes and is fairly simple to characterize by 

standard NMR spectroscopic methods.109  In order to generate an NHC, we planned on 

starting from an imidazolium precursor, which could be functionalized as desired off both 

nitrogen atoms (Figure 3.6). 
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Figure 3.6: Imidazolium precursor for NHC monomer designed to bind silver, with key 

functional areas highlighted 

One nitrogen atom of the imidazolium would serve as an attachment point for our 

tether and norbornyl moiety, while the other could serve as a point of diversification, 

varying the steric bulk or electronics.  In changing the size of the substituent, we sought to 

be able to favor the formation of mono-carbene species over bis-carbenes, a level of tuning 

that, in turn, was expected to allow control over the silver loading capacities.  Additionally, 

anion metathesis could allow for a variety of salts to be prepared.  This would allow us to 

investigate their effects on iodine capture and loading.  A proposed general imidazolium 

monomer is shown in Figure 3.7. 

 

Figure 3.7: Proposed general imidazolium monomer structure 

3.2 Results and Discussion 

3.2.1 MONOMER AND POLYMER SYNTHESIS 

 The general synthetic scheme for synthesizing imidazolium monomers is shown in 

Scheme 3.1.  Imidazole derivatives 3.2-3.5 were prepared using a known literature 

procedure from the corresponding aniline.110  Separately, the alkyl halide, 3.7, was prepared 
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by substitution of the norbornyl imide 3.6 with 1,6-dibromohexane, in 83% yield.  Heating 

this compound neat with 3.2-3.5 gave the imidazolium bromide salts 3.8-3.11 in modest to 

good yields.   

 

Scheme 3.1: Synthesis of imidazolium bromide monomers 

To assess the binding mode of our imidazolium monomers with silver, precursor 

3.8 was reacted with silver(I) oxide under ambient conditions to give the silver carbene 

complex 3.12 in 59% yield (Scheme 3.2).  The progress of this reaction was monitored by 

NMR spectroscopy and completion was evidenced by the disappearance of the resonance 

of the C2 proton at ca. 9 ppm.  Unfortunately, attempts to obtain crystals of this complex 

suitable for X-ray diffraction analysis proved unsuccessful, possibly due to the “greasy” 

carbon chains and the presence of the somewhat hydrophobic bromide anion.  Therefore, 

further efforts to synthesize N-heterocyclic carbene-silver complexes of these monomers 

were focused on exchanging the counterion for a hexafluorophosphate ion (PF6
-).  The PF6

-  
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Scheme 3.2: Synthesis of the N-heterocyclic carbene-silver complex 3.12 

ion is significantly more hydrophobic and may help the complex in forming a crystalline 

material.111  The synthesis of these salts and their corresponding N-heterocyclic carbene-

silver complexes is shown in Scheme 3.3.  Salt metathesis using excess potassium 

hexafluorophosphate gave the imidiazolium hexafluorophosphate salts 3.13-3.16 in good 

yields.  The corresponding N-heterocyclic carbene-silver complexes were prepared by 

stirring with silve(I) oxide in the presence of base, with the reaction being monitored by  

 

Scheme 3.3. Synthesis of N-heterocyclic carbene-silver complexes from 

hexafluorphosphate salt precursors  
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NMR spectroscopy.  Upon complete disappearance of the C2 proton resonance at ca. 9 

ppm, the reaction was deemed complete.  The complexes were then isolated in good yields.  

Fortunately, we were able to obtain crystals suitable for X-ray diffraction analysis in the 

case of 3.8 and 3.19 (Figure 3.8-3.9).  Of note, 3.19 is a bis- carbene silver complex, a 

result that we had hoped to see.  Due to the inability to obtain crystal structures for 3.17, 

3.18, and 3.20, we sought to characterize the nature of the complexes by another method.  

High-resolution mass spectrometry (HRMS) of these complexes allowed us to determine 

whether mono- or bis-carbene species had been formed with these ligands (Figure 3.10).  

From these results, we saw that 3.17 and 3.18 formed bis-carbenes with silver, while 3.19 

and 3.20 formed mono-carbenes.  From this small sample size, we inferred that substitution 

at the 4-position of the aryl ring off the heterocycle was a potential determining factor for 

mono- or bis-carbene formation.  Substitution with isopropyl groups at the 2,6-positions 

led to bis-carbene formation, as in the case of 3.20.  This was ascribed to orthogonal  

 

 

Figure 3.8: Molecular structure of 3.8.  The atom labeling scheme is shown. 

Displacement ellipsoids are shown at the 50% probability level. 



 95 

 

Figure 3.9: Molecular structure of 3.19.  The atom labeling scheme is shown. 

Displacement ellipsoids are shown at the 50% probability level. 

rotation of the aryl group away from the ligation site, resulting in reduced steric crowding.  

This is not seen in the case of 3.8, where in the solid state the phenyl ring was co-planar to 

the imidazolium ring; this may be due to increased π-overlap between the p-orbitals of the 

two aromatic rings.  However, upon complex formation, the C2 carbon becomes a σ-donor 

with an empty p-orbital, disrupting aromatic character across the heterocycle and 

promoting rotation about the N-Ar bond. 

 Ring-opening metathesis polymerization experiments involving these monomers 

were carried out using the Grubbs 3rd generation catalyst.  Efforts to polymerize the  
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Figure 3.10: HRMS traces of 3.17 (top), 3.18 (middle), and 3.20 (bottom) used to 

identify the formation of mono- or bis-carbene species 

imidazolium bromides 3.8-3.11 in methylene chloride yielded polymers of unusually high 

molecular weights, as determined by NMR spectroscopy.  However, upon changing the 

polymerization solvent to DMF, polymers of expected molecular weights were obtained, 

up to ca. 60 repeat units (Mn = 28,225 D).  Efforts to produce polymers with higher 

molecular weights resulted in incomplete conversion of monomer to polymer, stalling 
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around 60 repeat units.  This result lead us to surmise that the buildup of charge on the 

growing polymer chain may contribute to the undesirable loss of control seen in using 

methylene chloride as our solvent.  The higher polarity of DMF may have been able to 

support growing chains more effectively, but only up to a certain number of repeat units.  

Polymerization of the hexafluorphosphate salts 3.13-3.16 in DMF also gave polymers with 

good control over the molecular weight.  Interestingly, when polymerizations were carried 

out in methylene chloride, the resultant polymers precipitated out of solution after 

polymerization was complete.  These polymers were found to be of the desired molecular 

weight as inferred from both NMR spectroscopy and GPC analyses.  An experimental 

molecular weight of 26,003 D was determined for one sample of P3.13, as compared to the 

the desired weight of 26,774 D.  The dispersity of this sample was 1.122, which is fairly 

low and points towards a living polymerization character.  However, further 

polymerization experiments will need to be carried out to confirm this latter mechanistic 

assumption.  We also did not see a limit to the molecular weight of these polymers, as was 

seen when the bromide salts were employed.  We believed that one explanation for this 

latter result is the lower solubility of the hexafluorophosphate salt in methylene chloride.  

It may be that during polymerization the growing end of the polymer chain is solubilized, 

while the bulk polymer chain containing the hexafluorophosphate salts is precipitated from 

solution.  It is unclear why the bromide salts undergo polymerization in a manner that leads 

to a loss of control of molecular weight.  Attempts to metallate P3.8-P3.11 using 

silver (I) oxide were unfortunately unsuccessful.  Several silver precursors were screened, 

without any notable formation of silver complexes off the polymer backbone.  We 
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attributed this putative problem to the fact that silver halide species form secondary 

structures, supported by μ-halide bridges between silver atoms.112  This may allow for some 

metallation to occur, but could inhibit further complex formation throughout the entire 

polymer.  Metallation of P3.17-P3.20  did not suffer from this problem, and polymers with 

bound silver, AgP3.17-AgP3.20, were prepared using silver(I/III) oxide in acetonitrile with 

moderate heating.  Similar to experiments with the monomeric species, reaction 

progression was monitored by NMR spectroscopy.  Notably, a larger increase in mass was 

seen after metallation of P3.17 and P3.18 (14% and 27%, respectively) than for P3.19 and 

P3.20.  Since 3.17 and 3.18 are expected to form mono-carbene species, it comes as no 

surprise that more silver could be bound to their corresponding polymers than for 3.19 and 

3.20.  This latter finding provided support for the use of bulkier substituents at 4-position 

of the N-aryl ring on our monomers, in order to maximize the amount of silver than can be 

bound by each polymer chain.  Similar to work done with silver-exchanged zeolites, we 

then sought to reduce the silver bound to our polymers to study its effects on iodine capture.  

The silver-bound polymer, AgP3.19 was subjected to a 5% H2 gas stream under N2 

atmosphere at 150 °C for 24 hours to reduce the silver bound within the polymer to its 

elemental state.  After this treatment, the solid polymer was characterized by a lustrous 

sheen, and showed no loss of mass.  NMR spectroscopic studies of this material (DMSO-

d6) showed a return of the C2 proton resonance at ca. 9 ppm, as well as no change in the 

olefinic peaks on the polymer backbone at ca. 5.75-5.25 ppm (Figure 3.11).  The fact that 

the bound silver underwent reduction was further evidenced by the fact that the lustrous 
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material was insoluble and could not be dissolved.  This insolulibty was ascribed to the 

presence of elemental silver. 

