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The prospective increase of global nuclear power utilization requires a significant 

modification of nuclear waste management to help overcome related environmental, 

economic, and political challenges.  The collaborative effort with Argonne National 

Laboratory has led to the development of reagents with the ability to selectively bind 

lanthanides and actinides in conditions simulating nuclear waste solutions, and could 

contribute to the advancement of the nuclear fuel and waste reprocessing strategies.  The 

focus has been placed on the fundamental chemistry of metal-ligand interactions both in 

the solid state complexes and in solution.  The study of these complexes assisted in the 

design of improved systems for metal separation.  A sequence of tripodal chelates bearing 

a variety of binding moieties, diglycolamide (DGA), thiodiglycolamide (TDGA), 

carbamoylmethylphosphine oxide (CMPO), carbamoylmethylphosphine sulfide (CMPS) 

and pyridine N-oxide (PyNO), precisely arranged on a C3-symmetric triphenoxymethane 

molecular platform were synthesized.  The impact of structural modifications of these 
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ligands on their affinity for f-element ions in 1 M nitric acid extraction system has been 

evaluated.   

The preorganization of three diglycolamide binding units on the triphenoxymethane 

scaffold resulted in significant enhancement of the extraction efficiency and selectivity 

within trivalent lanthanide ions series.  Additionally, the tris-diglycolamide chelate has 

been recognized as the first single, purely oxygen based donor capable of fully satisfying 

the tricapped trigonal prismatic geometry favored by nine coordinated lanthanides.  The 

CMPO-based ligand has shown an excellent binding efficiency and a remarkable 

selectivity for tetravalent actinides.  The structural modifications of this chelate system 

led to the development of one of the most efficient plutonophiles.  Experiments with 

CMPS, TDGA and PyNO compounds provided valuable information about the 

coordination preferences of the tested cations in the solid state complexes and in solution. 

The synthetic development and characterization of tripodal chelates and their metal 

complexes are presented herein.  The impact of the structural derivatization of ligands on 

lanthanide and actinide ion extraction and separation is also discussed along with its 

implication towards potential applications in waste reprocessing. 
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CHAPTER 1 
INTRODUCTION 

According to the World Nuclear Association there are 441 nuclear power reactors 

currently operating in 31 countries, generating over 368 gigawatts of electrical energy 

worldwide.1,2  The United States alone houses 103 reactors that produce approximately 

20% of total electricity.  The International Energy Outlook projects a 57% increase in the 

world energy consumptions over the 2002 to 2024 time period.3  The most significant 

energy demand increase is expected to arise among the emerging economies of Asia, in 

particular China and India, as well as economies of Eastern Europe and the former Soviet 

Union.  Considering that the renewable sources of energy (biomass, solar, wind) alone 

cannot produce enough energy to sustain global development, the nuclear power 

expansion appears to be economically and environmentally reasonable alternative to the 

fossil fuel energy.  The expansion of the nuclear power would significantly reduce the 

greenhouse gas emissions like carbon dioxide, sulphur dioxide and nitrogen oxides 

generated from fossil fuel combustion (coal, oil and natural gas), and ultimately reduce 

the problematic air pollution.  Moreover, nuclear energy could be efficiently used to 

produce large quantities of hydrogen gas, a potential major energy carrier that is clean 

and environmentally friendly.  Contrary to public opinion, the radiological hazard of 

nuclear waste can be reduced, and the efficiency of nuclear power plants can be further 

improved through the recycling of the spent nuclear fuel.  Currently, the potential threat 

of nuclear weapon proliferation and expensive reprocessing technologies prevent the 
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United States nuclear industry from waste reprocessing.  In order to extend the 

exploitation of nuclear power, waste treatment is inevitable. 

1.1 Benefits of Nuclear Fuel Reprocessing 

In a typical light water reactor, the operational life-span of a fuel rods is only three 

years, and since they still contain approximately 96% of their original energy potential, 

the recycling of fuel rods offers both significant economic and environmental impacts.4  

In the US, spent fuel rods currently remain in storage at the reactor site, awaiting eventual 

transport for disposal at a government repository.  Protracted litigation, however, may 

keep the Yucca Mountain Repository closed for many years to come.5  The partitioning 

of radioactive waste followed by the transmutation of problematic long-lived radionuclei 

would reduce uncertainties related to the long-term waste storage (several hundred 

thousand years) in the geological repositories. 

 
 

Figure 1-1.  Nuclear fuel cycle. 
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After removal from a reactor, a spent fuel rod contains mainly a mixture of 235U 

and 238U along with small amount of 239Pu intermixed with radioactive and non-

radioactive fission products.  An efficient spent fuel reprocessing protocol would involve 

the recovery of these two major components (U and P), followed by the separation of 

long-lived transplutonium radionuclides from other relatively innocuous elements.  

Uranium and plutonium can be reused as a fuel, while the long-lived actinides could 

further be transmuted by neutron bombardment into short-lived and non-radioactive 

elements, decreasing long-term radiotoxicity of waste and practically eliminating the 

waste disposal problem.  Unfortunately, the transmutation of actinides would be impeded 

by even small amounts of lanthanide ions, and a very efficient protocol for their 

separation must be developed for this process to work. 

1.2 Liquid-Liquid Extraction Partitioning Processes: an Overview 

Nuclear waste reprocessing begins with the dissolution of used fuel rods or waste in 

concentrated nitric acid.  To date, the most successful technique used for the partitioning 

of nuclear waste components is the liquid-liquid extraction separation, which 

predominately employs organophosphorus extractants.  Industrial uranium and plutonium 

recovery utilizes neutral monodentate tri-n-butyl phosphate [TBP] in the PUREX 

(Plutonium/URanium EXtraction) process.6,7  Other popular organophosphorus 

compounds like bidentate CMPO [octyl(phenyl)-N,N-diisobutylcarbamoyl 

methylphosphine oxide] and DHDECMP [dihexyl-N,N-diethylcarbamoylmethylene 

phosphonate]8 have also been widely studied as chelating agents for both actinides and 

lanthanides.   
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Figure 1-2.  Common pathways in spent fuel reprocessing. 

The extraction power of CMPO and TBP, originally studied by Horwitz and 

coworkers, has found application in the commercially operating TRUEX (TRansUranium 

elements EXtraction) process9-11 for the removal of both lanthanide and actinide ions 

from high level liquid waste generated during PUREX reprocessing.12-14 
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Figure 1-3.  Popular neutral organophosphorus extractants. 
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The demand to fully accomplish environmental mission of the waste treatment has 

driven the development of purely C, H, N, and O based extractants that would not 

generate secondary waste after final incineration.  Significant attention has been focused 

on diamide based extractants15-22 in particular N,N’-dimethyl-N,N’-dibutyl tetradecyl 

malonamide (DMDBTDMA).  Based on DMDBTDMA and later N,N’-dimethyl-N,N’-

dioctyl hexyloxyethyl malonamide (DMDOHEMA) the DIAMEX (DIAMide Extraction) 

process has been developed and strongly promoted in France as an environmentally 

friendly alternative to TRUEX.23-25 

O

N

ON ON

O

N
O

DMDBTDMA DMDOHEMA  
 
Figure 1-4.  Fully incinerable extractants. 

None of these hard-donor oxygen based extraction systems, offer a solution to the 

most problematic partitioning of trivalent actinides from the chemically similar 

lanthanides.  Interestingly, some potential for minor actinides separation has been 

presented by soft-donor ligands employed in the SANEX (Selective ActiNide Extraction) 

process.  The SANEX procedure uses either acidic sulfur bearing or neutral nitrogen 

based extractants.  The most promising separation has been achieved by bis(2,4,4-

trimethylpentyl)dithiophosphinic acid known as Cyanex-301 (Figure 1-5).26-28  

Nevertheless, the commercial application of this extraction system has been limited by 

low radiation stability, sulfur and phosphorus containing degradation products and the 

necessity to adjust the pH to 3-5.  To partially overcome the problematic pH adjustment, 

a modified solvent mixture of bis(chlorophenyl)dithiophosphinic acid and the hard donor 
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tri-n-octyl-phosphine oxide (TOPO) extractant has been used in the German process 

ALINA,29 but the radiological stability and secondary waste generation problems remain. 

P
SH

S

P
SH

S
P

O

Cl

Cl

Cyanex-301   Modified
Cyanex-301 TOPO

 
 
Figure 1-5.  SANEX extractants. 

In the second variant of the SANEX concept, either bis-5,6-substituted-bis-

triazinyl-1,2,4-pyridines (BTPs, R1, R2 = H or alkyl group)30,31 or a synergistic mixture of 

2-(3,5,5-trimethylhexanoylamino)-4,6-di-(pyridine-2-yl)-1,3,5-triazine (TMAHDPTZ)32, 

and octanoic acid are used (Figure 1-6).  Hydrolytic instability of BTPs and, as in the 

case of S-bearing compounds, the necessity of some pH adjustment for TMAHDPTZ 

along with solubility issue, significantly limits the potential applications of the N-based 

extraction system in the separation of trivalent lanthanides (Ln) and actinides (An). 

N N

N
N N

NH

O

N
N

N
N

N

N
N

R1 R1

R1R1

R2

        BTPs
R1, R2 = H, alkyl TMAHDPTZ

 
 
Figure 1-6.  SANEX nitrogen based extractants. 

An alternative to the SANEX extraction system is the TALSPEAK process 

(Trivalent Actinide/Lanthanide Separation by Phosphorus reagent Extraction of Aqueous 

Komplexes) based on selective stripping of An(III) from a mixture of trivalent Ln and An 

bound by diethylhexylphosphoric acid (HDEHP), with a aqueous solution of 
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diethylenetriaminopentaacetic (DTPA) and hydroxocarboxylic acids (lactic, glycolic or 

citric).33,34  Although the process is relatively efficient, TALSPEAK suffers from 

common drawbacks, namely the necessity of the pH adjustment, limited solvent loading 

with metal ions and secondary phosphorus waste generation.35 
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Figure 1-7.  TALSPEAK extractants. 

After years of intensive research An(III)/Ln(III) separation remains one of the key 

problems facing the partitioning and transmutation of nuclear waste management.  

Hopefully, the development of new or the improvement of historically proven 

technologies will help raise public awareness and acceptability of nuclear power as the 

most viable energy source to sustain global development without significant 

environmental consequences. 

1.3 Characteristics of Trivalent Lanthanides and Actinides Valuable for Separation 

The chemical properties of lanthanides and actinide are very similar.  Historically, 

the close relationship between these two groups of elements helped predict the properties 

of the transplutonium elements, which later resulted in their synthesis and isolation.  

From a waste reprocessing perspective, however, such similarities are disadvantageous.  

The identical oxidation states of trivalent actinides and lanthanides and an approximately 

equal ionic radii, make the separation particularly difficult.  Both trivalent lanthanides 

and actinides are hard acids and form complexes preferentially with hard bases through 

strong ionic interactions.  Careful examination of their electronic structures and binding 
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with less compatible soft bases revealed small but important differences between these 

two groups of cations.36  

One of the major differences between lanthanides and actinides is the exceptional 

stability of the lanthanides’ trivalent oxidation state.36  This stability can be attributed to 

the effective shielding of the 4f orbitals provided by the outer 6s and 5d orbitals.  Across 

the lanthanides series electrons successively populate the 4f orbitals.  The radii of the 

outer 6s and 5d orbitals are significantly bigger than the average radius of the 4f orbital, 

which effectively shields the f electrons and stabilizes the third oxidation state.37  In the 

case of actinides, more spatially extended 5f orbitals are no longer effectively shielded by 

the outer 7s and 6d orbitals, which results in the decreased stability of the trivalent state.  

The later actinides (transplutonium elements), however, show somewhat higher stability 

of the third oxidation state with respect to the early members of the group.  This effect 

originates from slightly more pronounced decrease of the 5f orbital radius with respect to 

the size of 7s and 6d orbitals as the elements become heavier.  This provides some 

shielding of f orbitals, although it is not as effective as in the case of 4f orbitals of 

lanthanides.36,38 

The separation between the lanthanide and actinide group can be well represented 

by the partition of one isoelectronic pair of lanthanide and actinide ions, for instance 

americium and europium.  This representation is fairly accurate since the extent of 

separation between these two groups depends mostly on the character and strength of the 

interaction between the metal ion and ligand and not on the contraction of the ionic radii. 

1.4 Actinides Binding Controversy 

The interaction between the trivalent f-element cations and hard bases are ionic 

(electrostatic) in nature.  The lack of bonding orbital overlap constrains results in a wide 
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range of coordination numbers and geometries that are controlled by the electronic and 

steric dynamics of the complex.36,39  In the 1950s, the concept of a small degree of 

covalency in the f-element interactions with soft bases was proposed.40  The origin of 

such phenomenon has become a subject of controversy ever since. 

The trivalent An/Ln separation studies revealed that these ions can be separated by 

a preferential elution of An from a cation exchange resin column using concentrated 

hydrochloric acid.40  This phenomenon was attributed to the small degree of covalent 

interactions between the actinide ion and chloride which was explained by the 

participation of the 5f orbital in the binding.  Also, a smaller energy difference between 

the 5f and 6d orbitals of actinides with respect to the 4f and 5d orbitals of lanthanides 

helped elucidate the greater sensitivity of actinides to their chemical environment.36,40  

The effective shielding of the 4f orbital by the 6s and 5d orbitals and the energetic 

mismatch among orbitals results in the weaker interactions between Ln(III) and the 

ligands.  According to the later literature analysis, however, this undeniable small 

covalent contribution reflected by stronger complexation of trivalent actinides with soft 

donor ligands involves more likely the 7s and/or 6d orbitals rather than 5f, which is also 

consistent with the flexible metal coordination due to the spherical character of the s 

orbital.37 

1.5 The Basics of Liquid - Liquid Extraction Process 

The principle of the liquid – liquid extraction states: “If two immiscible solvents 

are placed in contact, any substance soluble in both of them will distribute or partition 

itself between two phases in a definite proportion.”41  The solvent extraction separation 

process used in waste reprocessing is based on the transfer of a metal cation from an 

aqueous phase (mineral acid) into an immiscible organic phase with simultaneous charge 
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neutralization.42,43  During the extraction, a variety of species are formed in combination 

of metallic salt with water, mineral acid and organic solvent.  The extent of extraction can 

be expressed by the distribution ratio (D = Σ[Morg]/Σ[Maq]) of the total metal ion 

concentration in the organic phase (Σ[Morg]) against the total metal ion concentration in 

the aqueous phase (Σ[Maq]), or percentage wise (%E = [D/(D + 1)] 100).  The separation 

effectiveness of two different species can be assessed based on the separation factor 

(SFA/B=DA/DB; the fraction of the individual distribution ratios of two extractable species 

measured under the same conditions).  For example, the successful separation of two 

elements can be accomplished with separation factor of 100, which corresponds to 99% 

of partitioning efficiency in one contact.42 

In the liquid – liquid extraction process the extractant is commonly 

diluted/dissolved in a water immiscible organic solvent.  Therefore, successful and 

efficient separation is determined not only by the choice of proper ligand, but also by the 

right choice of organic solvent and the content of the aqueous solution. 

1.5.1 Influence of the Organic Diluent on Extraction Process 

Choosing the organic diluent is perhaps as important as the ligand.  The character 

of the diluent directly influences the physical and chemical properties of the extractant.  

The selection of solvent offers control over the organic phase density, viscosity, freezing, 

boiling and flash points, separation ability of the mixed aqueous and organic phases, 

ligand solubility in the aqueous phase, third phase formation (formation of two separate 

organic phases), as well as, the distribution of the extractable species between two 

immiscible phases, separation efficiency, kinetics of extraction, and even chemical and 

radiolytic stability of the extractant.44  There are multiple literature examples where the 
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efficiency of extraction differs in different organic solvents by several orders of 

magnitude.43  Depending on solvation properties of the solvent, the solubility and 

therefore stability, as well as, stoichiometry of the extracted species are affected.  For 

example, as mentioned earlier both trivalent lanthanides and actinides are typical hard 

acids therefore they preferentially react with hard bases.  The slightly stronger interaction 

between the hard metal ion and soft base can be facilitated only in weakly solvating 

organic solvents.  In the aqueous environment soft bases cannot compete with water for 

the metal binding.36  Even with these common trends, the complexity of the extraction 

process does not allow for the accurate prediction of the solvent effect on the separation, 

which ultimately hampers fast progression in this field.43 

1.5.2 Influence of the Aqueous Phase Composition on Extraction Process 

Metal ions hydrolyze under low acid concentration, which may result in the 

improvement or deterioration of the extraction efficiency and/or selectivity, depending on 

the extraction mechanism.45,46  Higher acid concentration prevents metal hydrolysis by 

decreasing the activity of water, but at the same time, it may also negatively influence 

extraction by protonating the ligand.  Since one of the energetic requirements for 

successful phase transfer in the liquid-liquid extraction process is full or partial 

dehydration of the metal ion upon complexation with a ligand, a lower water activity 

results in a decreased net rate of the water exchange of the cation, improving the phase 

transfer.42,43  A similar effect can be induced by adding the salt of small, extraction inert 

cation with high charge density and a high degree of hydration.  For example, lithium 

nitrate is able to strongly compete with f-element cations over the water binding.  Also, 

an increased concentration of salt may affect the form of the extracted species and have 

either a positive of negative effect on the extraction processes.  
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Ultimately, the addition of salt should be avoided if a similar enhancement of 

extraction properties can be obtained using nitric acid as the “salting” out agent.  

Opposed to inorganic salts, at the end of the extraction process, acid can be easily 

evaporated from the system without increasing the volume of waste. 47  

1.5.3 Thermodynamics of Biphasic Complexation 

Thermodynamic changes in the complexation process of f-block cations are 

predominately controlled by the changes in the solvation of the cation and the ligand.36  

As extensively discussed by G. R. Choppin,36 upon complexation, these highly hydrated 

metal ions release water molecules, which results in positive entropy change.  The 

dehydration process requires energy in order to break the interactions between the water 

and the cation, as well as, other water molecules, which contributes to the positive change 

of the net enthalpy of the complexation.  The negative contribution to the net enthalpy 

and entropy of complexation results from the binding of the cation and ligand, but it is 

less significant than the contribution from the dehydration.  It is believed that the slightly 

higher degree of covalency in the actinide complexes with soft donor ligands may 

provide some additional small thermodynamic stabilization to the complex by slightly 

decreasing the net enthalpy of the process.48 

1.5.4 Advantages of Large Extractants over Small Chelates 

The commercially operating partition processes commonly employ small organic 

chelates.  Typically two to four molecules are involved in the transfer of a metal cation 

from an aqueous into the organic phase.  With that in mind, a molecule with several 

ligating moieties attached to some molecular support may have many advantages.  The 

new ligand may produce a significant change in the extraction properties due to the 

entropic effect (release of water from highly hydrated f-element cations upon the 
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complexation) in addition to the modified composition of the complex produced by 

multiple arms.49 

We have found the C3-symmetric triphenoxymethane molecule to have great utility 

for the preparation of ligands with three extended arms,50,51 much like calix[4]arene can 

serve as a base for four arm constructs.49,52-54 
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Figure 1-8. Illustration of the “all up” conformation of the oxygen atoms on the 
triphenoxymethane platform relative to its central methane hydrogen. 

Using simple techniques, we can incorporate a variety of binding moieties onto a 

triphenoxymethane base through different alkyl linkers.  Once the three phenols have 

been derivatized, the triphenoxymethane molecule adopts exclusively an “all up” 

conformation wherein the oxygens orient in line with the central methine hydrogen.50  

The solubility properties of the final ligand can be easily modulated through simple 

substitutions at the 2 and 4 positions of the phenols, as well as substitutions at the ligating 

units.  The following chapters report the synthesis of a series of C3-symmetric 

compounds along with a detailed investigation of binding properties of these new 

chelates. 