 

Figure 3.11: Overlaid NMR spectra (DMSO-d6) of AgP3.19 and Ag0P3.19 

 In conclusion, we have synthesized several monomers containing imidazolium 

functionalities with substituents of varying steric bulk.  N-heterocyclic carbene silver 

complexes of these monomers were prepared, in order to characterize the binding nature 

of the complex, which was confirmed by X-ray crystallography or HRMS.  These 

monomers were then subject to polymerization, and suitable conditions were found when 

monomers containined hexafluorophosphate as the counteranion.  Initial characterization 

of these polymers provided evidence for potential living character, despite the polymer 

precipitating over the course of the polymerization reaction.  Further experiments will, 

AgP3.19 

Ag0P3.19 

δ 
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however, be required to determine if this inference holds for all monomers of this class.  

We were able to metallate each polymer, and observed an increase in mass gained for 

polymer containing functional groups believed to form mono-carbene species.  Further 

characterization of the silver content by ICP-OES will be required to support this 

hypothesis.  We also demonstrated the ability to reduce the silver cations within one of 

these polymers.  This reduction should allow us to determine if there are any differences 

in iodine capture between the two silver species.  Future efforts will be focused on 

determining the maximum iodine uptake of each polymer, as well as the iodine 

breakthrough time under simulated off-gas conditions.  It may also be of interest to see if 

similar AgI nanostructures are formed within these polymers, as were seen when similar 

experiments were performed using silver-exchanged zeolites. 
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CHAPTER 4: EXPERIMENTAL METHODS 

GENERAL METHODS 

All reactions were carried out under a dry N2 atmosphere in flame dried glassware 

using standard Schlenk techniques unless otherwise specified.  Ground glass joints were 

greased with Dow Corning High Vacuum Grease®. Dry solvents were collected in solvent 

bulbs from an Innovative Technologies Pure-Solve 400 solvent purification system and 

stored over 3 Å molecular sieves.  All chemicals were used as received from commercial 

suppliers unless otherwise specified.  Samples of 241Am were obtained from the Reactor 

Engineering Design Center (REDC) at The Oak Ridge National Laboratory.  Samples of 

152Eu were purchased from Isotope Product Laboratories.  Thin layer chromatography 

(TLC) was performed using Silicycle silica gel 60 F254 pre-coated aluminum sheets. 

Column chromatography was performed using Silicycle Silica Flash® F60 silical gel or 

using a Teledyne ISCO Combiflash system.  NMR spectra were recorded with a Varian 

DirectDrive 400 MHz spectrometer at ambient temperature and were referenced internally 

to the residual solvent peaks.  All chemical shifts are given in ppm and coupling constants 

are given in Hertz (Hz).  Mass spectrometry was performed with a Micromass Autospec 

Ultima HRMS (for CI+) or an Agilent 6530 QTOF system (for ESI+).  Determination of 

elemental composition from extraction studies was performed using a Varian 720 ES 

Inductively-Coupled Plasma Optical Emission Spectrophotometer (ICP-OES).  The 

following emission wavelengths (nm) were used by for the ICP-OES analysis of each of 

the following elements: Cu 224.700, Zn 206.200, Co 230.786, Cd 214.439, Pb 220.353, 

Mn 293.931, Ni 227.021, Fe 261.187. 
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EXTRACTION STUDIES 

Extractions performed with 1.5, 1.11, and P1.5: 

Extractions were performed using a Fisher Scientific™ Multi-Purpose Tube 

Rotator, set to 40 rpm.  Extractions were performed in Falcon™ Conical Centrifuge Tubes, 

and all studies were performed over a 24 hour period unless otherwise stated. Aqueous 

solutions were analyzed using a Varian 720 ES Inductively-Coupled Plasma Optical 

Emission Spectrophotometer (ICP-OES) after extraction, and the percent extraction of 

each metal ion was determined from the mass balance of the initial solution of metal ions 

before extraction. Liquid-liquid extractions were performed using water and toluene, with 

the aqueous phase containing the divalent cation in question (as the corresponding chloride 

salt) at an initial concentration of 1 mM along with 1 M NH4Cl. The concentration of 

1.5/1.11 in toluene was adjusted to 3.3 equivalents of the total metal ion concentration, 

unless otherwise stated. Solid-liquid extractions with P1.5 were performed using aqueous 

solutions that were initially 1 mM in the divalent metal chloride salt and 1 M in NH4Cl. 

The amount of polymer was adjusted such that approximately 3.3 equivalents of extractant 

on the polymer backbone were present relative to the total metal ion concentration.  

Selectivity studies were performed using 5 equivalents of each metal ion (each at 1 mM) 

in relation to the total amount of extractant moieties on the polymer. After extraction, the 

polymer was separated from the aqueous phase, washed with excess water, and dried in 

vacuo. The polymer was then digested in concentrated nitric acid and analyzed by ICP-

OES to determine the metal speciation. 

Extractions performed with 2.47, 2.50, and 2.55: 

 Extractions were performed using a conventional rotating wheel, set to 60 rpm in 

an air box set to 2.5 ± 0.5 °C.  Samples consisted of a 600 μL aqueous phase of varying 

[HNO3] containing 10 μL of 1.85 x 103 kBq of 241Am and 152Eu, and 10-4 M Eu(NO3)3, as 



 103 

specified, and a 600 μL organic phase containing 2.47, 2.50, or 2.55 in DCE or Isopar-L 

fluid.  The two phases were contacted in 1.8 mL capacity snap-top Eppendorf tubes for one 

hour, and contacts were performed in duplicate.  After contact, samples were subject to 

centrifugation at 3000 rpm for five minutes, at 25 °C to separate the phases.  The phases 

were then subsampled into polypropylene tubes, taking 300 μL aliquots of each phase.  

Samples were counted using a Canberra Gamma Analyst Integrated Gamma Spectrometer.  

The counting time was varied such that a sufficient signal-to-noise ratio was achieved, 

using the integration of the peak at 59.5 keV for americium, and 121.8 keV for europium.  

Counting values on the order of 104 were obtained for each measurement where possible 

to minimize potential errors.  The areas of each peak were used in determining distribution 

ratios and separation factors.  Extractions were performed in duplicate and measurements 

were in agreement of each other within 5%. 

X-RAY CRYSTALLOGRAPHY 

Metal complexes of 1.5 and a panel of divalent transition metal cations (Mn, Fe, 

Co, Cu, Ni, Zn, Cd, Pb) were synthesized by stirring a H2O-EtOH (1:3 v/v) solution of 1.5 

with NaOH and the corresponding metal dichloride salt.  These solutions were filtered and 

allowed to evaporate at room temperature over several days, yielding crystals of metal 

complexes of 1.5 and Cu(II), Ni(II), Zn(II), and Pb(II) suitable for X-ray diffraction.  Data 

were collected for these complexes at 100 K on an Agilent Technologies SuperNova Dual 

Source diffractometer equipped with an AtlasS2 CCD detector using a μ-focus Cu Kα 

radiation source (λ = 1.5418 Å) and an Oxford 700 Cryostream system. Data collection, 

unit cell refinement, and data reduction of 1.5 and the metal complexes were performed 

using Agilent Technologies CrysAlisPro software, and performed by Dr. Leander 

Cinninger and Dr. Vincent Lynch.113 The structures were solved by direct methods using 
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the SIR2014 program and refined by full-matrix least-squares on F2 with anisotropic 

displacement parameters for all non-H atoms using SHELXL-2014.114,115 The structural 

analyses were performed using the PLATON98 and WinGX programs.116,117 The hydrogen 

atoms were placed in fixed, calculated positions with isotropic displacement parameters 

set to 1.2 x Ueq with respect to the attached atom. Crystallographic images were created 

using the Cambridge Crystallographic Data Centre’s Mercury software and rendered using 

POV-ray.118 All bond angles, torsion angles, and intermolecular interactions were 

calculated using the Cambridge Crystallographic Data Centre’s Mercury software.  

Intermolecular interactions were calculated by the Mercury software by looking for atoms 

within close contact of each other based on their Van der Waal radii +0.15 Å. 

TITRATION STUDIES 

 pH titrations were performed using a Mettler Toledo DL77 Titrator.  Titrant 

solutions of aqueous NaOH were standardized in triplicate using potassium hydrogen 

phthalate from Acros Organics.  Samples for analysis were prepared by contacting either 

2.47 or 2.50 dissolved in either DCE or Isopar™ L Fluid at 25 mM with the corresponding 

nitric acid solution for one hour.  Analyte solutions were separated from the organic phase 

and diluted with ca. 20 mL ethanol for each titration.  Titrations were performed in 

triplicate using the LabX® software suite.  Stir speed was set to 60 rpm for all experiments.  