1.5.5 Types of Extraction Reactions 

As summarized by K. L. Nash, 43 there are three types of solvent extraction 

reactions: metal-complex solvation by an organic extractant, metal-ion complexation by 

organic extractant and rare, ion-pair formation between an anionic aqueous complex and 

a positively charged (protonated) organic extractant.  In the first case, a neutral complex 
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of the metal ion with the conjugated base of the mineral acid is formed typically in the 

aqueous phase, and upon solvation with the organic extractant is transferred to the 

organic phase.  Neutral organophosphorus compounds, such as phosphates or phosphine 

oxides, as well as, ethers or ketones extract accordingly to this mechanism and 

proportionally to their Lewis base strength.  The second extraction mechanism is 

observed in the case of acidic extractants, like phosphoric and carboxylic acids that form 

complexes with water soluble metal ions in or near the interfacial zone.  The combination 

of acidic and neutral extractants often leads to the enhanced distribution ratio and is 

commonly referred to as the synergistic effect.  Even though the mechanism for this 

effect is unknown, the enhanced stability of the extracted species is attributed to the 

increased hydrophobicity of the complex that can be attained either by accommodating 

the solvating molecule (synergist) in the expanded metal coordination sphere or by water 

replacement.42,55 

1.6 Research Objectives 

The primary objective of the collaborative research effort with Argonne National 

Laboratory has been the development of reagents with the ability to selectively bind 

lanthanides and actinides in conditions simulating nuclear waste solutions that could 

contribute to the advancement of the nuclear fuel and waste reprocessing strategies.  The 

focus has been placed on the fundamental chemistry of metal-ligand interactions both in 

the solid state complexes and in solution.  The study of these complexes assisted in the 

design of improved systems for metal separation.  A sequence of tripodal chelates bearing 

a variety of binding moieties: diglycolamide (DGA), thiodiglycolamide (TDGA), 

carbamoylmethylphosphine oxide (CMPO), carbamoylmethylphosphine sulfide (CMPS) 

and pyridine N-oxide (PyNO) precisely arranged on a C3-symmetric triphenoxymethane 
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molecular platform were synthesized.  The impact of structural modifications of these 

ligands on their affinity for f-element ions in 1 M nitric acid extraction system has been 

evaluated with its implication towards potential applications in waste reprocessing.   
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CHAPTER 2 
CMPO FUNCTIONALIZED C3-SYMMETRIC TRIPODAL LIGANDS FOR 
LANTHANIDES AND ACTINIDES SEPARATIONS IN THE NITRIC ACID 

LIQUID/LIQUID EXTRACTION SYSTEM 

2.1 Introduction 

As the world demand for energy increases, the use of nuclear power will continue 

to grow in countries throughout the world.  In order to sustain the world’s development 

many new reactors will be built and generate proportionally more radioactive waste.1-3  

To maintain the low cost of nuclear energy and ensure environmental safety, the spent 

nuclear fuel will need to be recycled worldwide.  This process, however, will require a 

significant advancement in the separation chemistry.  The efficiency of separation 

technologies developed in the 50’s needs to be improved either through modification of 

existing methods or/and the development of new procedures.   

2.1.1 Organophosphorous Extractants 

The most successful technique of nuclear waste partitioning is liquid-liquid 

extraction, where elements of the irradiated material dissolved in nitric acid are 

successively removed by a sequence of organic solvents.  Initially, acidic 

organophosphorous extractants like bis(2-ethylhexyl) phosphoric acid,56-58 diisodecyl 

phosphoric acid,59 and bis(hexylethyl) phosphoric acid60 have been involved in waste 

reprocessing procedures (Figure 2-1).9,61  These procedures, however, suffer from 

significant drawbacks.  In order to successfully extract trivalent elements the acidic 

ligands require very low acidity and exhibit poor selectivity for trivalent actinides over 

other fission products.9   



17 

 

P
O

O

O
HO

 bis(2-ethylhexyl) phosphoric acid diisodecyl phosphoric acid

PO O
O

OH

 bis(hexylethyl) phosphoric acid

PO O
O

OH

 
 
Figure 2-1. Acidic organophosphorous extractants. 

Along with acidic extractants, neutral organophosphorous compounds have also 

been actively studied.  Previous research has focused on compounds like tributyl 

phosphate (TBP),57 a mixed trialkylphosphine oxides,62 dihexyl-N,N-

diethylcarbamoylmethyl phosphonate (DHDECMP),63-67 and octyl(phenyl)-N,N-

diisobutylcarbamoylmethyl phosphine oxide (CMPO) (Figure 1-3, Chapter 1).68,69  

Studies have shown that in order to afford efficient extraction by the monofunctional 

extractants low acidities and occasional use of a salting out agents are required.9,57,62  In 

contrast, bifunctional extractants such as DHDECMP and CMPO can effectively operate 

at much higher acidities.  It has been proposed that both the carbonyl and phosphoryl 

oxygens of CMPO are directly involved in metal binding,64,70 and the efficiency of this 

bidentate ligand has been attributed to the chelate effect provided by the two donors.  

According to Muscatello et al., in highly acidic media the carbonyl portion of ligands do 

not participate in metal binding but rather protect the metal-phosphoryl bond from the 

reaction with hydronium ions.71,72  Thus, in waste solutions typically of 1 to 3 M HNO3 

the built-in buffering effect facilitates the extraction without necessitating an adjustment 

in pH.  
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Industrial recovery of uranium and plutonium from spent nuclear fuel utilizes 

neutral monodentate tri-n-butyl phosphate [TBP] in the PUREX (Plutonium/URanium 

EXtraction) process.6,7  The mixture of CMPO and TBP extractants, originally studied by 

Horwitz and coworkers, is applied in the commercially operating TRUEX 

(TRansUranium elements EXtraction) process9-11 for the removal of both trivalent 

lanthanide and actinide ions from the high level liquid waste generated during PUREX 

reprocessing.12-14  Efficient extraction in these processes can be accomplished only with 

high ligands concentrations (over 1 M), which results in the generation of significant 

amount of unwanted secondary waste.  Moreover, the lack of selectivity of CMPO and 

DHDECMP creates a need for another separation step.  Despite years of research studies, 

the final partitioning of the trivalent actinides from the trivalent lanthanides as well as 

selective separation of residual plutonium and uranium from the PUREX raffinate 

remains a challenging task facing a new generation of separation chemists. 

2.1.2 Development of the Tris-CMPO Chelate 

The structure of the classic CMPO has been modified in various ways to develop 

new systems that would compensate for the lack of selectivity for trivalent actinides over 

lanthanides in the TRUEX process.71,72  The solution structure of the Am(III) complex 

with CMPO formed during the TRUEX procedure was examined by Horwitz et. al.73  

Their work suggests that in the neutral complex the Am(III) ion is bound by three CMPO 

molecules and three nitrate anions, and the additional nitric acid molecules are attached to 

the CMPO carbonyl oxygens via hydrogen bonding interactions (Figure 2-2).49,73,74  The 

resulting complex with tetravalent plutonium would involve two to four CMPO ligands, 

while in the case of trivalent lanthanides more than one CMPO is bound.  With these 

properties in mind, a molecule with several CMPO groups attached to some molecular 
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support may have many advantages.  The new ligand may produce a significant change in 

the extraction properties due to the entropic effect (release of water from highly hydrated 

f-element cations upon the complexation) in addition to the modified composition of the 

complex produced by multiple arms.49 
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Figure 2-2. Schematic depiction of proposed solution structure of the americium (III) 

nitrato-CMPO complex at high nitric acid concentration adapted from F. 
ArnaudNeu et. al. Perkin Trans. 2, 1996.49  

Inspired by these ideas, a variety of calixarene and calixarene-like multi-CMPO 

supported compounds have been developed,49,52,75-77 and indeed the preorganization of 

several ligating units on the molecular platform significantly improved the binding 

efficiency and/or selectivity of the ligand.  Particularly interesting are cases of CMPO 

moieties secured to resorcinarene, and the most extensively studied calix[4]arene 

platforms.49,52-54,76,78,79  Compounds with four CMPO moieties tethered to the narrow and 

wide rims of calix[4]arenes (Figure 2-3) have shown an increased actinide affinity 

relative to the mono-CMPO ligand, but their lanthanide extraction significantly varied 

across the series. 

Taking inspiration from the suggested coordination environment of the extracted 

species in the TRUEX process and the calix[4]arene work, our research group has 

developed chelate system with three precisely arranged carbamoylmethylphosphine oxide 

moieties attached to a rigid, triphenoxymethane platform (tris-CMPO).51   
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Figure 2-3. Calix[4]arenas with CMPO functions at the narrow and wide rims. 

In the design of the tris-CMPO ligand, we hoped to achieve high distribution 

coefficients for the selected metal ions, while maintaining high ion selectivity and great 

stability toward hydrolysis in acidic media.  The basicity of the phosphoryl oxygen 

increases in the order: phosphate (RO)3PO < phosphonate (RO)2RPO < phosphinate 

(RO)R2PO < phosphine oxide R3PO; were R=alkyl.43  An increase in the basicity 

improves the extraction efficiency through a stronger interaction of the ligand with the 

metal ion, but at the same time ion selectivity is decreased.72  Therefore, to afford both 

high extraction efficiency and selectivity the substituents on the phosphorus should be 

chosen very carefully.  In the tris-CMPO chelate, the desired basicity of phosphoryl 

oxygen was achieved via the replacement of the alkyl group present in the original 

CMPO (Figure 2-4) with a phenyl group, thus decreasing the basicity of phosphine oxide 

through an enhanced inductive effect of the second aromatic ring without the introduction 

of easily hydrolyzable P-O-C bonds.  In addition, the phenyl groups adjacent to the P=O 

provide steric hindrance, an attribute possibly responsible for the higher selectivity for 

Am(III) over Eu(III) in some CMPO derivatives.72   
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Figure 2-4. Classic carbamoylmethylphosphine oxide (CMPO). 

The extraction affinities of our ligand for a selected group of trivalent lanthanides 

and tetravalent thorium have been compared to multi-CMPO calix[4]arene based 

extractants.  The tris-CMPO ligand system is superior in comparison to other CMPO 

compounds in the highly selective binding of tetravalent thorium.51  The impact of further 

structural ligand derivatization on the extraction selectivity and efficiency for tetravalent 

actinides, with plutonium in particular is presented herein.  The extraction behavior of the 

tris-CMPO derivatives in comparison to the classic CMPO and other multi-CMPO 

systems has been discussed, demonstrating an overall improvement in the development of 

CMPO-based extractants for actinide/lanthanide separations.  In addition, metal 

complexes of tris-CMPO derivatives have been isolated and their structures were 

elucidated by NMR, ICR-MS, and X-ray analysis, which provide potential rationalization 

for the presented ligands extraction behavior. 

2.2 Results and Discussion 

2.2.1 Effect of the Structural Modification of Triphenoxymethane Platform on the Tris-
CMPO Extraction Profile 

As mentioned above, a 3:1 CMPO to metal complex may form during the 

extraction of americium from the acidic media in the TRUEX process,73,74,80 and to 

facilitate the extraction we envisioned that a single ligand with three CMPO arms 

extended out from a molecular platform could greatly enhance the binding and extraction 

of the metal ions from an acidic solution.  In our previous work with the 
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triphenoxymethane ligand, this base has been shown to favor a conformation with the 

three phenolic oxygen atoms orientating themselves in an “all up” (Figure 1-8, Chapter 1) 

conformation relative to the central methine hydrogen both in the solid-state and in 

solution. 50  Tethering three CMPO moieties to this platform via these phenol oxygens 

satisfies the requirement for proximate metal binding with CMPO groups.  With the 

triphenoxymethane platform, the alkyl group on the ortho-position of the phenol 

moderates the solubility of the platform in organic solvents, as well as, exerts an 

influence on the extended arms.  Large, bulky groups such as tert-pentyl increase the 

solubility but also restrict the flexibility of the three arms tethered to the phenolic 

oxygens.  In order to compare the properties of different variants of our ligand system, 

two new tris-CMPO derivatives were synthesized (2-6a and 2-6c).  The CMPO moieties 

were tethered to the altered platform using well-established methodology developed for 

the CMPO-calix[4]arene systems as outlined for the compounds 2-6a, b and c in Figure 

2-5.49,75   
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Figure 2-5. Synthesis of tris-CMPO 2-4. (A) NaI, K2CO3, chloroacetonitrile, refluxing 

acetone, 3 days; (B) LAH, diethyl ether; (C) p-nitrophenyl 
(diphenylphosphoryl) acetate (2-5), 45-50 oC chloroform.  



23 

 

The results have shown a significant solubility variation within the studied t-pentyl, 

t-Bu, and Me derivatives (2-6a, b, and c).  All three compounds are readily soluble in 

most common organic solvents such as dichloromethane, THF or methanol, but in less 

polar solvents, the solubility of the methyl derivative (2-6c) is significantly limited.  Of 

the three, only t-pentyl derivative, 2-6a, is compatible with 1-octanol.  Despite the 

solubility differences and steric variations in the platforms, the modifications at the 2 

position of the phenols do not significantly affect the affinity of tris-CMPO ligands for 

Th(IV) as presented in Table 2-1.  There does appear, however, to be a small increase in 

the affinity for the lighter lanthanides as the size of the alkyl groups at the 2-position 

decreases, and 2-6c exhibits a slightly higher affinity for La(III) in comparison to 2-6a 

and 2-6b. 

Table 2-1. Distribution coefficients (D)a and extraction percentage (%E)b,c for ligands:  
2-6a, 2-6b and 2-6c.  Aqueous phase: 10-4 metal nitrate in 1 M HNO3, organic 
phase: 10-3 M ligand in methylene chloride. 

Ligand 2-6a 2-6b 2-6c 
Cation D %E D %E D %E 
Th (IV) >100 100 49.000 98 99.000 99 
La (III) 0.031 3 0.042 4 0.111 10 
Ce (III) 0.010 1 0.053 5 0.099 9 
Nd (III) 0.042 4 0.031 3 0.087 8 
Eu (III) 0.020 2 0.031 3 0.042 4 
Yb (III) 0.042 4 0.111 10 0.063 6 

aD calculated based on the E % values. 
bE % = 100%([Mn+]org/[Mn+]total) after extraction as determined by Arsenazo(III) assay. 
cMean value of at least four measurements. The precision: σ(n-1) = ± 1 or 2, where σ(n-1) is 
a standard deviation from the mean value. 
 
2.2.2 Ligand Flexibility vs. Binding Profile 

Extensive work on “CMPO-like” molecules utilizing calix[4]arene as a platform 

has found that there is a significant influence of ligand flexibility on its extraction 

performance.76  Calix[4]arene extractants showed a strong increase of the extraction 
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percentage with increased length of the spacer between the amido and phenoxy group.  

Thus, as proposed by the authors,76 one can anticipate a direct correlation between the 

size of the cavity and the flexibility of the ligand, and its affinity for a particular cation.  

The increased flexibility of the molecule should indeed allow for better accommodation 

of metal ions due to the ability of the molecule to form a more appropriate cavity size.  

To exercise this postulate, derivatives of the tris-CMPO system with an extended arm 

length between the platform and the CMPO donors were synthesized.  Methodology to 

isolate a primary amine with three carbon spacer to the phenolic oxygen of the 

triphenoxymethane was adapted from the preparation of calix[4]arene-based extractants 

(Figure 2-6).76   
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Figure 2-6. Synthesis of tris-CMPO 2-10. (A) N-(3-bromopropyl)phthalimide, Cs2CO3, 

80-85 oC DMF, 6 days; (B) hydrazine mono hydrate, refluxing ethanol, 24h; 
(C) p-nitrophenyl(diphenylphosphoryl)acetate (2-5), 45-50 oC chloroform, 3 
days. 

Products 2-10a and 2-10b were obtained via alkylation of the triphenoxymethane 

platform with N-(3-bromopropyl)phthalimide in the presence of cesium carbonate.  The 

subsequent treatment with hydrazine in ethanol to remove the phthalimide afforded 97% 
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of primary amine 2-9a and 92% of 2-9b, respectively.  Final products were obtained in 

70% for 2-10a and 49% for 2-10b yields. 

The results of the extraction experiment revealed an anticipated increase in the 

affinity of ligand 2-10a over more rigid 2-6a for the studied metal ions although, without 

any expected significant decrease in Th(IV) selectivity (Figure 2-7).   
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Figure 2-7. Metal extraction percentages (%E) for the ligands 2-6a, and 2-10a using 10-4 

M metal nitrate in 1 M nitric acid and 10-3 M ligand in methylene chloride. 

2.2.3 Complexation Studies with Bis-CMPO Compound 

O
O P Ph

PhO
OPPh

Ph

O

O

P
Ph Ph

O
N

O O
Th

O
N

O

O

 
 
Figure 2-8. Diagrams of the 10 coordinate +2 cationic thorium(IV) nitrate complex of 2-6 

with two coordinated NO3
- counterions.The crystal structures of thorium and 

trivalent metal nitrates of 2-6b51 and 2-6c showed three CMPO arms tightly bound to the 

metal center, which allowed space on the metals for only one [in case of Ln(III)] and two 

[in case of Th(IV)] nitrate ions, generating dicationic complexes.  In view of the fact that 

31P NMR and FT-ICR-MS have confirmed the existence of these species in solution, the 
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affinity of the organic phase for these charged complexes might be limited.  Therefore, 

the bis-CMPO ligand (2-7) was synthesized using procedures similar to Figure 2-5. 

O

HN
O

P O

O

NH
O

PO

2-7  
 
Figure 2-9. Bis-CMPO compound 2-7. 

With only two CMPO arms available for the metal, we envisioned that there should 

be more space in the coordination sphere of the metal for the binding of an additional one 

or two nitrates counterions.  With the resulting reduction in positive charge of the 

complex, the material would have enhanced solubility in the organic phase.  The 

extraction results revealed, however, that the reduction of the number of the binding units 

to two severely diminished the effectiveness of 2-7 for the extraction (Figure 2-10). 
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Figure 2-10. Metal extraction percentages (%E) for the ligands 2-6a, and 2-7 using 10-4 

M metal nitrate in 1 M  nitric acid and 10-3 M ligand in methylene chloride. 
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In fact, the bis-CMPO ligand showed very similar extraction behavior to the simple 

CMPO extractant (2-1) (Table 2-2).  Ligand 2-7 had very low affinity for Th(IV), as well 

as, the series of lanthanides.  Apparently, three preorganized CMPO arms are essential to 

fulfill the geometry requirements around the metal center and afford an appreciable 

extraction percentage. 

Table 2-2. Distribution coefficients (D) and extraction percentage (%E) for ligands: 2-1, 
2-7 and 2-10a. Aqueous phase: 10-4 M metal nitrate in 1 M HNO3, organic 
phase: 3 x 10-3 M of 2-1a, and 10-3 M of 2-7 and 2-10a in methylene chloride. 

Ligand 2-7 2-1 2-10a 
Cation D %E D (%E) D %E 
Th (IV) 0.042 4 0.020 2 >100 100 
La (III) 0.111 10 0.053 5 0.190 16 
Ce (III) 0.064 6 0.064 6 0.190 16 
Nd (III) 0.064 6 0.064 6 0.176 15 
Eu (III) 0.064 6 0.075 7 0.163 14 
Yb (III) 0.031 3 0.087 8 0.149 13 

aThree times higher concentration of classical CMPO was used to keep the same 
concentration of ligating units in the organic phase 
 
2.2.4 Attempts to Resolve the Tris-CMPO Solubility Issue 

The choice of solvents represents one of the most important factors in the liquid-

liquid separation science.  To achieve effective phase separation, non-polar solvents 

should be used.  Due to safety concerns, the high boiling and flash points, and the low 

toxicity of the solvent are as equally important as the polarity for waste clean-up 

operations.  Therefore to find application in the nuclear waste decontamination, 

compatibility of the tris-CMPO ligand system with aliphatic solvents would be highly 

desirable, and this trait can be achieved either by altering the structure of the ligand itself 

or by the addition of a synergist.  The solubility studies of 2-6b confirmed that the 

addition of TBP as a synergist indeed induces a defined increase in solubility of the 

extractant.  Unfortunately, the effect is only temporary and the tris-CMPO ligand 
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eventually precipitates from the solution.  This phenomenon can most likely be attributed 

to the formation of both intra- and intermolecular hydrogen bonds.   