The pH electrode was standardized using pH 4.01, 7.00, and 10.01 buffer solutions from 

Thermo Fisher Scientific.  Before each recording each reading, adequate time was allowed 

for the electrode to stabilize, up to five minutes for more dilute solutions.  Titration end 

points were determined using second derivative analysis of each titration.  For each ligand 

and diluent, a blank containing no ligand concentration was taken to measure the amount 

of nitric acid extracted by the solvent. 
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SYNTHESIS 

 

(3aR,4S,7R,7aS)-2-(6-Aminohexyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-

1,3(2H)-dione (1.7) RFFII-98 

A solution of 1.6 (10.0265 g, 61.08 mmol) and 1,6-diaminohexane (21.2934 g, 

183.32 mmol) in 300 mL of glacial acetic acid was heated at reflux for 3 hours. The solution 

was allowed to cool to room temperature and 500 mL water was added. The resulting 

mixture was extracted with CH2Cl2 (3x, 500 mL), and the organic layers collected and 

washed with water (3x, 250 mL).  The aqueous layers were combined and neutralized to 

pH 9 using 1 M NaOH, and extracted with excess CH2Cl2 (3x, 1.5 L).  The organic layers 

were collected and dried over Na2SO4. The volatiles were evaporated off under reduced 

pressure and the residue purified by column chromatography using 

CH2Cl2:MeOH:MeCN:TEA (94:2:2:2) as the eluent to give the product as a pale yellow 

oil (14.258 g, 89%).  1H NMR (400 MHz, CDCl3): δ 1.18-1.46 (m, 8H) 1.52 (d, J = 8.8, 

1H), 1.71 (dt, J = 8.9, 1.7, 1H), 2.65 (t, J = 6.9, 2H), 3.22 (m, 2H), 3.31 (t, J = 7.4, 2H), 

3.37 (m, 2H), 6.07 (t, J = 1.8, 2H). 13C {1H} NMR (101 MHz, CDCl3) δ 26.3, 26.6, 27.7, 

33.3, 38.3, 42.0, 44.9, 45.7, 52.2, 134.4, 177.7.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for 

C15H22N2O2 263.17540; Found 263.17570. 
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Methyl 6-((6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)hexyl)carbamoyl)picolinate (1.8) RFFII-112 

 Precursor 1.7 (10 g, 38.11 mmol) and dimethyl pyridine-2,6-dicarboxylate 

(11.1581 g, 57.17 mmol) were dissolved in 300 mL of toluene, and 10 mL of acetic acid 

was added.  The solution was heated at reflux for 6 hours, and allowed to cool to room 

temperature.  The volatiles were evaporated off under reduced pressure, and the crude 

residue was purified by column chromatography using hexanes:ethyl acetate (1:1) as the 

eluent. The product was isolated as a pale yellow oil (13.1732 g, 81%).  1H NMR (400 

MHz, CDCl3): δ 1.48-1.23 (m, 6H) 1.52 (d, J = 8.7, 1H), 1.58-1.74 (m, 3H), 3.23 (m, 2H), 

3.31 (t, J = 7.3, 2H), 3.37 (m, 2H), 3.46 (q, J = 6.8, 2H), 4.01 (s, 3H), 6.09 (t, J = 1.8, 2H), 

8.00 (t, J = 7.8, 1H), 8.12 (t, J = 6.1, 1H), 8.21 (dd, J = 7.8, 1.1, 1H), 8.39 (dd, J = 7.8, 1.1, 

1H).  13C {1H} NMR (101 MHz, CDCl3) δ 26.5 26.6, 27.7, 29.5, 38.3, 39.4, 44.9, 45.7, 

52.2, 52.9, 125.3, 127.1, 134.4, 138.5, 146.4, 150.3, 163.4, 165.0, 177.8.  HRMS (ESI-

TOF) m/z: [M+Na]+ Calcd for C23H27N3O5Na 448.18430; Found 448.18490. 

 

 

6-((6-((3aR,4S,7R,7aS)-1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-

2-yl)hexyl)carbamoyl)picolinic acid (1.5) RFFII-4 

Intermediate 1.8 (2.6885 g, 6.32 mmol) and LiOH (0.1564 g, 6.53 mmol) were 

dissolved in 270 mL of a mixture of H2O/THF (9:1 v/v).  This solution was stirred 
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vigorously for 2.5 hours at room temperature, and was then washed with CH2Cl2 (3x, 250 

mL). The organic layer was discarded, and the aqueous layer was acidified to pH 1 with 

2M HCl. This solution was then extracted with CH2Cl2 (3x, 250 mL), and the organic layer 

was dried over Na2SO4. The volatiles were evaporated off under reduced pressure, giving 

1.5 as a white solid (2.3050 g, 89%).  m.p. 133 °C.  1H NMR (400 MHz, CDCl3): δ 1.24 

(m, 2H) 1.47-1.61 (m, 5H), 1.67 (q, J = 6.1, 2H), 1.77 (dt, J = 8.9, 1.8, 1H), 3.37 (m, 2H), 

3.37-3.43 (m, 4H), 3.48 (q, J = 6.0, 2H), 6.17 (t, J = 1.8, 2H), 8.12 (t, J = 7.8, 1H), 8.39 

(dd, J = 7.8, 1.2, 1H), 8.51 (dd, J = 7.8, 1.2, 1H), 8.61 (t, J = 6.5, 1H).  13C {1H} NMR (101 

MHz, CDCl3) δ 23.9 24.1, 27.2, 28.7, 37.0, 38.0, 45.0, 45.9, 52.5, 126.4, 126.5, 134.5, 

139.45, 145.5, 149.6, 163.1, 164.6, 179.3.  HRMS (ESI-TOF) m/z: [M+H]+ Calcd for 

C22H25N3O5 412.18670; Found 412.18700. 

 

 

Poly methyl 6-((6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)hexyl)carbamoyl)picolinate (P1.8) 

 In a glovebox containing an inert N2 atmosphere, 1.8 was dissolved in dry 

dichloromethane (0.2 M).  To this stirring solution, a desired amount Grubbs 3rd generation 

catalyst dissolved in dichloromethane (0.02 M) was added, and the solution was allowed 

to stir overnight (ca. 18 h.).  The reaction was then quenched with excess ethyl vinyl ether 

(ca. 2-3 mL), and allowed to stir for 30 minutes.  The solvent was removed in vacuo, and 
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the crude residue redissolved in a minimal quantity of methylene chloride.  The polymer 

was purified by rapidly adding this solution to 50 mL of methanol, and collecting the 

resulting precipitate.  This latter procedure was repeated three times to ensure polymer 

purity.  Yields ranged from 50-90%.  1H NMR (400 MHz, CD2Cl2): δ 1.04-1.64 (b, 10H), 

2.85 (b, 1H), 3.15 (b, 3H), 3.38 (b, 4H), 3.29 (s, 4H), 5.45 (b, 1H), 5.62 (b, 1H), 7.96 (t, J 

= 7.6, 1H), 8.13 (b, 2H), 8.28 (b, 1H). 

 

 

Poly 6-((6-((3aR,4S,7R,7aS)-1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)hexyl)carbamoyl)picolinic acid (P1.5) 

Method A: 

 In a glovebox containing an inert N2 atmosphere, 1.5 was dissolved in dry DMF 

(0.2 M).  To this stirring solution, a desired amount Grubbs 3rd generation catalyst dissolved 

in dichloromethane (0.02 M) was added, and the solution was allowed to stir overnight (ca. 

18 h).  The reaction was then quenched with excess ethyl vinyl ether (ca. 2-3 mL), and 

allowed to stir for 30 minutes.  The volatiles were removed in vacuo, and the crude residue 

redissolved in a minimal quantity of methylene chloride/MeOH (9:1 v/v).  The polymer 

was purified by rapidly adding this solution to 50 mL of diethyl ether, and collecting the 

resulting precipitate.  This latter procedure was repeated three times to ensure polymer 
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purity.  Yields ranged from 50-90%.  1H NMR (400 MHz, DMSO-d6): 0.96-1.74 (b, 10H), 

3.22 (b, 8H), 5.30 (b, 1H), 5.47 (b, 1H), 8.15 (b, 1H), 9.11 (b, 1H), 12.95 (b, 1H). 

Method B: 

 P1.8 was suspended in a solution of H2O/THF (9:1 v/v, ca. 0.25 M).  NaOH (1.05 

equivalents) was added, and the solution was stirred vigorously until all of the polymer had 

dissolved.  Small aliquots were taken at this point and the reaction was monitored by NMR 

spectroscopy, until the complete disappearance of the methyl ester peak was observed 

(about 3 hours).  The reaction mixture was then washed with excess CH2Cl2, and the 

aqueous phase was taken to pH 1 with 1 M HCl.  The resulting precipitate was filtered and 

washed with excess H2O, and dried under vacuum, giving a light orange solid.  1H NMR 

(400 MHz, DMSO-d6): 0.94-1.55 (b, 10H), 3.30 (b, 8H), 5.30 (b, 1H), 5.47 (b, 1H), 9.14 

(b, 1H) 12.97 (b, 1H). 

 

 

 (3aR,4S,7R,7aS)-2-(2-Aminoethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-

1,3(2H)-dione (1.9) RFFII-180 

A solution of 1.6 (1.0000 g, 6.09 mmol) and ethylene diamine (1.0998 g, 18.3 

mmol) in 30 mL of glacial acetic acid was heated at reflux for 3 h. The solution was allowed 

to cool to room temperature and 50 mL water was added. The resulting mixture was 

extracted with CH2Cl2 (3x, 50 mL), and the organic layers collected and washed with water 

(3x, 50 mL).  The aqueous layers were combined and neutralized to pH 9 using 1 M NaOH, 

and extracted with excess CH2Cl2 (3x, 50 mL).  The organic layers were collected and dried 

over Na2SO4. The volatiles were evaporated off under reduced pressure and the residue 
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purified by column chromatography using CH2Cl2:MeOH:MeCN:TEA (94:2:2:2) as eluent 

to give the product as a pale yellow oil (0.5902 g, 47%).  1H NMR (400 MHz, CDCl3): δ 

1.55 (d, J = 8.8 Hz, 1H), 1.74 (d, J = 8.8 Hz, 1H), 2.78 (t, J = 6.3 Hz, 2H), 3.29 (dd, J = 

3.0, 1.6 Hz, 0H), 3.39 (dq, J = 3.5, 1.7 Hz, 2H), 3.43 (t, J = 6.3 Hz, 2H), 6.12 (t, J = 1.9 

Hz, 2H). 

 

 

Methyl 6-((2-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)ethyl)carbamoyl)picolinate (1.10) RFFII-184 

 Precursor 1.9 (0.2000 g, 0.970 mmol) and dimethyl pyridine-2,6-dicarboxylate 

(0.3405 g, 1.74 mmol) were dissolved in 5 mL of toluene, and 3 drop of glacial acetic acid 

were added.  The solution was heated at reflux for 5 h., and allowed to cool to room 

temperature.  The volatiles were evaporated off under reduced pressure, and the crude 

residue was purified by column chromatography using hexanes:ethyl acetate (1:1). The 

product was isolated as a pale yellow oil (0.1642 g, 46%).  1H NMR (400 MHz, CDCl3): δ 

1.47 (dt, J = 8.7, 1.5 Hz, 1H), 1.66 (dt, J = 8.8, 1.7 Hz, 1H), 3.21 (dd, J = 3.0, 1.5 Hz, 2H), 

3.30 (dq, J = 3.5, 1.7 Hz, 2H), 3.52 (qd, J = 5.7, 5.2, 1.2 Hz, 2H), 3.61 (dd, J = 6.9, 4.5 Hz, 

2H), 6.15 (t, J = 1.9 Hz, 2H), 7.94 (t, J = 7.8 Hz, 1H), 8.11 (t, J = 6.1 Hz, 1H), 8.16 (dd, J 

= 7.8, 1.2 Hz, 1H), 8.29 (dd, J = 7.8, 1.2 Hz, 1H).  13C {1H} NMR (101 MHz, CDCl3) δ 

37.9, 37.9, 45.1, 46.0, 52.4, 53.0, 125.5, 127.5, 134.8, 135.5, 138.8, 146.7, 150.0, 163.9, 

165.0, 177.9. 
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6-((2-((3aR,4S,7R,7aS)-1,3-Dioxo-1,3,3a,4,7,7a- 

hexahydro-2H-4,7-methanoisoindol-2-yl)ethyl)carbamoyl)picolinic acid (1.11) 

RFFII-186 

Precursor 1.10 (0.1642 g, 0.445 mmol) and LiOH (0.0110 g, 0.460 mmol) were 

dissolved in 18 mL of a mixture of H2O/THF (5:1 v/v).  This solution was stirred vigorously 

for 2 h. at room temperature, and was then washed with CH2Cl2 (3x, 50 mL). The organic 

layer was discarded, and the aqueous layer was acidified to pH 1 with 2M HCl. This 

solution was then extracted with CH2Cl2 (3x, 50 mL), and the organic layer was dried over 

Na2SO4. The volatiles were evaporated off under reduced pressure, giving 1.11 as a white 

solid (0.1128 g, 71%).  1H NMR (400 MHz, CDCl3): δ 1.55 (d, J = 8.9 Hz, 1H), 1.71 (dt, 

J = 9.0, 1.7 Hz, 1H), 3.33 – 3.43 (m, 4H), 3.47 – 3.56 (m, 2H), 3.72 – 3.83 (m, 2H), 5.95 

(t, J = 1.8 Hz, 2H), 8.12 (dd, J = 7.8, 0.6 Hz, 1H), 8.38 (dd, J = 7.8, 0.8 Hz, 2H), 8.82 (s, 

1H).  13C {1H} NMR (101 MHz, CDCl3) δ 37.6, 40.8, 45.3, 46.2, 52.6, 126.2, 126.9, 134.6, 

135.5, 140.1, 145.5, 149.0, 163.3, 164.3, 179.6. 

 

 

7-(2-Octyldecyl)-6,7-dihydro-1,7-naphthyridin-8(5H)-one (2.47) RFF-ORNL-85 

6,7-dihydro-1,7-naphthyridin-8(5H)-one (2.5000 g, 17.0 mmol) and sodium 

hydride as a 60% dispersion in mineral oil (2.0386 g, 51.0 mmol) were dissolved in 90 mL 

dry DMF under argon atmosphere, and stirred at room temperature for 30 min.  Then, 9-

(bromomethyl)heptadecane (7.5 mL, 25.6 mmol) was added dropwise via syringe, and the 
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reaction mixture was heated to 100 °C overnight.  Upon cooling, 100 mL of water was 

added, and the solution was extracted with Et2O (3x, 250 mL).  The organic phase was then 

washed with water (3x, 250 mL), and dried over Na2SO4.  The volatiles were evaporated 

off under reduced pressure and the residue purified by column chromatography using 

CH2Cl2:Acetone (9:1) as eluent to give the product as a pale yellow oil (5.5125 g, 81%).  

1H NMR (400 MHz, CDCl3) δ 0.89 (m, 6H), 1.23 – 1.38 (m, 28H), 1.70 – 1.83 (m, 1H), 

3.04 (t, J = 6.5 Hz, 2H), 3.54 (d, J = 7.4 Hz, 2H), 3.58 (t, J = 6.5 Hz, 2H), 7.34 (dd, J = 7.7, 

4.6 Hz, 1H), 7.57 (dd, J = 7.7, 1.6 Hz, 1H), 8.72 (dd, J = 4.7, 1.6 Hz, 1H).  13C {1H} NMR 

(101 MHz, CDCl3) δ 14.1, 22.7, 22.7, 26.5, 27.4, 29.3, 29.3, 29.6, 29.6, 29.6, 30.0, 31.4, 

31.9, 31.9, 36.4, 45.6, 51.4, 125.5, 133.8, 135.3, 146.9, 149.1, 163.0.  HRMS (ESI-TOF) 

m/z: [M+H]+ Calcd for C15H22N2O2 401.3526; Found 401.3538. 

 

 

1,7-Naphthyridin-8(7H)-one (2.49) RFF-ORNL-75 

 Compound 2.49 was synthesized according to a literature procedure.119  1,7-

naphthyridin-8-amine (3.000 g, 20.7 mmol) was dissolved in 30 mL of 6:1   H2SO4:H2O, 

and refluxed overnight.  The reaction mixture was then poured over ice and neutralized 

with conc. NH4OH.  This solution was extracted with CHCl3 (3x, 250 mL) and 9:1 

CHCl3:9:1 iPrOH:conc. NH4OH (3x, 250 mL), and the organic phases combined and dried 

over Na2SO4.  The volatiles were removed under reduced pressure, and the resulting 

crystalline solid recrystallized in water to give 2.49 as light tan crystals (2.4269 g, 80%).     
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7-(2-Octyldecyl)-1,7-naphthyridin-8(7H)-one (2.50) RFF-ORNL-61 

 Compound 2.49 (1.0877  g, 7.44 mmol) and sodium hydride as a 60% dispersion 

in mineral oil (0.5358 g, 22.3 mmol) were dissolved in 35 mL dry DMF under argon 

atmosphere, and stirred at room temperature for 30 min.  Then, 9-

(bromomethyl)heptadecane (3.25 mL, 11.2 mmol) was added dropwise via syringe, and 

the reaction mixture was heated to 100 °C overnight.  Upon cooling, 100 mL of water was 

added, and the solution was extracted with Et2O (3x, 150 mL).  The organic phase was then 

washed with water (3x, 150 mL), and dried over Na2SO4.  The volatiles were evaporated 

off under reduced pressure and the residue purified by column chromatography using a 

gradient of hexanes and ethyl acetate as eluent to give the product as a pale yellow oil 

(2.1692 g, 73%).  1H NMR (400 MHz, CDCl3) δ 0.88 (t, J = 6.9 Hz, 6H), 1.17 – 1.44 (m, 

28H), 2.01 (q, J = 6.5 Hz, 1H), 3.97 (d, J = 7.4 Hz, 2H), 6.42 (d, J = 7.3 Hz, 1H), 7.13 (d, 

J = 7.3 Hz, 1H), 7.54 (dd, J = 8.1, 4.4 Hz, 1H), 7.88 (dd, J = 8.1, 1.7 Hz, 1H), 8.89 (dd, J 

= 4.4, 1.7 Hz, 1H).   