In the previously published51 solid-state structure of 2-6b there are two strong 

hydrogen bonds present between the amide hydrogens and the phosphoryl and carbonyl 

oxygens on adjacent arms (P=O…Namide: 2.801 Å, C=O…Namide: 2.798 Å), as well as, the 

intermolecular hydrogen bonds between phosphoryl oxygens on one ligand and the 

remaining amide hydrogens on an other (Figure 2-11). 

 
Figure 2.11. Fragment of the crystal structure of 2-6b molecules forming hydrogen bond 

connected network.  (Crystals obtained by slow diffusion of pentane into 
saturated solution of 2-6b in methylene chloride). 

The crystal structure of ligand 2-10b presented in Figure 2-12 significantly differs 

from the more rigid compound 2-6b.  In place of the extended hydrogen bond molecular 

network, all three arms form only intramolecular hydrogen bonds between phosphoryl 

oxygens and adjacent amide hydrogens (P=O…N: 2.809 Å) constructing a rigorously C3-
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symmetric structure in the solid-state.  The aliphatic solvent may additionally force these 

aromatic molecules to aggregate, further decreasing their solubility resulting in 

precipitation. 

 
 
Figure 2-12. Diagram of the solid-state structure of 2-10b (30% probability ellipsoids for 

N, O and P atoms; carbon atoms drawn with arbitrary radii).  For clarity, all 
hydrogen atoms have been omitted. 

To prevent formation of the problematic hydrogen bonds, the amides were 

alkylated.  The synthesis of the tertiary amide derivative of the tris-CMPO ligand was 

rather challenging.  Even though preparation of the secondary amines 2-12 via acylation 

of 2-4a and 2-9b, and LAH reduction of 2-11 was quite straightforward, the final 

acylation with p-nitrophenyl (diphenylphosphoryl)-acetate (2-5) took approximately two 

weeks to complete in the case of compound 2-14a, and 5 days in the case of 2-14b, 

presumably due to the steric congestion of the three arms.  A modified two-step 

procedure52 was employed involving acylation of the secondary amine with chloroacetyl 
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chloride and subsequent Arbusov reaction81 presented in Figure 2-13.  The reaction of 

chloroacetyl chloride with 2-12a afforded an 85% yield of 2-13a, and the same reaction 

with 2-12b resulted in a 66% yield of compound 2-13b.  The final product of Arbusov 

reaction between molecule 2-13a and ethyl diphenylphosphinite resulted in a 70% yield 

of product 2-14a, while the same reaction with 2-13b gave product 2-14b with a 57% 

yield. 
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Figure 2-13. Synthesis of tris-CMPO 2-14. (A) ethylchloroformate, K2CO3, 

dichloromethane, 3 days, rt; (B) LAH, THF, 5 days, rt; (C) chloroacetyl 
chloride, K2CO3, 24h, refluxing dichloromethane; (D) ethyl 
diphenylphosphinite, 150 °C, 40 h. 

As shown in Figure 2-14, the polar cavity of the ligand was replaced by 

hydrophobic interactions between three methyl groups located on the amidic nitrogens 

which caused all three carbonyl oxygens to point outward.  It was anticipated that such a 

structural alteration would not only enhance the solubility of the extractant in non-polar 

solvents, as desired, but perhaps even improve the extractability of Ln(III) and An(III), 

due to increased basicity of the carbonyl oxygens.   
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Figure 2-14. Diagram of the solid-state structure of 2-14a (30% probability ellipsoids for 

N, O and P atoms; carbon atoms drawn with arbitrary radii).  For clarity, all 
hydrogen atoms have been omitted.  

The alkylation of tris-CMPO has significant impact on the extraction properties of 

the ligand.  Surprisingly, both compounds 2-14a and 2-14b showed lower selectivity for 

tetravalent thorium than their nonalkylated counterparts (Figure 2-15 and Table 2-3). 

Table 2-3. Distribution coefficients (D) and extraction percentage (%E) for ligands: 2-14a 
and 2-14b. Aqueous phase: 10-4 M metal nitrate in 1 M HNO3, organic phase: 
10-3 M of 2-14a and b in methylene chloride. 

Ligand 2-14a 2-14b 
Cation D %E D %E 
Th (IV) 0.923 48 0.639 39 
La (III) 0.064 6 0.064 6 
Ce (III) 0.052 5 0.075 7 
Nd (III) 0.064 6 0.087 8 
Eu (III) 0.064 6 0.064 6 
Yb (III) 0.075 7 0.075 7 

 
The complexity of the extraction process does not allow for unambiguous 

explanation of such behavior, but if the nitrate counterions are bound via hydrogen bond 

interactions to the amidic hydrogens as it was observed in the solid state structures of the 
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metal complexes, presence of these hydrogens may be crucial for the transfer and 

stability of the complex in the organic phase.   
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Figure 2-15. Metal extraction percentages (%E) for the ligands 2-1, 2-6a, and 2-14a using 

10-4 M metal nitrate in 1 M nitric acid and 10-3 M ligand in methylene 
chloride. 

In the solid-state structure of the Th(IV) complex with 2-6a, the two nitrate anions 

are positioned at distances of 2.911 Å and 2.936 Å from the amide nitrogens, suggesting 

a weak hydrogen bonding interaction51  The decrease in extraction ability for 2-14a was 

especially pronounced in the case of Th(IV), for which the extraction was reduced over 

50 percent with respect to the performance of the non-alkylated extractants (Figure 2-15).  

In the case of the more flexible ligand 2-14b, a noticeable decrease of extraction (with 

respect to non-alkylated 2-10a) along the entire series of studied metal ions was observed.  

As a result, N-alkylated compounds 2-14a (shorter CMPO tripod linker) and 2-14b 

(longer CMPO tripod linker) display a similar selectivity profile (Table 2-3).  

A similar tendency for the decrease in affinity for the tetravalent ion by alkylated 

extractant was observed in the case of Pu(IV).  Upon amide alkylation, the D value drops 

significantly from 43.60 to 2.60 at 10-3 M ligand concentration in dichloromethane.  

However, a ten fold increase in ligand concentration restores the high distribution value 
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for Pu(IV) in the organic phase, also observed with the less rigid compound 2-14b (Table 

2-4).  In the case of the amide alkylated derivatives of CMPO bearing calixarenes, an 

even more severe extraction decrease was reported. 53   

Table 2-4. Distribution coefficients (D) for the extraction of Pu(IV), U(VI), Am(III) and 
Eu(III) by ligands: 2-6b, 2-14a and 2-14b in methylene chloride and 1-octanol. 

Ligand CL Solvent D Pu(IV) D U(VI) D Am(III) D Eu(IIII) 
2-6b 10-3 M CH2Cl2 43.60 - 0.371a 0.412a 

2-14ab 10-3 M CH2Cl2 2.60 0.33 - - 
2-14bb 10-3 M CH2Cl2 6.74 3.78 - - 
2-14b 10-2 M CH2Cl2 33.1 4.85 0.41 0.21 
2-14b 10-2 M 1-octanol 6.1 1.54 0.058 0.025 

a1M HNO3/5M NaNO3 
bPu(IV) 10-5 M, U(IV) 10-4 M in 1 M HNO3 
 

While alkylation of 2-6a and 2-10b resulted in the deteriorated solubility of their 

derivatives 2-14a and 2-14b in non-polar solvents such as diethyl ether, the alkylation of 

the more flexible compound (2-10b) made 2-14b compatible with 1-octanol.  This 

solubility improvement provided an opportunity to test the extraction potential of the tris-

CMPO ligand in diluent other than dichloromethane.   

As it was observed in the case of “CMPO-like” calixarenes77 the binding potential 

of the tris-CMPO ligand was strongly decreased in 1-octanol.  At the same molar 

concentration of ligand 2-14b in both solvents, the affinity for metal ions was much lower 

in 1-octanol than in dichloromethane (Table 2-4 and Figure 2-16).  In 1-octanol the 

hydrogen bonding interactions between the solvent and the phosphoryl and carbonyl 

oxygens of the extractant may mitigate the extraction either by preventing ligand-metal 

binding or by simply changing the stability of the complex in the organic phase.  Efforts 

to determine the structure of the extracted species with both alkylated and non-alkylated 
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ligands in solution, which would allow for the better understanding of the extraction 

behavior of ligands, are in progress.  

2.2.5 Plutonium (IV) and Americium(III) Extractions 

The light actinides can be separated from the lanthanides due to the favored 

extractability of their higher oxidation states.  Since the results of extraction experiments 

have proven the ability of ligands 2-6a, b and c to take advantage of differences in 

oxidation states of tetravalent thorium and a series of trivalent lanthanides, we were 

prompted to study the extraction of the Pu(IV) ion, to verify the ability of the tris-CMPO 

molecule to preferentially extract tetravalent light actinides other than thorium. 
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Figure 2-16. Metal extraction percentages (%E) for the ligands 2-6b, 2-14a, and 2-14b 

using 10-3 M ligand in methylene chloride (1), 10-2 M ligand in methylene 
chloride (2), 10-2 M ligand in 1-octanol (3). 

 
The tris-CMPO ligand was found to be significantly more effective for Pu(IV) 

separation than an industrial mixture of mono-CMPO and TBP in the transuranium 

elements extraction process (TRUEX).13  In fact, much lower concentrations of the tris-

CMPO ligands were required to achieve approximately the same distribution ratio (D) of 

Pu(IV) as the mono-CMPO/TBP extraction system.  The tris-CMPO ligands are also 
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much more selective than the CMPO/TBP mixture.  After 24 hours of extraction, the 

97.76 % (D = 43.60) of Pu(IV) was removed from the aqueous phase by ligand 2-6b at 

concentration as low as 10-3M (Table 2-4) while the D values for all the lanthanides were 

significantly below 1.  To reach a similar distribution coefficient for the extraction of 

Pu(IV) a solution of 0.2 M CMPO mixed with 1.0M TBP13,82 would be required and this 

mixture would extract a significant amount of the trivalent lanthanides.  

In the early fifties, Seaborg and coworkers40 found that trivalent lanthanides and 

actinides could be separated using cation-exchange resin columns due to the ability of the 

actinides to employ 5f orbitals in bonding.  This idea was based on similar spatial 

extensions of the 5f, 6d, 7s and 7p orbitals of the trivalent actinides, especially the 

lightest ones.42  Since the radial distribution of 4f orbitals are severely limited, this subtle 

difference could be exploited with the appropriate ligands to facilitate the separation. 42,83  

With these issues in mind, the Am(III)/Eu(III) extraction experiment was performed to 

test the ability of 2-6b to take advantage of such discrepancy between Am(III) and the 

similarly size Eu(III) ion (Table 2-4).  It was found however, that 2-6b has a very low 

affinity for both ions (D below 0.02), and it is not able to distinguish between these two 

elements.  Upon enrichment of the aqueous phase with sodium nitrate, the distribution 

coefficients (D) for Am and Eu slightly improved, as expected, but neither the D values 

nor the separation factor were satisfactory.  

2.2.6 Comparison of Solid State Structures of Tris-CMPO Complexes of Trivalent Metal 
Ions 

The solvent extraction separation process is based on the transfer of a metal cation 

from an aqueous phase into an immiscible organic phase with simultaneous charge 

neutralization.42  As we have previously shown in organic solvents,51 the three CMPO 
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arms in ligand 2-6b tightly wrap around Ln(NO3)3 (Ln = Eu(III), Nd(III) ) in a bidentate 

fashion forcing two of nitrate counterions out of the coordination sphere of the metal and 

producing a complex with an overall 2+ charge.  In the solid-state structure of the Nd(III) 

species with 2-6b two distinct Nd(III) complexes co-crystallized.  One metal center is 

eight coordinate while the other Nd(III) contains an extra coordinated water molecule.  

As expected, all of the metal oxygen bond lengths are slightly longer in the nine 

coordinate species. 
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Figure 2-17. Diagrams of neodymium(III) complexes of 2-6b: anhydrous 8 coordinated 

+2 cationic complex (left) and  water-containing 9 coordinated +2 cationic 
complex (right). 

Similar, although only 8 coordinate structures were obtained for Tb(III) complexes 

with new derivatives of tris-CMPO chelates 2-6a and 2-14a and Bi(III) complex with  

2-6c (Figures 2-18, 2-19, 2-20).  Unlike Tb(III) complexes, the Bi(III) compound 

contained two similar structures in the asymmetric unit.  Our interest in the chemistry of 

bismuth originates from the presence of significant amount of bismuth in waste generated 

by the bismuth phosphate process popular in early 40’s for plutonium and uranium 

separation.84  In addition to solid state structure analysis, the affinity of ligands 2-6b and 

2-6c toward trivalent bismuth was tested to ensure selectivity of the tris-CMPO chelate 

over other than f-element trivalent metal ions present in waste.  The extractability of 

Bi(III) was found to be as low as the trivalent lanthanides.  At the ten fold excess of 

ligands 2-6b or 2-6c in dichloromethane only 8% of bismuth was transferred to the 
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organic phase, promising an extended application of our extraction system over high 

bismuth content radioactive waste.  

 
 
Figure 2-18. Diagram of the structure of [2-6c·BiNO3](NO3)2 (30% probability ellipsoids 

for Bi, N, O and P atoms; carbon atoms drawn with arbitrary radii). All 
hydrogen atoms have been omitted and the bismuth-ligand bonds have been 
drawn with solid lines. 

In the solid state structure the different radii85 of the studied metals (trivalent Nd, 

Tb, Bi) were strongly reflected in the variations in the bond lengths in the resulting 

complex.  The smallest, and therefore the most electropositive 8 coordinate Tb(III)  

(r = 1.180 Å) attracts significantly stronger binding atoms than the 8 (r = 1.249 Å) and 9 

(r = 1.303 Å) coordinate Nd(III), and the 8 coordinate Bi(III) (r = 1.310 Å).  In all cases 

the metal phosphoryl oxygen distance is shorter than the metal carbonyl (P=O-M:  

[2-14a·TbNO3](NO3)2: 2.297(7)- 2.322(6), [2-6a·TbNO3](NO3)2: 2.300(4)-2.315(5), Nd 

CN=8: 2.394(9)-2.452(9), Nd CN=9: 2.429(9)-2.436(10), Bi(1): 2.315(6)-2.414(6), Bi(2): 

2.330(6)-2.394(6); C=O-M: [2-14a·TbNO3](NO3)2: 2.326(8)-2.373(7),  
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[2-8a·TbNO3](NO3)2: 2.347(4)-2.397(4), Nd CN=8: 2.358(9)-2.437(9), Nd CN=9: 

2.430(10)-2.490(10), Bi(1): 2.444(7)-2.575(6), Bi(2): 2.464(6)-2.533(6)).   

The nitrate coordination strength also follows the trend: Tb > Nd CN=8 > Nd 

CN=9 > Bi ([2-6a·TbNO3](NO3)2: 2.468(4)-2.480(4), [2-14a·TbNO3](NO3)2: 2.474(8)-

2.599(5), Nd CN=8: 2.535(10)-2.552(10), Nd CN=9: 2.615(10)-2.621(10), Bi(1): 

2.444(6)-2.519(6), Bi(2): 2.458(5)-2.587(6)).  The Bi-O separation in this 8 coordinate 

compound was found to be very similar to the average Bi-O distance in the neutral 8 and 

9 coordinate bismuth nitrate complexes with tridentate 2,6-bis(-CH2-P(=O)R2) pyridine 

oxides [CN=8 (2.321 Å); CN=9 (2.340 Å)],86 and somewhat shorter from the distances in 

the 9 coordinate nitrate complex with (iPrO)2(O)PCH2P(O)(OiPr)2 [2,432(2)-2,544(2) 

Å].87 

 
 
Figure 2-19. Diagram of the structure of compound [2-6a·TbNO3](NO3)2 (30% 

probability ellipsoids for Tb, N, O and P atoms; carbon atoms drawn with 
arbitrary radii). All hydrogen atoms have been omitted and the terbium-ligand 
bonds have been drawn with solid lines. 
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Figure 2-20. Diagram of the structure of compound [2-14a·TbNO3](NO3)2 (30% 

probability ellipsoids for Tb, N, O and P atoms; carbon atoms drawn with 
arbitrary radii). All hydrogen atoms have been omitted and the terbium-ligand 
bonds have been drawn with solid lines. 

The incorporation of the tertiary amide into the ligand scaffold seems to have very 

small influence on the terbium coordination environment in the solid state complexes.  

The distances between phosphoryl oxygens and terbium ions in [2-6a·TbNO3](NO3)2 and 

[2-14a·TbNO3](NO3)2 are within the same range.  The carbonyl oxygens and metal bond 

lengths are only slightly shorter in [2-14a·TbNO3](NO3)2 complex, but the nitrate is 

bound slightly weaker.  Selected bond lengths of the molecular structures of 2-10b,  

2-14a, [2-6a·TbNO3](NO3)2, [2-14a·TbNO3](NO3)2 and [2-6c·BiNO3](NO3)2 determined 

by the single crystal X-ray diffraction analysis are summarized in Table 2-5. 
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Table 2-5. Selected bond lengths (Å) for compounds: 2-10b, 2-14a, [2-6a·TbNO3](NO3)2, [2-14a·TbNO3](NO3)2 and  
[2-6c·BiNO3](NO3)2. 

 2-10b 2-14a [2-6a·TbNO3] 
(NO3)2 

[2-14a·TbNO3]
(NO3)2 

[2-6c·BiNO3] 
(NO3)2 
Bi(1) 

[2-6c·BiNO3] 
(NO3)2 
Bi(2) 

P(1)-O(5)  1.480(3) 1.502(5) 1.505(7) 1.497(6) 1.506(6) 
P(2)-O(7)  1.485(3) 1.497(5) 1.510(7) 1.502(7) 1.520(7) 
P(3)-O(9)  1.484(3) 1.503(5) 1.520(7) 1.497(6) 1.498(7) 
P(1)-O(3) 1.477(3)      

C(19)-O(2) 1.232(4)      
C(53)-O(4)  1.230(4)  1.289(12)   
C(70)-O(6)  1.233(4)  1.260(11)   
C(87)-O(8)  1.231(4)  1.240(12)   
C(52)-O(4)   1.261(7)    
C(68)-O(6)   1.232(8)    
C(84)-O(8)   1.248(7)    

M-O(5)   2.315(5) 2.322(6) 2.315(6) 2.352(5) 
M-O(7)   2.308(5) 2.315(7) 2.334(6) 2.330(6) 
M-O(9)   2.300(4) 2.297(7) 2.414(6) 2.394(6) 
M-O(4)   2.347(4) 2.326(8) 2.450(6) 2.464(6) 
M-O(6)   2.349(5) 2.368(7) 2.444(7) 2.469(7) 
M-O(8)   2.397(4) 2.373(7) 2.575(6) 2.533(6) 
M-O(11)   2.468(4) 2.599(9) 2.444(6) 2.458(5) 
M-O(10)   2.480(4) 2.474(8) 2.519(6) 2.587(6) 
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2.3 Conclusions 

A series of molecules containing three precisely arranged 

carbamoylmethylphosphine oxide (CMPO) moieties have been synthesized and their 

ability to selectively extract actinides from simulated acidic nuclear waste streams has 

been evaluated.  The ligand system has shown an excellent binding efficiency for An(IV) 

and Pu(IV) in particular.   