 

 

N-(2-Octyldecyl)picolinamide (2.55) RFF-ORNL-81 

 The requisite amine starting material was synthesized via a Gabriel synthesis.  9-

(Bromomethyl)heptadecane (8.8 mL, 30.0 mmol) and potassium phthalimide (5.9259 g, 

32.0 mmol) were dissolved in 45 mL dry DMF and heated at 90 °C overnight.  The 

reaction mixture was allowed to cool to room temperature and 50 mL water was added.  
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The solution was extracted with Et2O (3x, 300 mL) and the organic phases were 

combined and washed with water (3x 300 mL).  The volatiles were evaporated off under 

reduced pressure and the residue purified on a silica gel plug using hexanes:ethyl acetate 

(4:1) as eluent to give the product as a pale yellow oil.  This product was then dissolved 

in 100 mL MeOH with hydrazine hydrate (4.38 mL, 90.0 mmol), and the solution was 

refluxed overnight.  The solvent was then removed, and the resulting oil was taken up in 

excess CH2Cl2 and washed with 0.1 M KOH and brine (250 mL).  The organic phase was 

dried over Na2SO4 and evaporated to dryness, give the requisite primary amine as a clear 

oil.  This amine (5.2400 g, 19.5 mmol) and methyl picolinate (1.56 mL, 13.0 mmol) were 

dissolved in 100 mL toluene and 3.5 mL glacial acetic acid, and the reaction mixture was 

refluxed overnight.  The volatiles were evaporated off under reduced pressure and the 

residue purified by column chromatography using Hexanes:Ethyl acetate (4:1) as eluent 

to give the product as a pale yellow oil (4.4687 g, 92%).  1H NMR (400 MHz, CDCl3) δ 

0.82 – 0.96 (m, 6H), 1.19 – 1.43 (m, 28H), 1.59 – 1.71 (m, 1H), 3.42 (t, J = 6.1 Hz, 2H), 

7.44 (ddd, J = 7.6, 5.1, 1.2 Hz, 1H), 7.87 (td, J = 7.7, 1.7 Hz, 1H), 8.12 (t, J = 6.1 Hz, 

1H), 8.23 (d, J = 7.8 Hz, 1H), 8.57 (dd, J = 5.0, 1.5 Hz, 1H).  13C NMR (101 MHz, 

CDCl3) δ 14.1, 22.7, 26.7, 29.3, 29.6, 30.0, 31.9, 31.9, 38.1, 42.8, 122.3, 126.0, 137.5, 

147.8, 150.0, 164.1. 

 

 

1-Phenyl-1H-imidazole (3.2) RFFIII-94 

 Compound 3.2 was purified by column chromatography using methylene 

chloride:ethyl acetate (3:1).  The product was isolated as a pale yellow oil (4.4693 g, 
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31%).  1H NMR (300 MHz, CDCl3) δ 7.23 (q, J = 1.0 Hz, 1H), 7.31 (q, J = 1.6 Hz, 1H), 

7.33 – 7.48 (m, 3H), 7.44 – 7.58 (m, 2H), 7.88 (s, 1H). 

 

 

1-(2,6-Diisopropylphenyl)-1H-imidazole (3.3) RFFIII-269 

 Compound 3.3 was purified by column chromatography using methylene 

chloride:ethyl acetate (3:1).  The product was isolated as an off-white solid (0.9735 g, 

43%).  1H NMR (400 MHz, CDCl3) δ 1.10 (d, J = 6.9 Hz, 12H), 2.38 (d, J = 6.7 Hz, 2H), 

6.92 (s, 1H), 7.16 – 7.28 (m, 3H), 7.36 – 7.47 (m, 2H). 

 

 

1-(4-(Tert-butyl)phenyl)-1H-imidazole (3.4) RFFIII-275 

 Compound 3.4 was purified by column chromatography using methylene 

chloride:ethyl acetate (9:1).  The product was isolated as a pale yellow oil (0.6832 g, 

34%).  1H NMR (400 MHz, CDCl3) δ 1.35 (s, 9H), 7.19 (t, J = 1.1 Hz, 1H), 7.26 (d, J = 

1.5 Hz, 1H), 7.29 – 7.34 (m, 2H), 7.45 – 7.52 (m, 2H), 7.82 (t, J = 1.1 Hz, 1H). 

 

 

1-(p-Tolyl)-1H-imidazole (3.5) RFFIII-276 

 Compound 3.5 was purified by column chromatography using methylene 

chloride:ethyl acetate (9:1).  The product was isolated as a pale yellow oil (0.6539 g, 
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41%).  1H NMR (400 MHz, CDCl3) δ 2.39 (s, 3H), 7.18 (t, J = 1.2 Hz, 1H), 7.24 (t, J = 

1.3 Hz, 1H), 7.26 (s, 4H), 7.80 (t, J = 1.2 Hz, 1H). 

 

 

(3aR,4S,7R,7aS)-3a,4,7,7a-Tetrahydro-1H-4,7-methanoisoindole-1,3(2H)-dione (3.6) 

RFFI-287 

(3aR,4S,7R,7aS)-3a,4,7,7a-Tetrahydro-4,7-methanoisobenzofuran-1,3-dione 

(5.7910 g, 35.28 mmol) and urea (4.2374 g, 70.553 mmol) were heated to 145 °C for 4 

hours.  Water (36 mL) was added, and the solution was heated until it turned clear.  The 

clear solution was then allowed to cool, and the resulting pale brown crystals were 

collected by vacuum filtration, and washed with cold water to give 3.6 as a light brown 

solid (4.7608 g, 83%).  m.p. 186 °C; 1H NMR (400 MHz, CDCl3): δ 1.51 (d, J = 8.8, 1H), 

1.74 (dt, J = 8.8, 1.6, 1H),  3.30 (m, 2H),  3.37 (m, 2H),  6.19 (t, J = 1.8, 1H), 8.05 (s, 

1H); 13C {1H} NMR (101 MHz, CDCl3) δ 44.9, 47.3, 52.3, 134.6,  178.3. 

 

 

(3aR,4S,7R,7aS)-2-(6-Bromohexyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoisoindole-

1,3(2H)-dione (3.7) RFFII-144 

Compound 3.6 (0.8078 g, 4.95 mmol), potassium carbonate (6.8416 g, 49.5 

mmol), and 1,6-dibromohexane (12.0774 g, 49.5 mmol) were dissolved in 100 mL dry 

DMF and heated to 50 °C for 6 h..  The volatiles were evaporated off under reduced 
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pressure, and the crude residue was purified by column chromatography using 

hexanes:ethyl acetate (2:1). The product was isolated as a clear colorless oil (1.4312 g, 

83%).  1H NMR (400 MHz, CDCl3): δ 1.21 – 1.30 (m, 2H), 1.37 – 1.48 (m, 4H), 1.53 (dt, 

J = 8.8, 1.6 Hz, 1H), 1.72 (dt, J = 8.8, 1.8 Hz, 1H), 1.82 (dq, J = 8.7, 6.8, 5.8 Hz, 2H), 

3.23 (dd, J = 2.9, 1.5 Hz, 2H), 3.31 (dd, J = 8.0, 6.7 Hz, 2H), 3.34 – 3.45 (m, 2H), 6.08 (t, 

J = 1.9 Hz, 2H). 

General procedure for the synthesis of N-aryl imidazoles: 

Aryl aniline (1 eq.) and glyoxal (40%, 1 eq.) were dissolved in MeOH (2M) and allowed 

to stir at room temperature overnight.  The solution was then diluted with MeOH (0.2 M) 

and NH4Cl (2 equiv.) and formaldehyde (40%, 2 equiv.) were added, and the mixture was 

refluxed for 1 h.  H3PO4 (85%, 3 eq.) was added dropwise to the refluxing mixture over 

10 min., and the reaction was allowed to reflux overnight.  The reaction was allowed to 

cool, and the volatiles were evaporated off under reduced pressure.  Ice was added to the 

crude residue, and a solution of KOH (40%) was added until a pH = 9 was achieved.  

This solution was extracted with Et2O (3x 150 mL), and the organic phases were 

combined and dried over Na2SO4.  The volatiles were evaporated off under reduced 

pressure, and the crude residue was purified by column chromatography to give the 

desired N-aryl imidazole. 

General procedure for the synthesis of norbornene functionalized N-aryl imidazolium 

bromides: 

 3.7 (1 equiv.) and the desired N-aryl imidazole were dissolved in THF (1 M) and 

heated to 90 °C overnight.  The crude residue was purified by column chromatography 

using silica gel previously soaked in 6% NaBr in MeOH.  The desired product was typically 

obtained as the second band off of the column. 

 



 118 

 

3-(6-((3aR,4S,7R,7aS)-1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)hexyl)-1-phenyl-1H-imidazol-3-ium bromide (3.8) RFFII-159 

Compound 3.8 was purified by column chromatography using methylene 

chloride:MeOH (95:5).  The product was isolated as an off-white foam (0.2729 g, 84%).  

1H NMR (400 MHz, CDCl3): δ 1.08 – 1.37 (m, 6H), 1.43 (d, J = 8.9 Hz, 1H), 1.59 (dt, J = 

8.8, 1.7 Hz, 1H), 1.88 (p, J = 7.3 Hz, 2H), 3.09 – 3.26 (m, 6H), 4.47 (t, J = 7.2 Hz, 2H), 

5.95 (t, J = 1.9 Hz, 2H), 7.35 – 7.50 (m, 3H), 7.73 (d, J = 8.0 Hz, 2H), 7.77 (t, J = 1.8 Hz, 

1H), 7.87 (t, J = 1.9 Hz, 1H), 10.77 (d, J = 1.7 Hz, 1H). 

 

 

1-(2,6-Diisopropylphenyl)-3-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-

2H-4,7-methanoisoindol-2-yl)hexyl)-1H-imidazol-3-ium bromide (3.9) RFFIII-290 

Compound 3.9 was purified by column chromatography using methylene 

chloride:MeOH (95:5).  The product was isolated as an off-white foam (0.9110 g, 60%).  

1H NMR (400 MHz, CDCl3): δ 1.12 (d, J = 6.8 Hz, 5H), 1.20 (d, J = 6.8 Hz, 5H), 1.23 – 

1.45 (m, 4H), 1.51 (d, J = 8.7 Hz, 1H), 1.69 (dt, J = 8.8, 1.6 Hz, 1H), 1.96 (p, J = 7.2 Hz, 

2H), 2.25 (hept, J = 6.8 Hz, 2H), 3.23 (dd, J = 2.9, 1.6 Hz, 2H), 3.26 (t, 2H), 3.33 (dq, J = 

3.3, 1.7 Hz, 2H), 4.77 (t, J = 7.1 Hz, 1H), 6.04 (t, J = 1.8 Hz, 3H), 7.19 (t, J = 1.8 Hz, 1H), 

7.27 (d, J = 7.9 Hz, 9H), 7.50 (t, J = 7.8 Hz, 1H), 7.94 (t, J = 1.7 Hz, 1H), 10.43 (t, J = 1.5 
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Hz, 1H); 13C {1H} NMR (101 MHz, CDCl3): δ 24.3, 24.4, 25.3, 26.1, 27.4, 28.7, 30.4, 37.8, 

44.8, 45.7, 50.2, 52.2, 122.9, 124.2, 124.64, 130.1, 131.9, 134.4, 138.4, 145.3, 177.7; 

HRMS (ESI-TOF) m/z: [M]+ Calcd for C30H40N3O2 474.31150; Found 474.31190. 

 

 

1-(4-(Tert-butyl)phenyl)-3-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-

2H-4,7-methanoisoindol-2-yl)hexyl)-1H-imidazol-3-ium bromide (3.10) RFFIII-298 

Compound 3.10 was purified by column chromatography using methylene 

chloride:MeOH (95:5).  The product was isolated as a clear tacky solid (0.6506 g, 59%).  

1H NMR (400 MHz, CDCl3) δ 1.49-1.28 (m, 15H), 1.52 (d, J=8.8 Hz, 1H), 1.71 (dt, J=8.7, 

1.6 Hz, 1H), 1.98 (p, J=7.4 Hz, 2H), 7.54 (t, J=1.7 Hz, 1H), 7.46 (t, J=1.7 Hz, 1H), 6.06 (t, 

J=1.8 Hz, 2H), 4.61 (t, J=7.2 Hz, 1H), 3.33 (dq, J=3.3, 1.7 Hz, 2H), 3.31-3.24 (m, 4H), 

7.58 (dt, J=8.8, 2.4 Hz, 2H), 7.70 (dt, J=8.8, 2.4 Hz, 2H), 11.22 (s, 1H); 13C NMR (101 

MHz, CDCl3) δ 25.2, 25.9, 27.2, 30.0, 31.0, 34.7, 37.7, 44.7, 45.6, 50.0, 52.1, 120.9, 121.2,  

123.3, 127.2, 131.9, 134.2, 135.1, 153.4, 177.7; HRMS (ESI-TOF) m/z: [M]+ Calcd for 

C28H36N3O2 446.28020; Found 446.28090. 
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3-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)hexyl)-1-(p-tolyl)-1H-imidazol-3-ium bromide (3.11) RFFIII-299 

Compound 3.11 was purified by column chromatography using methylene 

chloride:MeOH (95:5).  The product was isolated as a clear tacky solid (0.8233 g, 70%).  

1H NMR (400 MHz, CDCl3): δ 1.24-1.00 (m, 6H), 1.32 (d, J, 8.7 Hz, 1H), 1.46 (dt, J = 8.8, 

1.5 Hz, 1H), 1.76 (p, J = 7.4 Hz, 2H), 2.15 (s, 3H), 3.10-2.99 (m, 6H), 4.32 (t, J = 7.2 Hz, 

2H), 5.82 (t, J = 1.8 Hz, 2H), 7.09 (d, J = 8.2 Hz, 2H), 7.47 (d, J = 8.5 Hz, 2H), 7.71 (t, J 

= 1.8 Hz, 1H), 7.74 (t, J = 1.9 Hz, 1H), 10.38 (s, 1H); 13C NMR (101 MHz, CDCl3) δ 21.0, 

25.2, 25.8, 27.1, 29.9, 37.7, 44.6, 45.5, 49.9, 52.0, 120.9, 121.4, 123.4, 130.7, 132.0, 134.4, 

134.9, 140.1, 177.7; HRMS (ESI-TOF) m/z: [M]+ Calcd for C25H30N3O2 404.23330; Found 

404.23350. 
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Bis(1-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)hexyl)-3-phenyl-2,3-dihydro-1H-imidazol-2-yl)silver(I) 

dibromoargenate(I) (3.12) RFFII-197 

Compound 3.8 (0.1000 g, .213 mmol) and silver(I) oxide (0.0246 g, 0.106 mmol) 

were dissolved in 2 mL methylene chloride.  The reaction vessel was covered with foil and 

the reaction was allowed to stir at room temperature overnight.  The reaction mixture was 

filtered and the volatiles were evaporated under reduced pressure, giving 3.12 as an off-

white solid; complete conversion inferred from the disappearance of the C2 proton at ca. 9 

ppm in the 1H NMR spectrum (0.0794 g, 59%).  1H NMR (400 MHz, CDCl3): δ 1.23 – 

1.37 (m, 4H), 1.36 – 1.48 (m, 2H), 1.54 (dt, J = 8.8, 1.5 Hz, 1H), 1.69 (dt, J = 8.7, 1.8 Hz, 

1H), 1.84 (p, J = 7.3 Hz, 2H), 3.24 (dd, J = 3.0, 1.6 Hz, 2H), 3.28 (dd, J = 8.0, 6.7 Hz, 2H), 

3.33 (dp, J = 3.4, 1.7 Hz, 2H), 6.07 (t, J = 1.9 Hz, 2H), 7.24 (d, J = 1.8 Hz, 1H), 7.35 (d, J 

= 1.9 Hz, 1H), 7.46 – 7.65 (m, 5H). 

General procedure for the synthesis of norbornene functionalized N-aryl imidazolium 

hexafluorophosphates: 

The desired imidazolium bromide (1 equiv.) and potassium hexafluorophosphate (50 

equiv.) were dissolved in methylene chloride (0.035 M) and stirred at room temperature 

overnight.  The reaction mixture was filtered, washed with excess water, and the organic 
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phase was dried over Na2SO4.  The volatiles were evaporated off under reduced pressure 

to give the desired hexafluorophosphate salt.  Salt metathesis was inferred from an 19F 

NMR spectroscopic analysis. 

 

 

3-(6-((3aR,4S,7R,7aS)-1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)hexyl)-1-phenyl-1H-imidazol-3-ium hexafluorophosphate (3.13) RFFII-170 

Compound 3.13 was isolated as a white foam (1.1413 g, 99%). 1H NMR (400 MHz, 

CDCl3): δ 1.20 – 1.49 (m, 6H), 1.49 – 1.57 (m, 1H), 1.71 (dt, J = 8.8, 1.7 Hz, 1H), 1.90 (p, 

J = 7.5 Hz, 2H), 3.22 – 3.31 (m, 4H), 3.33 (dq, J = 3.3, 1.7 Hz, 2H), 4.27 (t, J = 7.4 Hz, 

2H), 6.06 (t, J = 1.9 Hz, 2H), 7.49 (t, J = 1.8 Hz, 1H), 7.51 – 7.62 (m, 6H), 8.92 (t, J = 1.7 

Hz, 1H). 