As in the case of calix[4]arene and resorcinarene derivatives, the extraction 

efficiency of classic (N,N-diisobutylcarbamoylmethyl) octylphenylphosphineoxide 

(CMPO) extractant was strongly improved by the attachment of CMPO-like functions on 

the triphenoxymethane skeleton.  The unique geometrical arrangement of the three 

ligating groups, as opposed to four, dramatically changed the selectivity profile of this 

multi-CMPO extractant.  To the best of our knowledge, the tris-CMPO is the most 

effective CMPO-based system for the selective recognition of tetravalent actinides, 

plutonium in particular.  The structural modifications of tris-CMPO have shown a 

significant decrease in the extraction efficiency and selectivity with the introduction of a 

tertiary amide into the ligand structure.  On the other hand, elongation of the secondary 

amide ligating arm slightly enhanced the extractability of all the studied ions without a 

major reduction in selectivity.  A reduction in the number of chelating groups from three 

to two produced a very ineffective ligand demonstrating the significance of the presence 

of exactly three preorganized chelating moieties for the efficient metal binding.  This 

remarkable attraction for tetravalent actinides can be attributed to the match between 

coordination requirements of An(IV) and the geometrical environment presented by the 

ligand.  Moreover, the higher charge density of tetravalent actinides with respect to 

trivalent f-elements may additionally account for the increased affinity of the tris-CMPO 
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for An(IV) and the complex stability.  As a result, the ligand shows promise as an 

improved extractant for Pu(IV) recoveries from high level liquid wastes, especially of 

PUREX origin and in general actinide clean-up procedures.  Immobilization of this 

plutonophile on a solid support may offer a very efficient and cost-effective technique for 

future plutonium separation and recycling.  Efforts to produce these ligands are 

underway. 

2.4 Experimental Section 

2.4.1 General Consideration 

The lanthanide and actinide salts, La(NO3)3·H2O (Alpha Aesar), Ce(NO3)3·6H2O, 

Nd(NO3)3·6H2O, Eu(NO3)3·5H2O, Tb(NO3)3·6H2O, Yb(NO3)3·5H2O (Aldrich), 

Bi(NO3)3·5H2O (Acros) and Th(NO3)4·4H2O (Strem), were used as received.  The 

solutions were prepared from 18 MΩ Millipore deionized water, TraceMetal grade HNO3 

(Fisher Scientific), and HPLC grade organic solvents.  The Arsenazo(III) assay was 

performed on a Varian Cary 50 UV/vis spectrophotometer while a 2500TR Packard 

liquid scintillation analyzer was used for counting alpha-emitting Pu and U radionuclides.  

A Canberra GammaTrac 1185 with Ge detector and AccuSpec-B multi-channel analyzer 

was used for 241Am and 152Eu counting.  All 1H, 13C and 31P NMR spectra were recorded 

on a Varian VXR-300 or Mercury-300 spectrometer at 299.95 and 121.42 MHz for the 

proton and phosphorus channels, respectively.  Elemental analyses were performed by 

Complete Analysis Laboratories, Inc. in Passipany, New Jersey.  Mass spectrometry 

samples were analyzed by Dr. Lidia Matveeva and Dr. Dave Powell at the University of 

Florida on a Bruker Apex II 4.7T Fourier transform ion cyclotron resonance mass 

spectrometer.  Fast atom bombardment (FAB), ionization energy (IE) and liquid 
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secondary ion mass spectrometry (LSIMS) mass spectra were recorded on Finnigan 

MAT95Q Hybrid Sector. 

2.4.2 Metal Ions Extractions 

The lanthanides, bismuth and thorium extraction experiments followed previously 

reported procedure. 51,76,88  The extractability of each cation was calculated as  

%E = 100/(A1 – A)/(A1 – A0), where A is the absorbance of the extracted aqueous phase 

with the Arsenazo(III) indicator, A1 is the absorbance of the aqueous phase before 

extraction with the indicator, and A0 is the absorbance of metal-free 1 M nitric acid and 

the indicator (λLn(III) = 655, λBi(III), Th(IV) = 665 nm).  The errors, based on the precision of 

the spectrophotometer and the standard deviation from the mean of at least three 

measurements, were in most cases no higher than two percent.  The distribution 

coefficients (D) of cations defined by equation: D = Σ [Morg] / Σ [Maq] (where Σ [Morg],  

Σ [Maq] are the total concentration of the metal species in the organic and aqueous phase, 

respectively) were calculated using formula: D = %E / (100 - %E).  In view of the errors 

associated with the spectrophotometric technique, the maximum value that could be 

measured for the extraction percentage and distribution ratio was 99. 

In case of 239Pu, 238U, 241Am and 152Eu isotopes, a solution of ligand, 10-3-10-2M in 

CH2Cl2, or 1-octanol has been contacted with 1 M HNO3 containing radioactive nuclides.  

Test tubes containing 1-2 mL of the aqueous phase and an equal volume of the organic 

phase were placed into an orbital shaker at 20 °С.  After a certain period of time, a test 

tube was removed from the rotator, the layers were allowed to separate, and then were 

transferred into the shell vials.  Equal aliquots of the organic and the aqueous phases were 

taken for counting and distribution coefficient determination.   
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Experiments with radioactive elements were performed by Dr. Artem Gelis at 

Argonne National Laboratory. 

2.4.3 Isotopes Stock Solutions 

Plutonium stock solution - The stock solution of tetravalent 239Pu was purified 

using anion exchange method.89  The method is based on the retention of Pu(NO3)6
2- in 

7.5 M HNO3 by the anion exchanger (Bio-Rad AG-1 x 8).  All the cations were eluted 

from the column with 7.5 M HNO3.  Subsequently, Pu was stripped from the column with 

a solution of 0.3 M HNO3 at 60 ºC.  The strip was taken to a wet salt with a few drops of 

concentrated HClO4 to destroy any organic impurities.  The resulting Pu(VI) salt was 

dissolved in 1 M HNO3 and was treated with 0.1 mL of concentrated H2O2 to convert Pu 

to tri- and tetravalent oxidation states.89  To oxidize Pu(III) to Pu(IV), 20 mg of solid 

NaNO2 was added to the solution.  An electron absorption spectrum, collected in 400-900 

nm range, revealed no evidence of either Pu(III) or Pu(VI).  The solution was diluted 

with 1 M HNO3 to get 10-5 M Pu(IV) and was used for the experiments.  

Uranium stock solution - A weighted amount of 238U3O8 of analytical purity was 

dissolved in 14.7 M HNO3 and then diluted with water to 1.6 M UO2(NO3)2 in 1 M 

HNO3.  The solution was then diluted with 1 M HNO3 to 0.01 M UO2(NO3)2 and was 

spiked with 233U(VI) (T½=1.59x105 y) to increase the effectiveness of the liquid 

scintillation counting. 

Americium stock solution - The purity of the 241Am stock solution was determined 

by the ICPMS analysis.  The solution was evaporated to dryness and re-dissolved in 1 M 

HNO3. 
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Europium stock solution - The 152Eustock was purchased from Isotope Products 

Laboratories.  The original 0.5 M HCl solution was taken to a wet salt with nitric acid 

twice and was then redissolved in 1 M HNO3. 

2.4.4 Synthesis 

The synthetic methodology for the preparation of 2-6 and 2-10 has been adapted 

from procedures developed in work with phenols and calix[n]arene platforms. 49,75,90,91  

Detailed synthetic procedures were previously reported for preparation of molecule 2-4c 

and 2-6b. 50,51,92  The p-nitrophenyl (diphenylphosphoryl)acetate 2-5 was prepared 

according to literature directions. 49  Compounds 2-6a, 2-10a, b, 2-12b, 2-14b used for 

extraction experiments and their substrates were synthesized by Dr. Ajay Sah and Dr. 

Priya Srinivasan. 

Preparation of Tris(3,5-tert-pentyl-2-(cyanomethoxy)phenyl)methane, 2-3a.  

Following the procedure described in reference51 for 2-2b, a 10.70 g portion (15.00 

mmol) of 2-2a was dissolved in dry acetone (200 mL) with 20.73 g (150.00 mmol) of 

potassium carbonate, 22.48 g (150.00 mmol) of sodium iodide, and 7.59 g (120.0 mmol) 

of chloroacetonitrile, and the solution was refluxed 48 hours under nitrogen.  After the 

solvent was removed in vacuo, the product was taken up in ether, dried with MgSO4, 

filtered, and the solvent was removed.  Recrystallization of the crude material from 

ethanol afforded 8.91 g (72%) of product.  1H NMR (CDCl3): δ = 0.55 (m, 18 H; 

CH2CH3), 1.13 (s, 18 H; C-CH3), 1.36 (s, 18 H; C-CH3), 1.48 (q, J = 7.4, 6 H; CH2CH3), 

1.74 (q, J = 7.5, 6 H; CH2CH3), 4.14 (s, 6 H; CH2CN), 6.17 (s, 1 H; CH), 7.04 (d, J = 2.6, 

3 H; Ar-H), 7.15 (d, J = 2.3, 3 H; Ar-H).  13C NMR (CDCl3): δ = 9.4, 9.7, 28.6, 29.4, 

35.5, 37.0, 38.1, 38.5, 39.5, (aliphatic); 57.8 (Ar-O-CH2); 115.0 (CN); 126.3, 127.5, 



46 

 

136.0, 141.5, 145.7, 151.8 (aromatic).  Anal. Calcd for C55H79N3O3: C, 79.57; H, 9.59; N, 

5.06.  Found: C, 79.75; H, 10.07; N, 4.96. 

Preparation of Tris(3-methyl-5-tert-butyl-2-(cyanomethoxy)phenyl)methane, 2-3c.  

Following the procedure described above, a 0.55 g (1.1 mmol) portion of 2-2c yielded 

0.59g (89%) of pure product.  1H NMR (CDCl3): δ = 1.18 (s, 27 H; Ar-C(CH3)3), 2.37 (s, 

9 H; Ar-CH3), 4.14 (s, 6 H; Ar-O-CH2CN), 6.22(s, 1 H; C-H), 6.85 (b, 3 H; Ar-H), 7.12 

(d, 3 H; Ar-H).  13C NMR (CDCl3): δ = 17.1, 31.2, 34.3, 37.7, 57.2 (aliphatic); 115.5 

(CN); 125.5, 127.4, 130.9, 135.0, 147.9, 151.4 (aromatic).  Anal. Calcd for C40H49N3O3: 

C, 77.51; H, 7.97; N, 6.78. Found: C, 77.68; H, 8.36; N, 6.71.  

1,1’-bis(3,5-di-tert-butyl-2-(cynomethoxy)phenyl)ethane.  As described for 2-3a, a 

6.57 g (14.98 mmol) portion of 2,2’-ethylidenebis(4,6-di-tert-butylphenol) to afford 4.20 

g (54%) of product.  1H NMR (CDCl3): δ = 1.18 (s, 18 H; CCH3), 1.34 (s, 18 H; CCH3), 

1.60 (d, J = 6.9, 3 H; CHCH3), 4.52 (m, 4 H; CH2CN), 4.65 (q, J = 7.1, 1 H; CHCH3), 

7.11 (d, J = 2.6, 2 H; Ar-H), 7.18 (d, J = 2.6, 2 H; Ar-H).  13C NMR (CDCl3): δ = 23.3, 

31.6, 31.7, 32.3, 34.9, 35.7, (aliphatic); 58.9 (Ar-O-CH2), 115.7 (CN); 123.4, 124.2, 

138.4, 142.5, 147.7, 152.2, (aromatic).  Anal. Calcd for C34H48N2O2: C, 79.02; H, 9.36; 

N, 5.42.  Found: C, 80.39; H, 9.82; N, 5.44. 

Preparation of Tris(3,5-di-tert-pentyl-2-(aminomethoxy)phenyl)methane, 2-4a  As 

outlined in reference,51 a diethyl ether solution of 2-3a (7.12 g, 8.58 mmol) was added 

dropwise over 30 min to a slurry of lithium aluminum hydride (4.36 g, 129.00 mmol) in 

diethyl ether at 0° C.  The mixture was allowed to warm to room temperature and stirred 

for an additional 12-15 h.  A 10 mL portion of 5% NaOH was slowly added to the slurry, 

and the solution was allowed to stir for 30 minutes.  The solution was dried with MgSO4, 
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filtered, and the solvent was removed in vacuo.  The crude white solid was recrystallized 

from acetonitrile to give to give 6.00 g (83%) of product.  1H NMR (CDCl3): δ = 0.48 (m, 

18 H; CH2CH3), 1.11 (s, 18 H; CCH3), 1.30 (s, 18 H; CCH3), 1.43 (q, J = 7.4, 6 H; 

CH2CH3), 1.67 (q, J = 7.4, 6 H; CH2CH3), 2.89 (t, J = 5.0, 6 H; CH2CH2-NH2), 3.32  

(t, J = 5.0, 6 H; O-CH2CH2), 6.38 (s, 1 H; CH), 7.00 (d, J = 2.6, 3 H; Ar-H), 7.12 (d, J = 

2.3, 3 H; Ar-H).  13C NMR (CDCl3): δ = 9.3, 9.8, 28.8, 29.7, 35.3, 37.1, 37.9, 38.8, 39.4 

(aliphatic); 42.8 (CH2-NH2); 74.4 (O-CH2); 125.0, 128.2, 138.0, 140.1, 142.8, 152.9 

(aromatic).  Anal. Calcd for C55H91N3O3: C, 78.42; H, 10.89; N, 4.99.  Found: C, 78.13; 

H, 11.35; N, 4.66. 

Preparation of Tris(3-methyl-5-tert-butyl-2-(aminomethoxy)phenyl)methane, 2-4c.  

Following the procedure outlined for 2-4a, a 6.46 g (10.0 mmol) portion of 2-3c gave 5.7 

g (86%) of product.  1H NMR (CDCl3): δ = 1.18 (s, 27 H; Ar-C(CH3)3), 2.26 (s, 9 H;  

Ar-CH3) 2.87 (t, J = 5.1 Hz, 6 H; Ar-O-CH2), 3.31 (t, J = 5.2 Hz, 6 H; Ar-O-

CH2CH2NH2), 6.76 (s, 1 H; CH), 6.92 (d, J = 2.6 Hz, 3 H; Ar-H), 7.00 (d, J = 2.6 Hz, 3 

H; Ar H).  13C NMR (CDCl3): δ = 16.8, 31.3, 34.1, 36.9, 42.4, 74.2 (aliphatic); 125.8, 

125.9, 129.8, 136.3, 145.5, 152.3 (aromatic);  LSI MS [M+H]+ = 632.48   

1,1’-bis(3,5-di-tert-butyl-2-(2-aminoethoxy)phenyl)ethane.  Lithium aluminum 

hydride (1.49 g, 39.26 mmol) was suspended in dry ether (80 mL) and the reaction flask 

was cooled to 0 oC.  1,1’-bis(3,5-di-tert-butyl-2-(cynomethoxy)phenyl)ethane (2.70 g, 

5.23 mmol) was added in three portions with stirring.  The reaction mixture was warmed 

to room temperature and stirred overnight.  The reaction was monitored by TLC, 

(pentane:ether 80:20) and once completed, 5% sodium hydroxide solution (4.5 mL) was 

added dropwise (ice bath) and the mixture was stirred until the suspension became milky 
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white.  The resulting white solid was discarded through filtration and the organic layer 

was dried over MgSO4.  Removal of solvent under vacuum yielded analytically pure 

product.  Yield 2.30 g (84%).  1H NMR (CDCl3): δ = 1.27 (s, 18 H, CH3), 1.42 (s, 18 H, 

CH3), 1.67 (d, 3 H, J = 7.2 Hz, CHCH3), 3.15 (b t, 4 H, N-CH2CH2-O), 3.89 (m, 4 H, N-

CH2CH2-O), 4.70 (q, 1 H, J = 7.2 Hz, CH), 7.21 (s, 2 H, Ar-H), 7.24 (s, 2 H, Ar-H).   

13C NMR (CDCl3): δ = 23.95, 30.18, 31.57, 31.69, 32.33, 34.70, 35.64, 42.52 (aliphatic); 

75.62 (O-CH2); 122.54, 124.69, 139.02, 141.80, 145.18, 153.66 (aromatic).  Anal. Calcd 

for C34H56N2O2: C, 77.81; H, 10.76; N, 5.34.  Found: C, 78.32; H, 11.14; N, 5.08 

Preparation of compound 2-6a.  The synthesis of 2-6a followed the preparation 

method for 2-6b51.  A chloroform solution of 2-4a (2.92 g, 3.47 mmol) and p-

nitrophenyl(diphenylphosphoryl)acetate, 2-5, (4.16 g, 10.91 mmol) were stirred at 45˚C 

for three days.  After cooling to room temperature, a 1 M solution of NaOH (100 mL) 

was added and the mixture was stirred for 2 hours.  The p-nitrophenol sodium salt was 

extracted from the chloroform solution using 5% sodium carbonate (6 x 300 mL) and the 

organic layer was further extracted with brine.  The organic phase was dried with MgSO4, 

filtered, and the solvent removed in vacuo to give 4.21 g (77%) of product as an off-white 

solid material.  1H NMR (CDCl3): δ = 0.46 (m, 18 H; CH2CH3), 1.06 (s, 18 H; CCH3), 

1.23 (s, 18 H; CCH3), 1.40 (q, J = 7.3, 6H; CH2CH3), 1.57 (b, 6 H; CH2CH3), 3.41 (b, m, 

18 H; O-CH2CH2-NHC(O)-CH2-P), 6.28 (s, 1 H; CH), 6.92 (d, J = 2.3, 3 H; Ar-H), 6.95 

(d, J = 2.1, 3 H; Ar-H), 7.38 (m, 18 H; P-Ar H), 7.72 (m, 12 H; P-Ar H), 7.89 (b, 3 H; 

NH).  13C NMR (CDCl3): δ = 9.3, 9.8, 28.7, 29.7, 35.5, 37.1, 37.8, 38.7, 39.3, 39.5 

(aliphatic); 40.4 (CH2-NH2); 70.4 (O-CH2); 125.0, 127.7, 128.7, 128.9, 131.2, 131.3, 

132.1, 132.2, 137.8, 139.9, 142.8, 153.2 (aromatic); 165.4; 165.5 (C=O).  31P NMR 
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(CDCl3): δ = 29.8.  Anal. Calcd for C97H124N3O9P3: C, 74.26; H, 7.97; N, 2.68.  Found: 

C, 74.59; H, 8.14; N, 2.70. 

Preparation of compound 2-6c.  Following the procedure described above for 2-6a, 

a 2.60 g (4.11 mmol) portion of 2-4c was reacted with 4.90 g (12.85 mmol) of 2-5 to 

afford 1.97g (35%) of product.  1H NMR (CDCl3): δ = 1.14 (s, 27 H; Ar-C(CH3)3), 2.12 

(s, 9 H; Ar-CH3), 3.29 (b, 12 H; Ar-O-CH2CH2), 3.49 (d, J(H,P) = 13.9 Hz, 6 H; CH2-

POAr2), 6.65 (s, 1 H; CH), 6.84 (d, J = 2.4 Hz, 3 H; Ar-H), 6.94 (d, J = 2.5 Hz, 3 H; Ar-

H), 7.38 (m, 12 H; P-Ar H), 7.47 (m, 6 H; P-Ar H), 7.76 (m, 12 H; P-Ar H), 8.00 (b, 3 H; 

N-H).  13C NMR [CDCl3]: δ = 16.79, 31.2, 34.0, 38.7, 39.5, 40.0 (aliphatic); 70.6 (O-

CH2); 152.1, 145.6, 135.9, 132.7, 131.9, 131.4, 131.0, 130.9, 129.7, 128.6, 128.4,126.0, 

125.5(aromatic); 165.1, 165.09 (C=O).  31P NMR (CD3OD):  = 30.77.  HR ESI-ICR MS 

(sample injected as solution in 1% HNO3/MeOH): [M+H]+ = 1358.62.  Anal. Calcd for 

C82H94N3O9P3: C, 72.49; H, 6.97; N, 3.09. Found: C, 72.37; H, 6.97; N, 3.38.  

Preparation of compound 2-7.  The synthesis of 2-7 was adapted from that 

described above for 2-6a, and a 1.15 g (2.19 mmol) portion of 1,1’-bis(3,5-di-tert-butyl-

2-(2-aminoethoxy)phenyl)ethane was treated with 1.76 g (4.62 mmol) of 7 to afford 2.00 

g (90%) of product.  1H NMR (CDCl3): δ = 1.25 (s, 18 H, CH3), 1.33 (s, 18 H, CH3), 1.43 

(d, 3 H, J = 8.6 Hz, CHCH3), 3.42 – 3.71 (several multiplets, 8 H, P-CH2-C(O) + N-

CH2CH2-O), 3.99 (m, 4 H, N-CH2CH2-O), 4.70 (q, 1 H, J = 6.6 Hz, CH), 7.15 (b s, 2 H, 

Ar-H), 7.18 (b s, 2 H, Ar-H), 7.27 – 7.47 (m, 12 H, P-Ar), 7.78 (b m, 8 H, P-Ar), 8.27 (b, 

3 H, NH).  13C NMR (CDCl3): δ = 24.07, 31.59, 34.62, 35.51, 38.89, 39.69, 40.26 

(aliphatic); 71.94 (O-CH2); 122.46, 124.10, 128.69, 128.85, 130.99, 131.12, 132.23, 

132.61, 139.40, 141.65, 141.65, 145.36, 153.22 (aromatic); 165.36 (C=O).  31P NMR 



50 

 

(CDCl3): δ = 30.41.  Anal. Calcd for C62H78N2O6P2: C, 73.78; H, 7.79; N, 2.78.  Found: 

C, 73.85; H, 7.98; N, 2.73. 

General procedure for synthesis of compounds 2-8.  A stirring suspension of 

triphenoxymethane molecule (2-2),50 N-(3-bromopropyl)phthalimide and cesium 

carbonate in DMF was heated to 80-85 oC for six days.  The reaction mixture was cooled 

to room temperature and poured into cold water resulting in formation of a white solid 

product.  The mixture was transferred to a separation funnel and extracted with diethyl 

ether.  The solid product suspended in the ether layer and was collected by filtration and 

dried. 

Compound 2-8a.  Using a 10.01 g (14.04 mmol) portion of tris(3,5-di-tert-pentyl-2-

hydroxyl)methane (2-2a) afforded 11.53 g (64%) of product.  1H NMR (CDCl3): δ = 0.50 

(m, 18 H; CH2CH3), 1.13 (s, 18 H; CCH3), 1.32 (s, 18 H; CCH3), 1.45 (q, J = 7.4, 6 H; 

CH2CH3), 1.70 (q, J = 7.5, 6 H; CH2CH3), 2.12 (b, 6 H; CH2CH2CH2), 3.50 (b, 6 H; 

CH2CH2CH2-N), 4.01 (m, 6 H; O-CH2CH2CH2), 6.42 (s, 1 H; CH), 7.01 (d, J = 2.3, 3 H; 

Ar-H), 7.10 (d, J = 2.1, 3 H; Ar-H), 7.45 (m, 6 H; Ar-H), 7.54 (m, 6 H; Ar-H).  13C NMR 

(CDCl3): δ = 9.3, 9.8, 28.8, 29.6, 29.7, 35.1, 36.3, 37.1, 37.9, 39.4 (aliphatic); 69.8 (O-

CH2); 122.9, 124.9, 128.1, 132.8, 132.9, 133.3, 138.3, 140.1, 142.5, 153.4 (aromatic); 

168.3(C=O).  FAB MS m/z = 1274.77 [M + H]+.  

Compound 2-8b.  The material was obtained in 89% yield.  1H NMR (CDCl3): δ = 

1.19 (s, 27 H; CCH3), 1.34 (s, 27 H; CCH3), 2.19 (m, 6 H; CH2CH2CH2), 3.58 (t, J = 5.5, 

6 H; CH2CH2-N), 4.03 (m, 6 H; O-CH2CH2), 6.48 (s, 1 H; CH), 7.15 (d, J = 2.3, 2 H; Ar-

H), 7.23 (m, 2 H; Ar-H), 7.47 (m, 6 H; Ar-H), 7.54 (m, 6 H; Ar-H).  13C NMR (CDCl3): δ 

= 29.6, 31.5, 31.7, 34.7, 35.7, 36.3 (aliphatic); 70.3 (O-CH2);1 22.4 122.9, 127.3, 132.8, 
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133.3, 138.0, 142.2, 144.6, 153.7 (aromatic); 168.3 (C=O).  FAB MS m/z = 1212.66 [M 

+ Na]+   

General procedure for synthesis of compounds 2-9a and 2-9b.  To a suspension of 

compound 2-8 in absolute ethanol, hydrazine mono hydrate (4 eq) was slowly added and 

the mixture was refluxed for 24 h.  The reaction was cooled to room temperature and the 

solvent was partially evaporated under reduced pressure.  The resulting residue was 

poured into ice-cold water and a white precipitate quickly formed.  The product was 

collected by filtration.   

Compound 2-9a.  Yield 97%.  1H NMR (CDCl3): δ = 0.40-0.49 (m, 18 H, 

CH2CH3), 1.04 (s, 18 H, CH3), 1.25 (s, 18 H, CH3), 1.37 (q, J = 7.5 Hz, 6 H, CH2CH3), 

1.62 (q, J = 7.5 Hz, 6 H, CH2CH3), 1.77 (quintet, , J = 6.6 Hz, 6.9 Hz, 6 H, N-

CH2CH2CH2-O), 2.58 (b s, 6 H, NH2), 2.80 (t, J = 6.9 Hz, 6 H, N-CH2CH2CH2-O), 3.38 

(b t, 6 H, N-CH2CH2CH2-O), 6.23 (s, 1 H, CH), 6.95 (s, 6 H, Ar-H).  13C NMR (CDCl3): 

δ = 39.5, 39.4, 39.2, 37.7, 36.9, 35.0, 34.2, 29.5, 28.7, 9.7, 9.2 (aliphatic); 70.4 (O-CH2); 

153.5, 147.4, 142.3, 139.7, 138.2, 128.0, 124.7 (aromatic).  FAB MS m/z = 884.76 [M + 

H]+. 

Compound 2-9b.  Yield 92%.  1H NMR (CDCl3): δ 1.12 (s, 27 H, CH3), 1.25 (s, 27 

H, CH3), 1.83 (quintet, J = 7.5 Hz, 6.6 Hz, 6 H, N-CH2CH2CH2-O), 2.87 (t, J = 7.5 Hz, 6 

H, N-CH2CH2CH2-O), 3.38 (t, J = 6.6 Hz, 6 H, N-CH2CH2CH2-O), 6.25 (s, 1 H, CH), 

7.10-7.16 (m, 6 H, Ar-H).  13C NMR (CDCl3): δ = 31.32, 31.45, 33.17, 34.51, 35.46, 

38.50, 38.98 (aliphatic); 70.50 (O-CH2); 122.47, 126.0, 127.38, 129.83, 131.79, 137.61, 

141.79, 144.68, 153.35 (aromatic).  FAB MS m/z = 800.67 [M + H]+.   
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General procedure for synthesis of compounds 2-10a and 2-10b.  A chloroform 

solution of 0.75 g of amine (2-9) and 3.1 eq. of p-nitrophenyl(diphenylphosphoryl)acetate 

(2-5) was stirred at 45-50 oC for 3 days.  The reaction mixture was cooled to room 

temperature; 1 M sodium hydroxide solution was added and stirred for 2 h.  The organic 

phase was extracted with 5% sodium carbonate followed by brine, and the solution was 

dried over MgSO4.  The solvent was removed in vacuo and acetonitrile (15 mL) was 

added resulting in product precipitation.  The solid was filtered, washed with acetonitrile, 

and dried to afford pure product.   

Compound 2-10a.  Yield 70%.  1H NMR (CDCl3): δ 0.36-0.42 (m, 18 H, CH2CH3), 

1.04 (s, 18 H, CH3), 1.15 (s, 18 H, CH3), 1.36 (q, J = 7.5 Hz, 12 H, CH2CH3), 1.50 (q, J = 

7.5 Hz, 6 H, CH2CH3), 1.80 (b s, 6 H, N-CH2CH2CH2-O), 3.23 - 3.40 (several multiplets, 

18 H, P(O) -CH2-C(O)N-CH2CH2CH2-O), 6.15 (s, 1 H, CH), 6.88 (d, J = 1.8 Hz, 3 H, 

Ar-H), 7.00 (d, J = 1.8 Hz, 3 H, Ar-H), 7.28-7.48 (m, 18 H, P-Ar H), 7.64-7.84 (m, 12 H, 

P-Ar H).  13C NMR (CDCl3): δ = 9.2, 9.7, 28.7, 29.6, 30.5, 35.1, 37.0, 37.7, 38.1, 39.2, 

(aliphatic); 69.7 (O-CH2); 124.7, 127.9, 128.7, 128.9, 131.1, 131.6, 132.2, 133.0, 137.8, 

139.7, 142.3, 147.4, 153.3 (aromatic); 165.22, 165.16 (C=O).  31P NMR: δ = 30.3.  ESI 

FT -ICR MS m/z = 1633.88 [M + Na]+.  Compound 2-10b.  Yield 49% .  1H NMR 

(CDCl3): δ = 1.16 (s, 27 H; CCH3), 1.21 (s, 27 H; CCH3), 1.91 (b, 6 H; CH2CH2CH2), 

3.39 (several multiplets, 18 H; O-CH2CH2CH2-NH-C(O)CH2P(O)), 6.28 (s, 1 H; CH), 

7.08 (d, J = 2.3, 3 H; Ar-H), 7.23 (d, J = 2.6, 3 H; Ar-H), 7.40 (m, 18 H; P-Ar H), 7.77 

(m, 12 H; P-Ar H), 7.87 (t, J = 5.4, 3 H; NH).  13C NMR (CDCl3): δ = 30.6 31.6, 31.7, 

34.6, 35.6, 38.1, 38.9, 39.7 (aliphatic); 70.3 (O-CH2); 122.3, 127.1, 128.7, 128.9, 131.1, 
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131.2, 131.7, 132.17, 132.21, 133.1, 137.6, 141.9, 144.4, 153.6 (aromatic); 165.2, 

165.1(C=O).  31P NMR (CDCl3): δ = 29.8.  ESI FT -ICR MS m/z = 1549.79 [M + Na]+.   

Compound 2-11a.  To a mixture of 2-4a (2.16 g, 2.56 mmol) and KOH (4.32 g) in 

40 mL of dichloromethane, ethylchloroformate (1.6 mL, 1.82 g, 17 mmol) was added.  

The mixture was stirred for 3 days at room temperature.  The solution was then washed 

with 200 mL of water and brine (50 mL), and dried over MgSO4.  The solvent was 

evaporated to afford 2.5 g of product in 92% yield.  1H NMR (CD3OD): δ = 0.56 (t, 9 H, 

CH2CH3), 0.59 (t, J = 7.5, 9 H, CH2CH3), 1.18 (s, 18 H, CCH3), 1.26 (t, J = 7.5, 9 H, 

OCH2CH3), 1.37 (s, 18 H, CCH3), 1.54 (q, J = 7.5, 6 H, CH2CH3), 1.76 (q, J = 7.5, 6 H, 

CH2CH3), 3.39 – 3.65 (b m, 6 H, O-CH2CH2-N + 6 H, O-CH2CH2-N), 4.12  (q, J = 7.2, 6 

H, O-CH2CH3), ), 6.42 (s, 1 H, CH), 7.15 (b, 6 H, Ar-H).  13C NMR (CD3OD): δ = 9.8, 

10.2, 15.2, 29.3, 30.3, 36.3, 38.0, 38.9, 40.4, 42.4 (aliphatic); 62.0 (CH2-O); 72.0 (CH2-

OAr); 126.4, 129.1, 139.3, 141.4, 144.2, 154.4 (aromatic); 159.1 (C=O).  LSI MS: m/z = 

1058.77 [M + H].  Anal. Calcd. for C64H103N3O9: C, 72.62; H, 9.81; N, 3.97; Found: C, 

72.86; H, 10.30; N, 3.90. 

Compound 2-11b.  To a mixture of amine 2-9b (5 g, 6.3 mmol) and KOH (11.4 g) 

in 20 mL of dichloromethane, ethylchloroformate (2.8 mL, 3.2 g, 29 mmol) was added.  

The mixture was stirred for 3 days at room temperature.  Subsequently solution was 

washed with 250 mL of water and brine (50 mL), dried over MgSO4 and evaporated.  

Yield: 75% (4.75 g).  1H NMR (CDCl3): δ = 1.18 (s, 27 H, CH3), 1.23 (t, J = 6.90 Hz, 9 

H, CH3), 1.33 (s, 27 H, CH3,), 1.98 (m, 6 H, N-CH2CH2CH2-O), 3.39 (m, 6 H, N-

CH2CH2CH2-O), 3.52 (m, 6 H, N-CH2CH2CH2-O), 4.11(q, J = 6.20 Hz, 6 H, O-

CH2CH3), 5.39 (b s, 3 H, NH), 6.35 (s, 1 H, CH), 7.13-7.26 (m, 6 H, Ar-H).  13C NMR 
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(CDCl3): δ = 14.9, 30.9, 31.6, 34.6, 35.7, 39.1, 60.7, 71.0 (aliphatic); 122.6, 127.3, 144.7, 

137.8, 141.9, 153.6 (aromatic); 157.1(C=O).  FAB MS: m/z = 1016.73 [M + H]+.  Anal. 

Calcd. for C61H97N3O9: C, 72.08; H, 9.62; N, 4.13; Found: C, 72.07; H, 9.88; N, 4.06. 

Compound 2-12a.  To a stirred solution of lithium aluminium hydride (2.53 g, 

0.067 mol) in tetrahydrofuran (500 mL) at 0°C, 2.4 g (2.27mmol) of ester 2-11a was 

added dropwise, and the reaction mixture was stirred at room temperature for 5 days.  In 

order to quench LAH, the solution was cooled to 0°C, treated with 3 mL of water and 

stirred for 5 minutes.  A total of 3mL of 15% NaOH was then added dropwise, and after 

additional 30 minutes, more water (9mL) was added (Steinhard’s method).93  The solid 

was separated, and the organic phase was dried over MgSO4.  The solution was 

evaporated to give crude product that was further purified by precipitation in acidified 

pentane, dissolution in diethyl ether and extraction with 1M NaOH.  The organic phase 

was dried with MgSO4 and evaporated to yield 2 g of product (95%) of pure product.   

1H NMR (CDCl3): δ = 0.55 (t, J = 7.2 Hz, 9 H, CH2CH3), 0.57 (t, J = 7.2 Hz, 9 H, 

CH2CH3), 1.13 (s, 18 H, CH3,), 1.35 (s, 18 H, CH3,), 1.47 (q, J = 7.5 Hz, 6 H, CH2CH3), 

1.73 (q, J = 7.5 Hz, 6 H, CH2CH3), 2.47 (s, 9 H, NCH3), 2.43 (b t, 6 H, N-CH2CH2-O), 

3.65 (t, J = 5.7 Hz, 6 H, N-CH2CH2-O) , 6.36 (s, 1 H, CH), 6.99 (b, 3 H, Ar-H), 7.05  

(b, 3 H, Ar-H).  13C NMR (CDCl3): δ = 9.3, 9.7, 28.8, 29.7, 35.35, 36.9, 37.1, 37.8, 39.3 

(aliphatic); 52.2 (N-CH2); 71.7 (O-CH2); 124.9, 127.9, 138.0, 139.8, 142.6, 153.4 

(aromatic).  LSI MS: m/z = 884.76 [M + H]+.   

Compound 2-12b.  To a stirring solution of ester 2-11b (7.0 g, 0.0069 mol) in 

tetrahydrofuran (500 mL) at ice cold condition, lithium aluminium hydride (2.8 g,  

0.074 moles) was slowly added.  The reaction mixture was stirred at room temperature 



55 

 

for 6 days.  The reaction mixture was cooled to ice cold temperature and 1M NaOH (50 

mL) was added and the stirring was continued for 15 minutes.  Then water (100 mL) was 

added and the content was transferred to separating funnel and extracted with diethyl 

ether (4 x 50 mL).  The organic phase was washed with brine (5 x 20 mL), dried over 

MgSO4 and evaporated to give 5.04 g (87%) of pure product.  1H NMR (CDCl3): δ = 1.18 

(s, CH3, 27 H), 1.34 (s, CH3, 27 H), 1.95 (t, J = 7.35 Hz, 6 H, N-CH2CH2CH2-O), 2.43  

(s, 9 H, CH3,), 2.73 (t, J = 7.35 Hz, 6 H, N-CH2CH2CH2-O), 3.54 (t, J = 6.30 Hz, 6 H,  

N-CH2CH2CH2-O), 6.36 (s, 1 H, CH), 7.12-7.26 (m, 6 H, Ar-H).  13C NMR (CDCl3):  

δ  = 30.8 31.6, 31.7, 34.6, 35.6, 36.6, 38.8 (aliphatic); 49.3 (N-CH3); 71.0 (O-CH2); 

122.6, 127.3, 138.0, 141.8, 144.3, 147.4, 153.9 (aromatic).  FAB MS: m/z = 842.71  

[M + H]+. 

Compound 2-13a.  To a solution of the secondary amine 2-12a (2.42 g, 2.74 mmol) 

and K2CO3 (4.50 g, 32.56 mmol) in CH2Cl2 was added chloroacetyl chloride (1.40 mL, 

17.60 mmol), and the reaction mixture was refluxed for 18 h.  A second portion of 

chloroacetyl chloride (0.70 mL, 8.80mmol) was added and refluxed for an additional  

20 h.  Subsequently, the solution was cooled down, and washed with 2 N NaOH, H2O 

and dried over MgSO4.  The solvent was remover in vacuo, and the crude white solid was 

recrystallized from dichloromethane/hexamethyl-disiloxane to give 2.70 (88%) g of pure 

product.  1H NMR (CDCl3) as well as 13C NMR (CDCl3) spectra are very complicated.  

1H NMR (CDCl3): δ = 0.51 – 0.60 (m, 18 H, CH2CH3), 1.12 (b, 18 H, CH3,), 1.30 (b, 18 

H, CH3,), 1.44 – 1.73 (b m, 12 H, CH2CH3), 2.88 – 4.22 (several multiplets, 9 H N-CH3  

+ 6 H N-CH2CH2-O + 6 H, N-CH2CH2-O), 4.06 (s, 6 H, CH2-Cl), 6.33, 6.38, 6.43 (s, 1 H, 

CH), 6.82 – 7.11 (m, 6 H, Ar-H).  LSI MS: m/z = 1112.67 [M + H]+.   
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Compound 2-13b.  To a solution of the secondary amine 2-12b (3.00 g, 3.60 mmol) 

and K2CO3 (6.00 g, 43.40 mmol) in CH2Cl2 (20 mL) was added chloroacetyl chloride 

(2.08 mL, 26.15 mmol), and the reaction mixture was heated at 45°C for 12 h.  A second 

portion of chloroacetyl chloride (1.04 mL, 13.07 mmol) was added and stirred for an 

additional 20 h at 45°C.  Subsequently, the solution was cooled down, and washed with  

2 N NaOH, H2O and dried over MgSO4.  The solvent was remover in vacuo to give  

2.50 g (66%) of pure product.  1H NMR (CDCl3): δ = 1.18 (s, 27 H, CH3,), 1.36 (s, 27 H, 

CH3,), 1.84 – 1.95 (m, 6 H O-CH2CH2CH2-N), 2.86 – 3.04 (m, 9 H, N-CH3), 3.37 - 3.65 

(b m, 6 H, O-CH2CH2CH2-N + 6 H, CH2-Cl), 4.04 – 4.10 (m, 6 H, O-CH2CH2CH2-N), 

6.33 (s, 1 H, CH), 7.20 – 7.11 (m, 6 H, Ar-H).  13C NMR (CDCl3): δ = 27.9, 29.3, 31.6, 

33.7, 34.6, 35.7, 39.1, 41.1, 41.8, 46.347.9 (aliphatic); 70.4 (OCH2); 122.6, 127.5, 137.9, 

141.8, 144.9, 153.5 (aromatic) 166.2 (C=O).  EI MS m/z = 1071.61 [M + H]+. Anal. 

Calcd. for C61H94Cl3N3O6: C, 68.36; H, 8.84; N, 3.92; Found: C, 68.58; H, 8.31; N, 3.71.   