 

 

1-(2,6-Diisopropylphenyl)-3-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-

2H-4,7-methanoisoindol-2-yl)hexyl)-1H-imidazol-3-ium hexafluorophosphate (3.14) 

RFFIV-1 

Compound 3.14 was isolated as a white foam (0.5843 g, 86%).  1H NMR (400 MHz, 

CDCl3): δ 1.05 (d, J = 6.8 Hz, 12H), 1.12 – 1.37 (m, 6H), 1.44 (d, J = 8.7 Hz, 1H), 1.59 (d, 

J = 7.4 Hz, 1H), 1.83 (p, J = 7.3 Hz, 2H), 2.16 (hept, J = 6.7 Hz, 2H), 3.14 – 3.24 (m, 6H), 
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4.26 (t, J = 7.2 Hz, 2H), 5.95 (t, J = 1.8 Hz, 2H), 7.19 – 7.25 (m, 3H), 7.45 (t, J = 7.8 Hz, 

1H), 7.61 (t, J = 1.7 Hz, 1H), 8.56 (t, J = 1.4 Hz, 1H); 13C {1H} NMR (101 MHz, CDCl3): 

δ 23.9, 24.0, 25.2, 25.8, 27.3, 28.5, 29.9, 37.7, 44.7, 45.6, 50.2, 52.1, 53.6, 123.2, 124.5, 

125.1, 129.9, 131.9, 134.3, 136.2, 145.3, 177.8; 19F NMR (376 MHz, CDCl3): δ -72.08 (d, 

J = 712.7 Hz); HRMS (ESI-TOF) m/z: [M]+ Calcd for C30H40N3O2 474.31205; Found 

474.31190. 

 

 

3-(4-(Tert-butyl)phenyl)-1-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-

2H-4,7-methanoisoindol-2-yl)hexyl)-1H-imidazol-3-ium hexafluorophosphate (3.15) 

RFFIII-292 

3.15 was isolated as a clear tacky solid (0.5639 g, 77%).  1H NMR (400 MHz, 

CDCl3): δ 1.15 – 1.40 (m, 5H), 1.46 (d, J = 8.6 Hz, 0H), 1.61 (d, J = 8.7 Hz, 0H), 1.86 (p, 

J = 7.5 Hz, 1H), 3.12 – 3.24 (m, 26H), 4.24 (t, J = 7.3 Hz, 1H), 7.44 – 7.52 (m, 1H); 13C 

{1H} NMR (101 MHz, CDCl3): δ 25.2, 25.8, 27.2, 29.7, 31.1, 34.9, 37.7, 44.7, 45.6, 50.2, 

52.1, 121.6, 121.6, 123.3, 127.4, 132.0, 133.5, 134.3, 153.9, 177.9; 19F NMR (376 MHz, 

CDCl3): δ -71.93 (d, J=712.7 Hz); HRMS (ESI-TOF) m/z: [M]+ Calcd for C28H36N3O2 

446.28020; Found 46.28040. 
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3-(6-((3aR,4S,7R,7aS)-1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-2-

yl)hexyl)-1-(p-tolyl)-1H-imidazol-3-ium hexafluorophosphate (3.16) RFFIII-293 

Compound 3.16 was isolated as a clear tacky solid (0.730 g, 79%).  1H NMR (400 

MHz, CDCl3): δ 1.15 – 1.43 (m, 2H), 1.48 (d, J = 8.7 Hz, 1H), 1.64 (d, J = 8.7 Hz, 1H), 

1.85 (p, J = 7.6 Hz, 2H), 3.16 – 3.28 (m, 3H), 4.21 (t, J = 7.4 Hz, 1H), 6.00 (t, J = 1.7 Hz, 

2H), 7.28 (d, J = 8.3 Hz, 1H), 7.41 (d, J = 8.5 Hz, 1H), 7.50 (t, J = 1.8 Hz, 1H), 7.59 (t, J 

= 1.8 Hz, 1H), 8.83 (t, J = 1.4 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 21.0, 25.3, 25.8, 

27.22, 29.7, 37.7, 44.8, 45.6, 50.2, 52.2, 121.54, 121.8, 123.2, 130.9, 132.1, 133.5, 134.3, 

140.8, 177.9; 19F NMR (376 MHz, CDCl3) δ -71.94 (d, J=712.7 Hz); HRMS (ESI-TOF) 

m/z: [M]+ Calcd for C25H30N3O2 404.23330; Found 404.23370. 

General procedure for the synthesis of silver (I) complexes with norbornene functionalized 

N-aryl imidazolium hexafluorophosphates: 

 The hexafluorophosphate salt (1 equiv.) and silver(I) oxide (2 equiv.) were 

dissolved in MeCN (0.04 M) and 1 M NaOH (10 eq.).  The reaction vessel was covered 

with foil and the reaction was allowed to stir at room temperature overnight.  The reaction 

mixture was filtered and the volatiles were evaporated under reduced pressure giving the 

desired product.  Complete conversion was inferred from the disappearance of the C2 

proton at ca. 9 ppm in the 1H NMR spectrum. 
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(1-(4-(Tert-butyl)phenyl)-3-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-

2H-4,7-methanoisoindol-2-yl)hexyl)-2,3-dihydro-1H-imidazol-2-yl)silver(I) 

hexafluorophosphate (3.17) RFFIII-295 

Compound 3.17 was isolated as an off-white solid (0.1113 g, 63%).  1H NMR (400 

MHz, CDCl3): δ 1.15 – 1.41 (m, 3H), 1.52 (d, J = 8.8 Hz, 0H), 1.69 (dt, J = 8.8, 1.7 Hz, 

0H), 3.20 – 3.26 (m, 1H), 3.33 (dq, J = 3.5, 1.7 Hz, 1H), 4.02 (t, J = 7.0 Hz, 1H), 6.02 (t, J 

= 1.8 Hz, 1H), 7.24 – 7.29 (m, 1H), 7.38 (d, J = 8.7 Hz, 0H), 7.44 (d, J = 8.8 Hz, 1H); 13C 

{1H} NMR (101 MHz, CDCl3): δ 25.9, 26.3, 27.4, 31.3, 34.8, 37.9, 44.8, 45.7, 52.1, 52.2, 

53.5, 122.1, 123.5, 123.7, 126.7, 134.4, 137.5, 152.3, 177.7.  Carbene carbon missing; 19F 

NMR (376 MHz, CDCl3) δ -73.27 (d, J = 712.7 Hz); HRMS (ESI-TOF) m/z: [M]+ Calcd 

for C28H35AgN3O2 552.17750; Found 552.17720. 

 

 

(1-(6-((3aR,4S,7R,7aS)-1,3-Dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-methanoisoindol-

2-yl)hexyl)-3-(p-tolyl)-2,3-dihydro-1H-imidazol-2-yl)silver(I) hexafluorophosphate 

(3.18) RFFIII-296 

Compound 3.18 was isolated as an off-white solid (0.0984 g, 61%).  1H NMR (400 

MHz, CDCl3): δ 1.14 – 1.26 (m, 4H), 1.31 – 1.40 (m, 2H), 1.52 (dt, J = 8.9, 1.5 Hz, 1H), 

1.64 – 1.77 (m, 3H), 2.38 (s, 3H), 3.18 – 3.27 (m, 4H), 3.32 (m, 2H), 4.00 (t, J = 7.2 Hz, 
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2H), 6.02 (t, J = 1.9 Hz, 2H), 7.12 – 7.44 (m, 6H); 13C {1H} NMR (101 MHz, CDCl3) δ 

21.1, 25.9, 26.3, 27.4, 31.2, 37.9, 44.8, 45.7, 52.2, 53.4, 122.2, 124.0, 130.2, 134.4, 137.5, 

139.1, 177.7.  Carbene carbon missing; 19F NMR (376 MHz, CDCl3) δ -73.21 (d, J = 712.6 

Hz); HRMS (ESI-TOF) m/z: [M]+ Calcd for C25H29AgN3O2 510.13050; Found 510.13060. 

 

 

Bis(1-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-hexahydro-2H-4,7-

methanoisoindol-2-yl)hexyl)-3-phenyl-2,3-dihydro-1H-imidazol-2-yl)silver(I) 

hexafluorophosphate (3.19) RFFII-204 

 Compound 3.19 was isolated as an off-white solid (0.0272 g, 92%).  1H NMR (400 

MHz, CDCl3): δ 1.23 – 1.37 (m, 4H), 1.36 – 1.48 (m, 2H), 1.54 (dt, J = 8.8, 1.5 Hz, 1H), 

1.69 (dt, J = 8.7, 1.8 Hz, 1H), 1.84 (p, J = 7.3 Hz, 2H), 3.24 (dd, J = 3.0, 1.6 Hz, 2H), 3.28 

(dd, J = 8.0, 6.7 Hz, 2H), 3.33 (dp, J = 3.4, 1.7 Hz, 2H), 6.07 (t, J = 1.9 Hz, 2H), 7.24 (d, 

J = 1.8 Hz, 1H), 7.35 (d, J = 1.9 Hz, 1H), 7.46 – 7.65 (m, 5H). 
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Bis(1-(2,6-diisopropylphenyl)-3-(6-((3aR,4S,7R,7aS)-1,3-dioxo-1,3,3a,4,7,7a-

hexahydro-2H-4,7-methanoisoindol-2-yl)hexyl)-2,3-dihydro-1H-imidazol-2-

yl)silver(I) hexafluorophosphate (3.20) RFFIII-289 

Compound 3.20 was isolated as an off-white solid (0.0760 g, 65%).  1H NMR (400 

MHz, CDCl3): δ 1.05 (d, J = 6.8 Hz, 12H), 1.12 – 1.37 (m, 6H), 1.44 (d, J = 8.7 Hz, 1H), 

1.59 (d, J = 7.4 Hz, 1H), 1.83 (p, J = 7.3 Hz, 2H), 2.16 (hept, J = 6.7 Hz, 2H), 3.14 – 3.24 

(m, 6H), 4.26 (t, J = 7.2 Hz, 2H), 5.95 (t, J = 1.8 Hz, 2H), 7.19 – 7.25 (m, 3H), 7.45 (t, J = 

7.8 Hz, 1H), 7.61 (t, J = 1.7 Hz, 1H), 8.56 (t, J = 1.4 Hz, 1H); 13C {1H} NMR (101 MHz, 

CDCl3): δ 23.9, 24.0, 25.2, 25.8, 27.3, 28.5, 29.9, 37.7, 44.7, 45.6, 50.2, 52.1, 53.6, 123.2, 

124.5, 125.1, 129.9, 131.9, 134.3, 136.2, 145.3, 177.8.  Carbene carbon missing; 19F NMR 

(376 MHz, CDCl3): δ -72.08 (d, J = 712.7 Hz); HRMS (ESI-TOF) m/z: [M]+ Calcd for 

C30H40N3O2 474.31205; Found 474.31190. 