Compound 2-14a.  Method A.  The 2.50 g, 2.24 mmol of starting material (2-13a) 

was dissolved in 9.00mL of ethyl diphenylphosphinite (9.59 g, 41.65 mmol) while the 

temperature was gradually increased from 100 to 150 °C, and the mixture was stirred for 

40 h.  Subsequently, the reaction mixture was cooled down to rt, and the diisopropyl ether 

was added till a white precipitate was formed.  The solid was filtered and washed with 

diisopropyl ether to afford 3.08 g (85%) of pure product.  1H NMR (CDCl3) as well as 

13C NMR (CDCl3) spectra are very complicated.  1H NMR (CDCl3): δ = 0.44 – 0.53  

(m, 18 H, CH2CH3), 1.04 (s, 9 H, CH3,), 1.09 (s, 9 H, CH3,), [these two singlets merge 

into one δ = 1.8 at 55 °C], 1.21 (s, 9 H, CH3,), 1.27 (s, 9 H, CH3,), [these two singlets 

merge into one δ = 1.25 at 55 °C], 1.42 (b m, 6 H, CH3,), 1.62 (b m, 6 H, CH3,), 2.66 – 
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3.69 (several multiplets, 9 H, N-CH3 + 6 H N-CH2CH2-O + 6 H, N-CH2CH2-O), 6.21, 

6.26, 6.32 (s, 1 H, CH), 6.83 – 7.02 (m, 6 H, Ar-H), 7.44 – 7.53 (m, 18 H, P-Ar H), 7.84 

– 7.90 (m, 18 H, P-Ar H).  ESI FT -ICR MS m/z = 827.94 [M + 2Na]2+, m/z = 1632.89 

[M + Na]+.  Anal. Calcd. for C100H130N3O9P3: C, 74.55; H, 8.13; N, 2.61; Found:  

C, 74.34; H, 8.44; N, 2.61.  Slow diffusion of pentane into solution of 2-14a in diethyl 

ether/dichloromethane afforded crystals suitable for X-ray analysis.   

Method B. A solution of secondary amine (0.47 g, 0.53 mmol) and p-nitrophenyl 

(diphenylphosphoryl)acetate (1.10 g, 2.88 mmol) in dichloromethane, was stirred for  

2 weeks at room temperature.  Subsequently solution was treated with 1 M NaOH and 

stirred for additional 2 hours.  The p-nitrophenol salt was extracted from organic phase 

using 5% sodium carbonate.  Organic phase was dried over MgSO4, filtered and the 

solvent removed in vacuo. The crude product was criticized by diffusion of pentane into 

solution of product in diethyl ether/dichloromethane; yield 0.60 g (70%). 

Compound 2-14b.  Method A.  The 0.50 g, 0.47 mmol of starting material (2-13b) 

was suspended in 1.00mL of ethyl diphenylphosphinite (4.20 mmol) while the 

temperature was gradually increased from 100 to 150 °C.  Within first 3 h of reaction, 

every 20 minutes the mixture was exposed for few seconds to the vacuum.  The reaction 

mixture was stirred at 150 °C for additional 20 h.  Subsequently it was cooled down to 

room temperature and the diethyl ether was added till a white precipitate was formed.  

The solid was filtered and redissolved in diisopropyl ether to give pure product upon 

crystallization.  Yield 0.42 g (57%).  1H NMR (CDCl3) as well as 13C NMR (CDCl3) 

spectra are very complicated.  1H NMR (CDCl3): δ = 1.15 (s, 27 H, CH3,), 1.27 (s, 27 H, 

CH3,), 1.78 – 1.95 (m, 6 H, N-CH2CH2CH2-O), 2.66 – 3.55 (several multiplets, 27 H: 9 H 
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N-CH3 + 6 H N-CH2CH2CH2-O + 6 H, N-CH2CH2CH2-O), 6.24 (b s, 1 H, CH), 6.93 (b s, 

2 H, Ar-H), 7.06 (b s, 2 H, Ar-H), 7.38 (m, 18 H, P-Ar H), 7.74 (m, 12 H, P-Ar H).  13C 

NMR (CDCl3) δ = 27.9, 29.4, 31.5, 33.9, 34.5, 35.5, 36.9, 37.7, 38.6, 38.9, 46.0, 48.3 

(aliphatic); 70.6 (O-CH2); 122.3, 127.2, 128.6, 128.7, 131.2, 131.3, 132.1, 133.3, 137.7, 

141.7, 144.5, 144.7, 153.5 (aromatic); 164.8 (C=O).  31P NMR (CDCl3) δ = 29.4, 29.3.  

EI MS m/z = 1567.86 [M + H]+.  Method B.  A solution of secondary amine (2.00 g, 2.40 

mmol), p-nitrophenyl (diphenylphosphoryl)acetate (4.50 g, 11.80 mmol) and 1 mL of 

Et3N in chloroform, was stirred for 5 days at 45 – 50°C.  After cooling down to the rt 

solution was treated with 1 M NaOH and stirred for additional 2 hours.  The p-

nitrophenol salt was extracted from organic phase using 5% sodium carbonate.  Organic 

phase was dried over MgSO4, filtered and the solvent removed in vacuo. The crude 

product was washed with diethyl ether and dried yielding 2.50 g (67%) of clean product.   

Tb-complex of 2-6a [2-6a·TbNO3](NO3)2.  To a solution of 2-6a (0.200 g, 0.127 

mmol) in acetonitrile (8 mL), Tb(NO3)3.6H2O (0.058 g, 0.128 mmol) in methylene 

chloride (4.5 mL) was added and reaction mixture was stirred overnight at room 

temperature resulting in a white solid.  The complex was isolated by filtration, washed 

with acetonitrile and dried.  Yield 0.180 g (74%).  Anal. Calcd for C97H124N6O18P3Tb: C, 

60.87; H, 6.53; N, 4.39.  Found: C, 60.91; H, 6.66; N, 4.27.  Slow diffusion of ether into a 

concentrated solution of the complex in methanol, afforded crystals suitable for structural 

analysis.  

Tb-complex of 2-14a [2-14a·TbNO3](NO3)2.  A solution of Tb(NO3)3.6H2O (0.028 

g, 0.062 mmol) in 1 mL of methanol was added to a solution of 2-14a (0.100 g, 0.062 

mmol) in methanol (1mL), and reaction mixture was stirred for one hour at room 
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temperature.  A white precipitate formed within minutes, and the product was collected 

by filtration, washed with cold methanol, and dried to obtain 0.080 g (62%) of product.  

ESI FT-ICR MS m/z = 915.40 [2-14a·TbNO3]2+.  Slow diffusion of ether into a 

concentrated solution of the complex in mixture of methanol and dichloromethane 

afforded crystals suitable for structural analysis.   

Bi-complex of 2-6c [2-6c·BiNO3](NO3)2  A solution of Bi(NO3)3·5H2O (0.058 g, 

0.12 mmol) in 8 mL of 1:1 mixture of acetonitrile and methanol was added to a solution 

of 2-6c (0.08g, 0.06mmol) in 2 mL of methanol, and the mixture was stirred for 1 hour.  

Part of solvent was evaporated in-vacuo and the product was precipitated out by ether 

diffusion.  Yield 0.080 g (52%).  Slow diffusion of ether into a saturated 

acetonitrile/methanol solution of [2-6c·Bi(NO3)](NO3)2 afforded crystals suitable for 

structural analysis.  1H NMR (CD3CD), 55°C: δ = 1.15 (s, 27 H; Ar-C(CH3)3), 2.14  

(s, 9 H; Ar-CH3), 3.17 (b, 12H; 3.96 Ar-O-CH2CH2),  6.74 (s, 1 H; C-H), 7.00 (d,  

J  = 2.05 Hz, 3 H; Ar H), 7.10 (d, J = 2.56 Hz, 3 H; Ar H), 7.49 (m, 12 H; P-Ar H), 7.62 

(m, 6 H; P-Ar H), 7.74 (m, 12 H; P-Ar H), 7.86 (s, 3 H; N-H).  31P NMR (CDCl3): = 

39.66.  HR ESI-ICR MS (sample injected as solution in 1% HNO3/MeOH): m/z = 814.29  

[2-6c·Bi(NO3)]2+ and m/z =1691.56 [2-6c·Bi(NO3)2]+.  Anal. Cald for  

{[2-6c·Bi(NO3)·MeOH·2H2O][NO3]2} C83H102BiN6O21P3: C 54.73; H 5.64; N 4.61; 

Found: C, 54.54; H, 5.32; N, 4.92.  

2.4.5 X-Ray Crystallography  Unit cell dimensions and intensity data for all the 

structures were obtained on a Siemens CCD SMART diffractometer at 173 K. The data 

collections nominally covered over a hemisphere of reciprocal space, by a combination of 

three sets of exposures; each set had a different φ angle for the crystal and each exposure 
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covered 0.3° in ω. The crystal to detector distance was 5.0 cm. The data sets were 

corrected empirically for absorption using SADABS. 

All the structures were solved using the Bruker SHELXTL software package for 

the PC, using either the direct methods or Patterson functions in SHELXS. The space 

groups of the compounds were determined from an examination of the systematic 

absences in the data, and the successful solution and refinement of the structures 

confirmed these assignments.  All hydrogen atoms were assigned idealized locations and 

were given a thermal parameter equivalent to 1.2 or 1.5 times the thermal parameter of 

the atom to which it was attached. For the methyl groups, where the location of the 

hydrogen atoms is uncertain, the AFIX 137 card was used to allow the hydrogen atoms to 

rotate to the maximum area of residual density, while fixing their geometry. In cases of 

extreme disorder or other problems, the non-hydrogen atoms were refined only 

isotropically, and hydrogen atoms were not included in the model.  Severely disordered 

solvents were removed from the data for 2-10a, 2-14a, [2-6a·TbNO3](NO3)2, [2-

6c·BiNO3](NO3)2 and [2-14a·TbNO3](NO3)2 using the SQUEEZE function in the Platon 

for Windows software and the details are reported in the supporting information in the 

CIF file for each structure.  Structural and refinement data and selected bond lengths for 

all the compounds are presented in the Tables 2-5 and 2-6. 
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Table 2-6. X-ray dataa for the crystal structures of 2-10b, 2-14a and the complexes [2-6a·TbNO3](NO3)2, [2-6c·BiNO3](NO3)2 
and [2-14a·TbNO3](NO3)2  

 2-10b·CH3OH 2-14a·3CHCl3·½Et2O
[2-6a·TbNO3] 
(NO3)2 Et2O 

[2-14a·TbNO3] 
(NO3)2 

[2-6c·BiNO3](NO3)2

total reflections 
unique reflections 

Θmax(°) 
empirical formula 

Mr 
crystal system 
space group 

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

Vc (Å3) 
Dc (g cm-3) 

T (K) 
Z 

µ(Mo-Kα) (mm-1) 
R1 [I ≥ 2σ(I) data]b 

wR2 (all data)c 

GoF 

24103 
5195 
24.99 

C96H119N3O10P3
1567.85 

hexagonal 
R-3 

18.674(2) 
18.674(2) 
43.801(3) 

90 
90 
120 

13228(2) 
1.181 
173(2) 

6 
0.127 

0.0816 [3938] 
0.1980 
1.140 

32269 
20440 
25.00 

C105H138Cl9N3O9.5P3 
2006.14 
triclinic 

P-1 
17.250(2) 
18.070(2) 
21.557(3) 
87.288(2) 
66.965(2) 
71.870(2) 
5855.5(13) 

1.138 
173(2) 

2 
0.307 

0.0826 [13367] 
0.2673 
1.115 

31086 
19674 
25.00 

C101H134N6O19P3Tb
1987.97 
triclinic 

P-1 
12.5597(9) 
15.5209(12) 
28.949(2) 
93.700(2) 
90.632(2) 
90.532(2) 
5630.9(7) 

1.172 
173(2) 

2 
0.732 

0.0687 [11833] 
0.1765 
0.986 

23270 
14249 
23.00 

C100H124N6O21P3Tb
1997.88 
triclinic  

P-1 
12.4105(18) 
13.713(2) 
33.122(5) 
88.353(3) 
82.941(2) 
66.989(2) 
5148.0(13) 

1.289 
173(2) 

2 
0.803 

0.0971 [11989] 
0.2097 
1.280 

51156 
30858 
24.50 

C84H102BiN6O20P3 
1817.61 
triclinic  

P-1 
20.8891(13) 
22.9583(15) 
23.1141(15) 
80.3080(10) 
64.9140(10) 
68.3520(10) 
9330.4(10) 

1.294 
193(2) 

4 
2.008 

0.0657 [15711] 
0.1780 
0.899 

aObtained with monochromatic Mo K  radiation (λ = 0.71073 Å)  
bR1 = Σ Fo  - Fc /ΣFo .  
cwR2 = {Σ[w(Fo

2 - Fc
2)2/Σ[w(Fo

2)2]}1/2  
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CHAPTER 3 
DESIGN, SYNTHESIS AND EVALUATION OF PHOSPHINE SULFIDE BASED 

CHELATES FOR THE SEPARATION OF TRIVALENT  
LANTHANIDES AND ACTINIDES 

3.1 Introduction 

Recent challenges in the field of the partitioning and transmutation of highly acidic 

nuclear waste involve the separation of minor actinides (neptunium, americium, and 

curium) and long lived fission products.  Over the years, several partition processes have 

been proposed,94 but current protocols lack the unique ability to effectively separate 

trivalent actinides from trivalent lanthanides.  This fundamental problem in separation 

science is due to the similarity in the ionic structure and radius of the trivalent f-elements 

(especially Am, Eu and Nd).  

P
SH

S

P
OO

HS S

HDEHDTP HBTMPDTP
(Cyanex 301)  

 
Figure 3-1. Structures of sulfur based extractants. 

During the last couple of years, only several extraction systems employing soft 

donor ligands such as sulfur and nitrogen have shown some selectivity for Am(III) over 

Ln(III).95-98  For instance, a synergistic mixture of di-2-ethylhexyl dithiophosphoric acid 

(HDEHDTP) (Figure 3-1) and tributylphosphate (TBP) has an observed separation factor 

(SF = DAm/DEu) of 60 for the partition of Am(III) over Eu(III).95   
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Work done by Zhu et al. have demonstrated that purified Cyanex 301 [bis(2,4,4-

trimethylpentyl)dithiophosphinic acid, HBTMPDTP] was able to separate Am(III) from 

Eu(III) even more efficiently then the HDEHDTP/TBP mixture, with the separation 

factor of 5900.27,99  Interestingly, several years earlier, these soft donor compounds have 

not been considered as potential extractants for actinides and lanthanides separation due 

to their hypothetical incompatibility with hard metal ions.   

At the pH of 3 in nitric acid and 1M NaNO3/kerosene extraction environment the 

extraction enthalpy of Am(III) with purified 0.5 M Cyanex 301 was found to be 

significantly less endothermic than that of Eu(III) (18.10 kJ/mol and 43.65 kJ/mol 

respectively).27  The stronger affinity for trivalent americium was attributed to the higher 

degree of covalency of the Am(III)-S bond compared to Eu(III)-S.  Using theoretical 

calculations Madic and coworkers have quantified the covalent effect and cited that the 

covalent contribution for the Am-S σ-bond energy is higher by approximately 7.6 kJ/mol 

than for Eu-S.48   

Even though these acidic organophosphorous reagents are successful in the 

differentiation between Am(III) and lanthanides, conditions required to maintain 

selectivity during extraction have proven to complicate the partition process.  The 

extraction equilibrium strongly depends on the acidic nature of the extractant,99 and the 

low acidity of Cyanex 301 (pKa = 2.6) limits the effectiveness of the compound to the 

extraction systems with pH 3 or higher.  Since the acidity of waste solutions is generally 

in the range of 1 to 3 M HNO3, the extraction with Cyanex 301 is practically impossible 

without prior acidity adjustment, which makes the separation process harder to manage.  

To overcome the ligand dissociation problem that limits the effectiveness of Cyanex 301 
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at high acidity, the alkyl groups on the phosphorous were replaced by electron 

withdrawing substituents (Figure 3-2).29  Such alteration significantly weaken the basicity 

of the ligand and the new extractant was not able to bind any of the studied trivalent 

metal ions (DAm,Eu < 10-3).   

P
S

SH

X

X

X = H, CH3, Cl, F

 
 
Figure 3-2.  Structure of the aromatic dithiophosphinic acids.29  

The synergistic mixtures of this aromatic dithiophosphinic acid with TBP (tri-n-

butyl-phosphate) or TOPO (tri-n-octyl-phosphine oxide) showed slightly improved ion 

binding.29,100-102  Even though these synergistic mixtures facilitate high selectivity for 

An(III) over Ln(III) in a strong acidic medium (1.5 M HNO3), the system achieves still 

very low distribution ratios that are insufficient for practical application.  

The mechanism of M(III) extraction (M = Am, Eu) using mixtures of aromatic 

dithiophosphinic acids with neutral O-bearing coextractants has been extensively 

investigated from a theoretical chemistry standpoint.48  Madic et al. elucidated that the 

formation of a hard/soft synergist extraction pair changes the nature of the M-S bonds 

due to the O→M electron density transfer.  It was determined that addition of a weak 

oxygen donor strengthens the M-S bonds while a strong donor weakens them.  The 

mechanism has been confirmed by the 31P NMR chemical shifts studies of the neutral O-

bearing organophosphorus coextractants, where changes in the position of phosphorus 

resonances were correlated with M(III) extractabilities. 

Currently there are no extraction systems that would be free from major 

shortcomings.  Most of methods are limited by either low extent of ligand dissociation in 
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highly acidic medium, low efficiency in terms of values of distribution coefficients and 

poor stability toward hydrolysis.  These problems limit the application of presented 

protocols such as Cyanex 301, HDEHDTP/TBP or aromatic dithiophosphinic acids in 

large scale nuclear waste clean-up operations.  The purpose of our research was to 

develop a ligand that would combine the most advantageous qualities of previously 

studied extractants, and create an extraction system that would be more suitable for 

industrial process development.  To avoid sensitivity of the ligand towards high acid 

concentration and improve extraction efficiency the dithiophosphinic acid group was 

replaced by phosphine sulfide and attached to the triphenoxymethane platform.  As a 

result a neutral hexadentate tris-carbamoylmethylphosphine sulfide (tris-CMPS) ligand 

has been created.  Another advantage expected from tris-CMPS was an enhanced ability 

to bind metals through the three carbonyl oxygens (build in hard donor synergist) that 

upon complexation could participate in the formation of a six-membered chelate ring and 

improve the stability of the complex.   

O H

NH

C3O4

C2

P1S6

3

M5

 
 
Figure 3-3. Anticipated binding mode for tris-CMPS extractant. 

The previous investigation of the affinity of tris-CMPO derivatives for trivalent f-

block elements in 1 M nitric acid/dichloromethane extraction systems has shown that 

harder and more polar nitrates win the competition for binding ions over the neutral 
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chelate, which was established through low extraction efficiency (Chapter 2).  Therefore, 

in the case of tris-CMPS extractant, the rather low affinity for trivalent f-elements was 

expected, yet slightly stronger interactions of ligand with the trivalent actinides were 

anticipated.  However, if in the environment rich in nitrates and water the phosphine 

sulfide groups do not participate in metal binding, the ligand would not be able to 

differentiate between these two groups of f-elements.  Our observations are reported 

herein.  

3.2 Results and Discussion 

3.2.1 Synthesis and Extraction Data 

The synthetic methodology to obtain tris-CMPS compounds follows procedures 

described for synthesis of tris-CMPO derivatives, and differs only in the last step where 

p-nitrophenyl (diphenylphosphoryl)acetate (2-5) is replaced by (diphenyl-

phosphinothioyl)-acetic acid (3-1) as presented in Figure 3-4. 

HO

O
P

S

3-12-4a: n=1, R1, R2 = t-Pentyl
2-4b: n=1, R1, R2 = t-Bu
2-4c: n=1, R1 = Me, R2 = t-Bu
2-9a: n=2, R1, R2 = t-Pentyl

R2

R1

O H

3

NH2

n

+

R2

R1

O H

3

NH
O

PS

n

3-2a: n=1, R1, R2 = t-Pentyl
3-2b: n=1, R1, R2 = t-Bu
3-2c: n=1, R1 = Me, R2 = t-Bu
3-3: n=2, R1, R2 = t-Pentyl  

 
Figure 3-4. Synthesis of tris-CMPS extractants.  Conditions: mercaptothiazoline, DCC, 

DMAP, methylene chloride, rt overnight. 
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Previously synthesized tris-CMPO compounds showed very good selectivity for 

tetravalent actinides and lacked ability to efficiently bind Ln(III) and An(III) (Chapter 2).  

The soft character of the basic phosphine sulfide groups in the new extractant may induce 

slightly stronger attraction of ligand for trivalent actinides and afford some discrimination 

between these two groups of elements in liquid-liquid extraction experiments.   

Unfortunately extraction of 241Am(III) with tris-CMPS was found to be inefficient, 

and expected selectivity for americium over europium was not observed.  For the 

comparison with the tris-CMPO ligand system, extraction experiments were performed 

on a series of trivalent lanthanides and tetravalent thorium.   
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Figure 3-5. Comparison of metal binding by tris-CMPO (2-6a) and tris-CMPS (3-2a). 

In the first experiment, binding properties of CMPO and CMPS derivatives with a 

shorter (two carbon) spacer between the triphenoxymethane base and binding units were 

compared (Figure 3-5).  The results revealed very low extraction efficiency of 3-2a for all 

studied cations.  The tris-phosphine sulfide compound was no longer able to take 

advantage of the difference in the oxidation states of f-elements cations.  Soft, neutral 

phosphine sulfide group was found to be incompatible with a hard acid such as 

tetravalent thorium.  
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In order to test the influence of the flexibility of the ligating CMPS arm on the 

extraction pattern, derivative 3-3, with elongated by an additional carbon atom arm was 

synthesized.  In comparison to the 3-2a, 3-3 has not shown any improvement in the 

extraction (Figure 3-6).   
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Figure 3-6. Comparison of metal binding by tris-CMPS 3-2a and 3-3. 

As highlighted in Figure 3-7, the 2-10a and 3-3 differ only in the nature of the 

phosphine donor.  The cavity size in both extractants is similar and much like 2-10a, 3-3 

should be able to easily adopt the geometry required by the metal ion and show some 

binding enhancement. 
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Figure 3-7. Comparison of metal binding by tris-CMPO (2-10a) and tris-CMPS (3-3). 



69 

 

Exhibited low affinity of 3-3 for all tested ions has proven the importance of the 

hard phosphine oxide in effective binding of any f-element ions, and negligible 

involvement of the phosphine sulfide in the metal binding.   

Table 3-1. Extraction percentage (%E) for ligands: 2-6a, 3-2a, 2-10 and 3-3.  Aqueous 
phase: 10-4 M metal nitrate in 1 M HNO3, organic phase: 10-3 M of ligand in 
methylene chloride. 

Cation (10-4 M)  
in 1 M HNO3 

Equivs of ligand 
in organic phase 2-6a 3-2a 2-10a 3-3 

Th (IV) 10 100 7 100 9 
La (III) 10 3 9 16 9 
Ce (III) 10 1 9 16 10 
Nd (III) 10 5 10 15 10 
Eu (III) 10 2 11 14 11 
Yb (III) 10 4 9 13 9 

 

3.2.2 Crystal Structure Analysis 

Single crystals of ligand 3-3 were grown by slow diffusion of ether into the 

concentrated solution of ligand in dichloromethane.  In the crystal structure of 3-3 

presented in Figure 3-8, the average length of the carbonyl bonds is similar to the length 

of carbonyl bonds in the CMPO equivalent 2-10b [1.225(7) and 1.232(4) Å respectively].  

The average distances between the sulfur and phosphorous in phosphine sulfide moieties 

(1.952(2) Å) are in the range of typical P=S bonds with phenyl substituents on the 

phosphorus (Ph3PS, P=S: 1.951(2)-1.954 Å(4)),103-105 but almost 0.5 Å longer than the 

distance between phosphorous and oxygen in the phosphine oxide 2-10b [1.477(3) Å, 

Chapter 2].  The P-C(Ph) mean bond length 1.810(6) Å is also similar to the distances 

found in Ph3PS (1.817(7) Å), as well as to those found in the tris-CMPO compound 

[1.798(4) Å]. 
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Figure 3-8. Diagram of the solid-state structure of 3-3 (30% probability ellipsoids for N, 

O, S and P atoms; carbon atoms drawn with arbitrary radii).  For clarity, all 
hydrogen atoms have been omitted. 

In order to gain some understanding of the binding attributes of the ligand, a 

complex of Tb(NO3)3 with ligand 3-3 was synthesized (Figure 3-9).  [3-3·Tb(NO3)3] 

compound contains two similar structures in the asymmetric unit.  The potentially 

hexadentate chelate 3-3, is coordinated to the metal center in a tris-monodentate manner 

via carbonyl oxygens only.  The interactions with terbium ions are similar in strength 

(2.320(3) Å) to the interactions in the terbium complex with tris-CMPO 2-6a  

(2.308(5) Å).  Interestingly, none of the three sulfur atoms participate in the metal 

binding.  Instead, three nitrate ions are bound in a bidentate fashion, fully neutralizing the 

charge of the nine coordinate complex.   
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Figure 3-9.  Diagram of the structures of [3-3·Tb(NO3)3] (right) and close-up view of the 

terbium coordination environment (left). 

Some examples of the X-ray analyzed solid state complexes of lanthanides and 

acidic organophosphorous ligands with sulfur directly bound to the metal required an 

anhydrous environment during the synthesis due to their sensitivity to the moisture.106  

If in the [3-3·Tb(NO3)3] complex prepared from hydrated salt of lanthanide nitrate 

phosphine sulfides are not able to bind the cation, the aqueous extraction environment 

must even more effectively prevent sulfurs from interactions with a metal, and leftover 

three carbonyls cannot be expected to successfully complete with highly concentrated 

nitrates and water for metal binding. 
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Table 3.2. Selected bond lengths (Å) for compounds: 3-3 and [3-3·Tb(NO3)3]. 

 3-3 [3-3·Tb(NO3)3] 
Tb(1) 

[3-3·Tb(NO3)3] 
Tb(2) 

P(1)-S(1) 1.956(2) 1.9590(14) 1.9432(19) 
P(2)-S(2) 1.943(2) 1.9526(15) 1.9532(18) 
P(3)-S(3) 1.958(2) 1.9485(15) 1.9536(17) 

C(53)-O(4) 1.221(7) 1.241(4) 1.236(5) 
C(70)-O(5) 1.223(7) 1.248(4) 1.233(4) 
C(87)-O(6) 1.232(7) 1.251(4) 1.241(5) 

P(1)-CPh(55) 1.802(6) 1.807(4) 1.847(6) 
P(1)-CPh(61) 1.812(6) 1.810(4) 1.806(5) 
P(2)-CPh(72) 1.806(6) 1.814(4) 1.828(5) 
P(2)-CPh(78) 1.821(6) 1.812(4) 1.782(6) 
P(3)-CPh(89) 1.802(6) 1.811(4) 1.814(4) 
P(3)-CPh(95) 1.814(6) 1.807(5) 1.815(4) 

M-O(4) - 2.316(2) 2.298(3) 
M-O(5) - 2.317(3) 2.341(3) 
M-O(6) - 2.330(3) 2.318(3) 
M-O(7) - 2.493(3) 2.468(4) 
M-O(8) - 2.437(3) 2.426(4) 
M-O(10) - 2.524(3) 2.427(3) 
M-O(11) - 2.431(3) 2.505(3) 
M-O(13) - 2.492(3) 2.484(3) 
M-O(14) - 2.452(3) 2.465(3) 
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Table 3-3. X-ray dataa for the crystal structures of 3-3 and the [3-3·Tb(NO3)3] complex. 
 3-3·CH2Cl2·C4H10O [3-3·Tb(NO3)3]·2CH3CN 

total reflections 
unique reflections 

Θmax(°) 
empirical formula 

Mr 
crystal system 
space group 

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

Vc (Å3) 
Dc (g cm-3) 

T (K) 
Z 

µ(Mo-Kα) (mm-1) 
R1 [I ≥ 2σ(I) data]b 

wR2 (all data)c 

GoF 

35243 
12730 
23.43 

C105H142Cl2N3O7P3S3 
1818.21 

monoclinic 
P21/n 

14.8551(10) 
13.6147(10) 
49.329(3) 

90 
96.5800(10) 

90 
9910.9(12) 

1.219 
173(2) 

4 
0.233 

0.0858 [7722] 
0.2182 
1.033 

73828 
48890 
28.03 

C104H136N8O15P3S3Tb 
2086.22 
triclinic 

P-1 
16.8425(7) 
25.0080(10) 
27.0255(11) 
78.3410(10) 
74.6450(10) 
87.4780(10) 
10749.7(8) 

1.289 
173(2) 

4 
0.824 

0.0558 [34928] 
0.1625 
1.081 

aObtained with monochromatic Mo K  radiation (λ = 0.71073 Å)  
bR1 = Σ Fo  - Fc /ΣFo .  
cwR2 = {Σ[w(Fo

2 - Fc
2)2/Σ[w(Fo

2)2]}1/2 
 

3.3 Conclusions 

Tripodal phosphine sulfide based compounds were synthesized as softer derivatives 

of the tris-CMPO chelate.  Their ability to differentiate between trivalent lanthanides and 

actinides was tested using 41Am and 152Eu isotopes.  Extraction experiments using  

tris-CMPS compounds revealed that the ligands are not able to preferentially bind 

trivalent Am over Eu.  The soft nature of the phosphine sulfide donor group was found to 

be incompatible with the hard tetravalent thorium, and in contrast to the tris-CMPO, the 

tris-CMPS analog showed no selectivity for this metal ion.   

The solid state structure of tris-CMPS with terbium nitrate showed that the 

phosphine sulfide portion of the ligand is not involved in the metal biding.  Although 
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with no structural studies on the tris-CMPS extractant in the solution, it can be assumed 

that in the system with negatively charged nitrates, soft neutral sulfur atoms do not 

participate in the coordination of hard metals.  

3.4 Experimental Section 

Amines 2-4 a, b, c and 2-9a were synthesized as described in Chapter 2.  The 

(diphenyl-phosphinothioyl)-acetic acid, 3-1, was prepared according to the literature 

procedure.107  The final synthetic procedures of tris-CMPS compounds were developed in 

the collaboration with Dr. Ajay Sah and Dr. Priya Srinivasan.  The [3-3·Tb(NO3)3] 

complex used in the discussion of this chapter was crystallized by Dr. Ajay Sah. 

Compound 3-2a.  A mixture of (diphenyl-phosphinothioyl)-acetic acid (3-1)  

(5.40 g, 19.55 mmol), 2-mercaptothiazoline (2.51 g, 21.06 mmol) and  

4-dimethylaminopyridine (0.60 g, 4.91 mmol) was stirred in dichloromethane (200 mL) 

at room temperature for 30 min.  N, N’-dicyclohexylcarbodiimide (4.36 g, 21.13 mmol) 

was then added followed by additional 15 mL of dichloromethane.  After 6 h, solid 2-4a 

(4.44 g, 5.27 mmol) was added and the mixture was stirred for an additional 24 h at room 

temperature.  The slurry was filtered and the solvent was removed in vacuo.  The product 

was separated from byproducts by the dissolution in diethyl ether.  Addition of methanol 

to the concentrated solution of the compound resulted in precipitation of solid product 

that was subsequently filtered and washed with cold methanol.  Yield 5.57g (65%).  1H 

NMR (CDCl3): δ = 0.46 (t, J = 7.3, 18H; CH2CH3), 1.07 (s, 18H; CCH3), 1.23 (s, 18H; 

CCH3), 1.41 (q, J = 7.3, 6H; CH2CH3), 1.59 (br, 6H; CH2CH3), 3.37 (br, 12H; 

OCH2CH2NH), 3.64 (d, J = 14.1, 6H; C(O)CH2P(O)), 6.23 (s, 1H; CH), 6.92 (d, J = 2.1, 

3H; Ar), 6.96 (d, J = 2.1, 3H; Ar), 7.38 (m, 18H; Ar), 7.64 (br, 3H; NH), 7.87 (m, 12H; 
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Ar).  13C NMR (CDCl3): δ (C=O) = 165.13, 165.07; (Aromatic) = 153.1, 142.9, 140.0, 

137.8, 131.90, 131.87, 131.7, 131.5, 128.9, 128.7, 127.7, 125.0; (aliphatic) = 70.3 

(OCH2), 42.6 (CH2NH2), 42.0, 40.2, 39.3, 37.8, 37.0, 35.5, 29.8, 28.7, 9.8, 9.3.  31P NMR 

(CDCl3): δ = 38.9.  Anal. Calcd for C97H124N3O6P3S3: C, 72.04; H, 7.73; N, 2.60.  Found: 

C, 72.19; H, 7.85; N, 2.57. 

Compound 3-2b.  A mixture of 3-1 (2.13 g, 7.71 mmol), 2-mercaptothiazoline 

(0.97 g, 8.14 mmol) and 4-dimethylaminopyridine (0.29 g, 2.37 mmol) was stirred in 

dichloromethane (80 mL) for 30 min.  The solid N, N’-dicyclohexylcarbodiimide (2.45 g, 

11.87 mmol) was then added, followed by additional 20 mL of dichloromethane.  After  

6 h, solid 2-4b (1.69 g, 2.23 mmol) was added and the mixture was stirred for an 

additional 24 h.  The slurry was filtered and the solvent was removed in vacuo.  The solid 

was dissolved in diethyl ether and quickly filtered.  Within several days upon slow 

evaporation of solvent pure product precipitated from the ether solution.  Yield 1.44g 

(42%).  1H NMR (CDCl3): δ = 1.16 (s, 27H; CCH3), 1.23 (s, 27H; CCH3), 1.85 (br, 6H; 

CH2CH2CH2), 3.35 (br, m, 12H; OCH2CH2CH2NH), 3.54 (d, J = 14.1, 6H; 

C(O)CH2P(O)), 6.24 (s, 1H; CH), 7.09 (d, J = 2.3, 3H; Ar), 7.20 (d, J = 2.6, 3H; Ar), 7.40 

(m, 18H; Ar), 7.61 (t, J = 5.4, 3H; NH) 7.88 (m, 12H; Ar).  13C NMR (CDCl3): δ (C=O) 

= 164.82, 164.77; (Aromatic) = 153.6, 144.5, 142.0, 137.7, 132.8, 132.01, 131.97, 131.7, 

131.5, 128.9, 128.8, 127.2, 122.4; (aliphatic) = 70.3 (OCH2), 37.9, 35.7, 34.7, 31.7, 30.6, 

25.6.  31P NMR (CDCl3): δ = 38.9.  Anal. Calcd for C94H118N3O6P3S3: C, 71.68; H, 7.55; 

N, 2.67.  Found: C, 71.22; H, 7.88; N, 2.53. 

Compound 3-2c.  Method I:  A mixture of 3-1 (0.30 g, 1.12 mmol),  

4-dimethylaminopyridine (0.13 g, 1.12 mmol) and EEDQ (1.11g, 4.48 mmol) were 
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dissolved in pyridine (10 mL).  After stirring for 1 hour 2-4c (0.18 g, 0.28 mmol) was 

added, and the reaction mixture was heated to 50°C for 18 hours.  After cooling to room 

temperature, the solvent was removed in vacuo, and the residue was extracted with 9:1 

CHCl3/MeOH solution followed by washing with 1N HCl.  Organic phases were 

collected, dried over MgSO4, and solvent was removed.  The solid residue was dissolved 

in diethyl ether and upon addition of pentane, the product precipitated out of the solution.  

The compound was purified by column chromatography (SiO2, hexane/ether) to give  

0.07 g of ligand 3-2c in form of a white solid (18 % yield).  Method II:  3-1 (1.90 g,  

6.90 mmol), 4-dimethylaminopyridine (0.31 g 2.53 mmol), mercaptothiazoline (0.85 g, 

7.13 mmol) and N, N’-dicyclohexylcarbodiimide (1.47 g, 7.13 mmol) were dissolved in 

dry dichloromethane (50 mL).  After few minutes, the solution turned bright yellow and a 

white solid separated out.  The mixture was stirred for an additional 4 hours and 2-4c 

(1.16 g, 1.84 mmol) was added.  The resulting slurry was allowed to stir at room 

temperature for 48 hours.  The white solid of byproducts formed in the reaction was 

filtered, and the solvent was removed in vacuo.  Addition of ether to the condensed 

reaction mixture dissolved the product leaving an amorphous mass of byproducts.  The 

organic solution was decanted, and within several days upon slow evaporation of solvent 

pure product precipitated from the solution.  Yield 0.8 g (31%).  1H NMR (CDCl3):  

δ = 1.15 (s, 27 H; Ar-C(CH3)3), 2.13 (s, 9 H; Ar-CH3), 3.25 (t, 6 H; Ar-O-CH2CH2), 3.33 

(t, 6 H; Ar-O-CH2CH2), 3.65 (d, J(H,P) = 14.1 Hz, 6 H CH2-POAr2),  6.67 (s, 1 H, C-H), 

6.87 (b, 3 H; Ar-H), ), 6.67 (s, 1 H, C-H), 6.95 (b, 3 H; Ar-H), 7.42 (m, 18 H; P-Ar-H), 

7.60 (t, 3 H; N-H) 7.89 (m, 12 H; P-Ar-H)).  31P NMR (CDCl3): δ = 38.8.   

MS [M+H]+ = 1406.5532 (Theoretical [M+H]+ = 1406.5596). 



77 

 

Compound 3-3.  A mixture of 3-1 (4.73 g, 17.12 mmol), 2-mercaptothiazoline 

(2.14 g, 17.95 mmol) and 4-dimethylaminopyridine (0.67 g, 5.48 mmol) was stirred in 

dichloromethane (160 mL) for 30 min.  N, N’-dicyclohexylcarbodiimide (5.34 g,  

25.88 mmol) was added followed by additional portion dichloromethane (20 mL).  After 

6 h, solid 2-9a (4.10 g, 4.64 mmol) was added and the mixture was stirred for 24 h.  The 

slurry was filtered and the solvent was removed.  The product was separated from the 

reaction byproducts by dissolution in ether.  The crude product was recrystallized from 

methanol to give 6.70g (87%) of pure compound.  1H NMR (CDCl3): δ = 0.45 (m, 18H; 

CH2CH3), 1.10 (s, 18H; CCH3), 1.22 (s, 18H; CCH3), 1.42 (q, J = 7.4, 6H; CH2CH3), 

1.57 (q, J = 7.1, 6H; CH2CH3), 1.82 (br, 6H; CH2CH2CH2), 3.30 (br, 12H; 

OCH2CH2CH2), 3.54 (br, d, J = 13.6, 6H; C(O)CH2P(O)), 6.18 (s, 1H; CH), 6.95 (d, J = 

2.1, 3H; Ar), 7.04 (d, J = 2.1, 3H; Ar), 7.40 (m, 18H; Ar), 7.63 (t, J = 5.5, 3H; NH), 7.88 

(m, 12H; Ar).  13C NMR (CDCl3): δ (C=O) = 164.8, 164.7; (Aromatic) = 153.3, 142.4, 

139.8, 137.9, 132.7, 131.94, 131.90, 131.6, 131.4, 128.9, 128.7, 127.9, 124.7; (aliphatic) 

= 69.7 (OCH2), 42.7 (CH2NH2), 42.0, 39.3, 37.9, 37.7, 37.0, 35.3, 30.5, 29.7, 28.7, 9.7, 

9.2.  31P NMR (CDCl3): δ = 38.9.  Anal. Calcd for C100H130N3O6P3S3: C, 72.39; H, 7.90; 

N, 2.53.  Found: C, 72.00; H, 8.10; N, 2.54. 
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CHAPTER 4 
BINDING OF TRIVALENT F-ELEMENTS FROM ACIDIC MEDIA WITH A  

C3-SYMMETRIC TRIPODAL LIGAND CONTAINING DIGLYCOLAMIDE AND 
THIO DIGLYCOLAMIDE ARMS  

4.1 Introduction 

In the view of the ever-increasing use of nuclear power around the world,1-3 an 

accelerated development of effective protocols for waste treatment increasingly becomes 

imperative.  Perhaps, one of the most significant obstacles faced in the separation science 

is partitioning of minor actinides.  Decades of work have been dedicated to the 

development of amidic extractants for the f-element liquid-liquid waste separations.18,20-

22,108-116 Recently, a significant interest has been focused on one particular group of 

amides - diglycolamides (DGA).117-132  These completely incinerable tridentate, neutral 

chelates are much more effective in coextraction of lanthanides and minor actinides than 

commercially operating DIAMEX extractants.19,22-25,133-136 Moreover, unlike other 

diamide-based compounds, DGAs exhibit significant selectivity within the lanthanide 

series and track the increase in charge density .122,124,125,129,130,132  With this ability to 

selectively bind metals within the series, DGAs offer many potential applications in 

analytical chemistry in addition to waste partition.  The further refinement of 

diglycolamide based chelators and careful investigation of their binding potential may 

help greatly improve efficiency of the lanthanide/actinide coextraction process, and a 

fundamental understating of the remarkable selectivity of DGA may help in the 

development of improved methods for partitioning of minor actinides.   
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In highly acidic nitric acid solutions common in nuclear waste reprocessing, two to 

four molecules of diglycolamides appear to be involved in the coordination of trivalent f-

element ions during extractions,122,126,129,132 and the preorganization of several ligating 

DGA units onto a molecular platform could potentially improve the efficiency of the 

extraction, as it was observed in some cases of carbamoylmethylphosphineoxide (CMPO) 

- based extracts.49,51-54,76,78,79  A single ligand with three DGA arms would present the 

metal with nine favourable donor groups, six of which are relatively hard amide oxygen 

donors. 