CRYSTALLOGRAPHIC DATA 

Table 4.1: Crystal data and structure refinement for 1.5 complexed with Cu(II) 

 

Empirical formula  C44 H52 Cu N6 O12 

Formula weight  920.45 

Temperature  100(2) K 
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Wavelength  1.54184 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 11.3467(4) Å α= 90°. 

 b = 32.3727(12) Å β= 108.319(4)°. 

 c = 13.0107(4) Å γ= 90°. 

Volume 4536.9(3) Å3 

Z 4 

Density (calculated) 1.348 Mg/m3 

Absorption coefficient 1.247 mm-1 

F(000) 1932 

Crystal size 0.4422 x 0.0824 x 0.0333 mm3 

Theta range for data collection 2.730 to 66.597°. 

Index ranges -13<=h<=13, -25<=k<=38, -15<=l<=14 

Reflections collected 16212 

Independent reflections 7966 [R(int) = 0.0538] 

Completeness to theta = 66.597° 99.2 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.77692 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7966 / 7 / 587 

Goodness-of-fit on F2 1.010 

Final R indices [I>2sigma(I)] R1 = 0.0491, wR2 = 0.1025 

R indices (all data) R1 = 0.0792, wR2 = 0.1165 

Extinction coefficient n/a 

Largest diff. peak and hole 0.314 and -0.571 e.Å-3 

CCDC number 1570007 
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Table 4.2: Crystal data and structure refinement for 1.5 complexed with Ni(II) 

 

Identification code  shelx 

Empirical formula  C88 H104 N12 Ni2 O24 

Formula weight  1831.25 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 9.7941(3) Å α = 89.839(2)°. 

 b = 18.0616(5) Å β = 86.549(2)°. 

 c = 25.9141(5) Å γ = 81.820(3)°. 

Volume 4529.2(2) Å3 

Z 2 

Density (calculated) 1.343 Mg/m3 

Absorption coefficient 1.187 mm-1 

F(000) 1928 

Crystal size 0.189 x 0.060 x 0.022 mm3 

Theta range for data collection 2.471 to 66.595°. 

Index ranges -11<=h<=11, -21<=k<=21, -30<=l<=30 

Reflections collected 63893 

Independent reflections 15980 [R(int) = 0.0759] 

Completeness to theta = 66.595° 99.8 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.718 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 15980 / 65 / 1171 

Goodness-of-fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 = 0.0497, wR2 = 0.1057 

R indices (all data) R1 = 0.0822, wR2 = 0.1195 

Extinction coefficient n/a 

Largest diff. peak and hole 0.461 and -0.382 e.Å-3 

CCDC Number 1570287 
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Table 4.3: Crystal data and structure refinement for 1.5 complexed with Zn(II) 

 

Identification code  shelx 

Empirical formula  C110 H129 N15 O29 Zn2 

Formula weight  2256.01 

Temperature  100(2) K 

Wavelength  1.54184 Å 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 13.8159(3) Å α= 73.471(2)°. 

 b = 18.9784(5) Å β= 89.547(2)°. 

 c = 23.4074(5) Å γ = 69.612(2)°. 

Volume 5486.8(2) Å3 

Z 2 

Density (calculated) 1.366 Mg/m3 

Absorption coefficient 1.238 mm-1 

F(000) 2372 

Crystal size 0.326 x 0.110 x 0.027 mm3 

Theta range for data collection 2.604 to 66.601°. 

Index ranges -16<=h<=16, -21<=k<=22, -27<=l<=27 

Reflections collected 50631 

Independent reflections 18905 [R(int) = 0.0459] 

Completeness to theta = 66.601° 97.4 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.589 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 18905 / 376 / 1488 

Goodness-of-fit on F2 1.019 

Final R indices [I>2sigma(I)] R1 = 0.0396, wR2 = 0.0918 

R indices (all data) R1 = 0.0536, wR2 = 0.0998 

Extinction coefficient n/a 

Largest diff. peak and hole 0.675 and -0.401 e.Å-3 

CCDC Number 1570856 
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Table 4.4: Crystal data and structure refinement for 1.5 complexed with Pb(II) 

 

Empirical formula  C44 H56 N6 O14 Pb 

Formula weight  1100.13 

Temperature  123(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 26.065(2) Å α= 90°. 

 b = 10.5416(8) Å β= 94.018(2)°. 

 c = 16.2407(12) Å γ = 90°. 

Volume 4451.5(6) Å3 

Z 4 

Density (calculated) 1.642 Mg/m3 

Absorption coefficient 3.865 mm-1 

F(000) 2224 

Crystal size 0.320 x 0.160 x 0.100 mm3 

Theta range for data collection 2.406 to 29.708°. 

Index ranges -36<=h<=36, -14<=k<=14, -22<=l<=22 

Reflections collected 31399 

Independent reflections 6273 [R(int) = 0.0833] 

Completeness to theta = 25.242° 99.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.743 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6273 / 0 / 314 

Goodness-of-fit on F2 1.029 

Final R indices [I>2sigma(I)] R1 = 0.0337, wR2 = 0.0809 

R indices (all data) R1 = 0.0379, wR2 = 0.0824 

Extinction coefficient n/a 

Largest diff. peak and hole 2.133 and -1.902 e.Å-3 

CCDC number 1570082 
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Table 4.5: Crystal data and structure refinement for 3.8 

 

Empirical formula  C24 H28 Br N3 O2 

Formula weight  470.40 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  monoclinic 

Space group  I 2/a 

  Unit cell dimensions a = 20.7033(11) Å α= 90°. 

 b = 10.2870(6) Å β= 106.432(3)°. 

 c = 21.5102(19) Å γ = 90°. 

Volume 4394.0(5) Å3 

Z 8 

Density (calculated) 1.422 Mg/m3 

Absorption coefficient 1.897 mm-1 

F(000) 1952 

Crystal size 0.800 x 0.360 x 0.180 mm3 

Theta range for data collection 1.974 to 24.997°. 

Index ranges -24<=h<=24, -12<=k<=12, -25<=l<=25 

Reflections collected 99673 

Independent reflections 3871 [R(int) = 0.1317] 

Completeness to theta = 24.997° 100.0 %  

Absorption correction Numerical 

Max. and min. transmission 1.00 and 0.466 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3871 / 308 / 298 

Goodness-of-fit on F2 1.028 

Final R indices [I>2sigma(I)] R1 = 0.0443, wR2 = 0.0833 

R indices (all data) R1 = 0.0734, wR2 = 0.0954 

Extinction coefficient 0.00056(8) 

Largest diff. peak and hole 0.649 and -0.393 e.Å-3 
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Table 4.6: Crystal data and structure refinement for 3.19 

 

Empirical formula  C24 H27 Ag0.50 F3 N3 O2 P0.50 

Formula weight  515.90 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 18.6622(16) Å α= 90°. 

 b = 11.3451(9) Å β= 91.035(6)°. 

 c = 21.1959(14) Å γ = 90°. 

Volume 4487.0(6) Å3 

Z 8 

Density (calculated) 1.527 Mg/m3 

Absorption coefficient 0.563 mm-1 

F(000) 2128 

Crystal size 0.486 x 0.385 x 0.282 mm3 

Theta range for data collection 1.922 to 25.026°. 

Index ranges -21<=h<=22, -13<=k<=13, -25<=l<=25 

Reflections collected 18532 

Independent reflections 3949 [R(int) = 0.0628] 

Completeness to theta = 25.026° 99.9 %  

Absorption correction Numerical 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3949 / 18 / 300 

Goodness-of-fit on F2 1.041 

Final R indices [I>2sigma(I)] R1 = 0.0552, wR2 = 0.1352 

R indices (all data) R1 = 0.0777, wR2 = 0.1486 

Extinction coefficient n/a 

Largest diff. peak and hole 1.591 and -1.449 e.Å-3 
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