This chapter presents the synthesis of C3-symmetric tripodal chelates bearing three 

thio- and diglycolamide units precisely arranged on a triphenoxymethane platform along 

with their evaluation as extractants in f-element separations.  The ability of tripodal 

ligands to extract trivalent lanthanides and actinides from nitric acid to the organic phase 

was evaluated based on the comparison with the extraction data for the simple 

[(Diisopropylcarbamoyl)-methoxy]-N,N-diisopropyl-acetamide (4-2).  The influence of 

the flexibility and lipophilicity of DGA arms in the ligand on the extraction profile has 

been also investigated.  To verify the contribution of the etheric oxygens to the tris-DGA 

binding efficiency, a new C3-symmetric derivative containing sulfur in the place of the 

etheric oxygen has been synthesized, and the properties of both types of ligands have 

been compared.  Additionally, to determine the affect of immobilization of DGA on the 

metal binding site geometry, three complexes of Ce(NO3)3, Eu(NO3)3 and Yb(NO3)3 with 

tris-DGA ligands were synthesized.  Solid structures of these complexes were elucidated 

by ICR-MS and X-ray analysis and the results are discussed herein. 
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4.2 Results and Discussion 

4.2.1 Ligand Synthesis 

The tris-thio/diglycolamides (4-5 – 4-8) have been prepared by the reaction of 

primary amines 2-4a or 2-9b with mono-substituted oxa/thio-pentaneamides (4-1, 4-3 and 

4-4) and with the coupling agent benzotriazole-1-yl-oxy-trispyrrolidinophosphonium 

hexafluorophosphate (PyBOP) as illustrated in Scheme 4-1.  All final products have been 

obtained in high yields and purity with relatively small synthetic effort.   

The simple diglycolamide 4-2 was synthesized according to a modified literature 

procedure137 and used as an extraction reference molecule.  The synthetic pathways for 

preparation of compounds 4-1 - 4-4 have been adapted from general procedures for 

variety of diamides.137-139  Amines 2-4a51 and 2-9b (Chapter 2) were synthesized 

according to previously developed procedures.  
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Figure 4-1. Synthesis of C3-symmtric tris-diglycolamides. (A) 1,4-dioxne, pyridine; (B) 

PyBOP, diisopropylethylamine, DMF. 
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4.2.2 Extraction Experiments 

The extraction experiments were performed on a series of eleven lanthanides, 

152Eu, and 241Am radioisotopes.  Solutions of 10-4 M metal nitrates in 1 M nitric acid were 

mixed with equal volumes of 10-3 and 10-4 M organic solutions for approximately 20 h.  

The reference molecule 4-2 was consistently used at a three times higher concentration 

than the tris-diglycolamide derivatives for a fair comparison.  The concentration of 

lanthanide ions in the aqueous phase before and after the extraction were determined 

spectrophotometrically (λ = 655 nm),51,88 or in the case of 241Am and 152Eu, they were 

measured by a Canberra GammaTrac 1185 with Ge(Li) detector and AccuSpec-B multi-

channel analyzer.  Extraction efficiencies were calculated using the formula:  

%E = 100%(A1-A)/(A1-A0), where A is the absorbance of the extracted aqueous phase 

with the Arsenazo(III) indicator, A1 is the absorbance of the aqueous phase before 

extraction with the indicator, and A0 is the absorbance of metal-free 1 M nitric acid and 

the indicator.  The errors, based on the precision of the spectrophotometer and the 

standard deviation from the mean of at least three measurements, were in most cases no 

higher than two percent.  The extraction percentage was further converted into 

distribution ratios of the total metal ion concentration in the organic phase against the 

total metal ion concentration in the aqueous phase (D = Σ[Morg]/Σ[Maq]) and in view of 

the errors associated with the spectrophotometric technique, the maximum value that 

could be measured for the extraction percentage and distribution ratio was 99. 

4.2.2.1 Extraction properties of large chelate vs. small diglycolamide 

Typically, high distributions of trivalent f-elements in organic/acidic extraction 

systems are reported with approximately ~100,000:1 DGA to metal ion concentration 

(e.g. 0.2 M N,N’-dimethyl-N,N’-diphenyl-4-oxapenanediamide DMDPhOPDA, 10-6 M 
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Ln(III)).122  With the tri-DGA ligand (4-5), comparable distribution ratios can be obtained 

with a 10:1 ligand to metal ratio.  To provide some context for the extraction of 

efficiency of 4-5 under controlled experimental conditions, the properties of ligand have 

been evaluated with respect to the performance the related DGA, 4-2, and since 4-5 

contains three arms, the concentration of 4-2 was increased by factor of three.  This 

oversimplified comparison is used strictly to present the significant changes in the 

efficiency and selectivity of studied diglycolamide chelates.   
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Figure 4-2. Extraction of 10-4 M solutions of trivalent lanthanides in 1 M HNO3 with 

dichloromethane solutions containing ligand 4-2 at 3x10-3 M (1) or 3x10-4 M 
(2) and solutions of 4-5 at concentrations of 10-3 M (1) and 10-4 M (2).  Due to 
the limitations of the spectrochemical assay, the error bars for D are quite 
large at high extraction efficiency (>98%). 

An experiment with the reference molecule 4-2 at 3x10-3 M (1) showed the typical 

extraction pattern for diglycolamides, which gradually ascends across the lanthanide 

series (Figure 4-2, Table 4-1).  Once three DGA moieties were attached to the 

triphenoxymethane platform (4-5), the efficiency of the ligand for the heaviest 

lanthanides was remarkably improved.  Only ten-fold excess of ligand 4-5 allowed for 

quantitative removal of trivalent erbium, thulium and ytterbium from 1 M HNO3 solution.  

Even though the direct comparison of these two compounds (4-2 and 4-5) is impossible 



83 

 

due to the fundamental differences in the character of the extracted species, considering 

only the concentrations required for high extractability, the efficiency and therefore 

economy gain in the case of 4-5 is clearly evident.  Moreover, this unique design of rather 

flexible, nine oxygen donor cavitand allowed for much more sensitive ion size 

recognition than in the case of any other DGA chelates. 

Table 4-1. Extraction data (logD)* for ligands 4-2and 4-5 in dichloromethane. Extraction 
of 10-4 M solutions of trivalent lanthanides in 1 M HNO3 with 
dichloromethane solutions containing ligand 4-2 at 3x10-3 M (1) or 3x10-4 M 
(2) and solutions of 4-5 at concentrations of 10-3 M (1) and 10-4 M (2). 

Ligand 4-2 4-5 
Cation 1 2 1 2 
La (III) -0,43 -1,06 -1,06 -0,99 
Ce (III) -0,09 -0,95 -0,66 -0,95 
Pr (III) 0,08 -1,00 -0,30 -0,87 
Nd (III) 0,16 -0,91 0,10 -0,72 
Eu (III) 0,47 -1,00 1,16 -0,15 
Gd (III) 0,51 -1,00 1,28 -0,08 
Tb (III) 0,74 -1,00 1,69 0,09 
Dy (III) 0,88 -0,91 1,69 0,21 
Er (III) 1,02 -0,95 2,00 0,26 
Tm (III) 1,00 -0,91 2,00 0,29 
Yb (III) 0,99 -0,91 2,00 0,29 

*D calculated based on the E % values. 
 

Enhanced affinity of tris-DGA for the heaviest lanthanides and decreased attraction 

for the lightest (La, Ce, Pr), resulted in improved separation factor between the elements 

in the group (separation factor SFA/B=DA/DB; the fraction of the individual distribution 

ratios of two extractable solutes measured under the same conditions).  For instance, the 

value of the SF of Yb(III) and La(III) increased from SFYb/La=26 for 4-2 (1) to 

SFYb/La=1138 for 4-5 (1).  Surprisingly, further dilution of the organic phase to a 1:1 

metal to ligand ratio maintained a high extraction efficiency for the heaviest lanthanides; 

over two thirds of Tm(III) and Yb(III) was transferred into the organic phase.  At the 

same time, with a three times higher concentration of 4-2 (2) (3x10-4 M), the extraction 



84 

 

was negligible and no separation was observed suggesting necessity of the significant 

excess of ligand 4-2 to achieve appreciable extraction, and once again confirming the 

efficiency gain through the DGA preorganization in the compound 4-5. 

4.2.2.2 Ligand flexibility vs. extraction performance  

In work with calix[4]arenes and triphenoxymethane molecule appended with 

CMPO arms, the extraction efficiency of the constructs was amplified by the increased 

flexibility of the linker between the CMPO and the base skeleton (Chapter 2).76,  This 

trend can be attributed to the enhanced ability of ligand to satisfy the geometrical 

requirements of the metal center, but often, the improvement in binding affinity comes at 

the expense of selectivity.  In 4-2, the DGA groups are tethered to the triphenoxymethane 

platform by only two carbons, and to test the effect of the length of this arm linker on the 

extraction ability, a new tris-substituted diglycolamide was synthesized with three 

carbons linking the DGA arms to the triphenoxymethane base (4-6).   

Considering the high efficiency of the “more rigid” chelate 4-5 at the 10:1 ligand to 

metal proportion, and expected performance enhancement of 4-6 over 4-5, the 

experiment has been conducted with only 10-4 M concentration of 4-6 in the 

dichloromethane (1:1 ligand to metal ratio).  Interestingly, the new extractant did not 

appear to be more effective or less selective than its “more rigid” equivalent.  In fact, the 

4-6 exhibits the same extraction behavior as compound 4-5, suggesting that the binding 

environment in the two ligands is nearly identical.  As it will be discussed later, the 

coordination setting of the metal center in the complexes of 4-5 and 4-6 were found to be 

nearly indistinguishable.140  Apparently, both ligands are perfectly suited to fulfill the 

coordination requirements of trivalent lanthanides in the solid state and in an organic 

solution which explains identical extraction behavior.   
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4.2.2.3 Solvent effect on ligand extraction profile 

There are many complex processes that influence the transfer of the metal ion from 

an acid layer into an organic phase, and in a very simplistic view, the three major factors 

dominate the extraction event: solubility, steric hindrance presented by a ligand, and the 

electronic effect.141  The properties of the organic medium strongly influence not only the 

binding ability of an extractant, but also the stability of the complex in the organic phase.  

Therefore, our investigation also involved the influence of solvents other than 

dichloromethane on the ability of extractant 4-5 to bind trivalent lanthanides.  

-20

0

20

40

60

80

100

La Ce Pr Nd Eu Gd Tb Dy Er Tm Yb

D
DCM

1-octanol

 
Figure 4-3. Extraction of 10-4 M solutions of trivalent lanthanides in 1 M HNO3 with 

dichloromethane (DCM) and 1-octanol solutions containing ligand 4-5 at  
10-3 M. 

In our studies with 4-5, a significant modulation in the extraction pattern was noted 

when 1-octanol was substituted for dichloromethane as the organic solvent (Figures 4-3 

and 4-4).140  From a gradually rising affinity toward heavier lanthanides in 

dichloromethane, the extractant tends to favor the middle lanthanides in 1-octanol, in 

particular europium.  The heaviest lanthanides are still more readily extracted than the 

lightest ones, although the separation between Yb(III) and La(III) significantly decreases 

from SFYb/La=1138 to SFYb/La=27.  The preference of Eu(III) binding arises apparently 

from combined effects of the best fit between metal and ligand, and the complex 
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stabilization provided by 1-octanol.  Therefore, the origin of selectivity in 

dichloromethane may not be simply related to the careful recognition of size of the metal 

ion or an increased charge density on the metal center.  The selectivity must be strongly 

associated with the properties of an organic phase and results from the combined effect of 

many possible interactions between the ligand, metal and both aqueous and organic 

solutes.  A similar tendency (within the experimental error) was observed at 1:1 ligand to 

metal ratio [Figure 4-4, 4-5 (2)].   
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Figure 4-4. Extraction of 10-4 M solutions of trivalent lanthanides in 1 M HNO3 with 

solutions containing ligand 4-2 in octanol at 3x10-3 M (1) or ligand 4-5 in 
octanol at 10-3 M (1) or 10-4 M (2) or in n-dodecane at 10-4 M (3).  Due to the 
limitations of the spectrochemical assay, the error bars for D are quite large at 
high extraction efficiency (>98%) 

The reference molecule 4-2 does not show analogous behavior and at 3x10-3 M 

concentration exhibits a smaller and constant affinity for most lanthanides except for 

La(III), which is extracted to the lowest extent (Figure 4-4, table 4-2).  In the case of n-

dodecane, limited solubility of N,N’-diisopropyl derivative 4-5 allowed an extraction 

with only one equivalent of the ligand with respect to the metal ions [4-5 (3)].  The 

affinity of extractant for lanthanides was found to be very strong, but the resulting 
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complexes were not soluble in this strongly nonpolar medium and precipitated upon 

extraction.   

Table 4-2. Extraction data (logD)* for ligands 4-2and 4-5 in octanol and dodecane. 
Extraction of 10-4 M solutions of trivalent lanthanides in 1 M HNO3 with 
solutions containing ligand 4-2 in octanol at 3x10-3 M (1) or ligand 4-5 in 
octanol at 10-3 M (1) or 10-4 M (2) or in dodecane at 10-4 M (3). 

Ligand 4-2 4-5 
Cation 1 1 2 3 
La (III) -0,39 -0,52 -1,69 -0,23 
Ce (III) -0,03 0,35 -0,75 0,16 
Pr (III) 0,09 0,89 -0,37 0,21 
Nd (III) 0,16 1,38 -0,18 0,31 
Eu (III) 0,12 1,82 -0,03 0,39 
Gd (III) 0,09 1,69 -0,12 0,39 
Tb (III) 0,09 1,69 -0,18 0,43 
Dy (III) 0,09 1,51 -0,25 0,45 
Er (III) 0,09 1,16 -0,37 0,45 
Tm (III) 0,07 0,98 -0,45 0,50 
Yb (III) 0,03 0,91 -0,43 0,50 

*D calculated based on the E % values 
 

The simplicity of structural modification of ligand’s substituents allows for tuning 

the solubility of this bulky polar ligand, and therefore facilitates tests in the industrial 

solvents such as 1-octanol and n-dodecane.  In order to increase the lipophilicity of the 

tris-DGA chelate, a new derivative with two n-butyl substituents attached to each of the 

terminal amidic nitrogens was synthesized (4-7).  As expected, the new ligand is highly 

compatible with nonpolar solvents, but at the same time, the binding ability of 4-7 

relative to 4-5 is considerably suppressed.  A similar trend has been noted in simple 

diglycolamides.129  In four different diluents: chloroform, toluene, n-hexane and n-

dodecane, the distribution coefficients of the ligands decreased when the length of the 

alkyl chains was extended. 
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Figure 4-5. Extraction of 10-4 M solutions of trivalent lanthanides in 1 M HNO3 with 

dichloromethane solutions containing ligands 4-5 and 4-7 at 10-3 M.  Due to 
the limitations of the spectrochemical assay, the error bars for D are quite 
large at high extraction efficiency (>98%). 

Table 4-3. Extraction data (logD)* for ligands 4-5and 4-7 in dichloromethane. Extraction 
of 10-4 M solutions of trivalent lanthanides in 1 M HNO3 with 
dichloromethane solutions containing ligands 4-5 and 4-7 at 10-3 M. 

Ligand 4-5 4-7 
Cation   
La (III) -1,06 -1,03 
Ce (III) -0,66 -1,06 
Pr (III) -0,30 -1,00 
Nd (III) 0,10 -0,98 
Eu (III) 1,16 -0,54 
Gd (III) 1,28 -0,51 
Tb (III) 1,69 -0,24 
Dy (III) 1,69 -0,09 
Er (III) 2,00 0,07 
Tm (III) 2,00 0,10 
Yb (III) 2,00 0,12 

*D calculated based on the E % values 
 

At a ratio of 10:1 ligand to metal in the dichloromethane/1 M HNO3 system, the 

extraction efficiency of 4-7 relative to 4-5 is reduced by nearly 50%, and in the case of 

the heaviest lanthanides, the distribution ratio for the extraction with 4-7 (D ~ 1) is 

significantly lower than the corresponding value for 4-5 (D > 99) (Figure 2-5).  Even 

though both ligands exhibit the same general trend for preferential extraction of the 

heavier lanthanides, the selectivity of the two is notably different.  For example, the 
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separation between Yb(III) and La(III) drops from SFYb/La=1138 for 4-5, to SFYb/La=14 

for 4-7, while between Yb(III) and Nd(III) the factor decreases from SFYb/Nd=78 to 

SFYb/Nd=13 respectively for 4-5 and 4-7.  In addition, the extraction efficiency for the four 

lightest lanthanides is negligible, and the limitations of the spectrophotometric analysis 

complicate the analysis of this trend.  

In the attempt to fully delineate the tris-DGAs extraction behavior experiments 

with 4-7 in 1-octanol and n-dodecane were performed.  Unfortunately, due to the phase 

separation problems and large errors associated with measurements, ambiguous and 

irreproducible results were obtained.  

4.2.3 Investigation of Solid State Complexes of Trivalent Lanthanides  

The coordination number of trivalent lanthanide hydrated salts in solution vary 

from 9 to 8 across the series,142-147 and in the solid state, the lanthanide aqua complexes 

adopt nearly rigorous tricapped trigonal prismatic (TTP) geometry(Figure 4-6). 142,146-148   

 
 
Figure 4-6. The model of an ideal tricapped trigonal prismatic (TTP) geometry around 

nine coordinate metal ion (left). The top and side views of a slightly distorted 
TTP coordination environment of the Yb(III)  center in the complex with 
ligand 4-5 (nonbonding part of the ligand has been omitted for clarity). The 
crystal structure of Yb(III) complex with ligand 4-5 (right). 



90 

 

Surprisingly, there are only few simple ligands compatible with highly acidic 

solutions that can fully satisfy the geometrical preferences of Ln(III) and An(III) centers, 

but none of them is purely oxygen based. 

The tris-DGA ligand presents lanthanides with nine oxygen donor groups, six of 

which are relatively hard amide oxygens.  The crystal structures of the representatives of 

the heaviest, lightest, and the middle lanthanides, Yb(NO3)3 and Ce(NO3)3 with 4-5, and 

Eu(NO3)3 with 4-6, demonstrate a good match between the size and the tricapped trigonal 

prismatic coordination requirements of lanthanides and the binding pocket of tris-DGA 

ligands.140  A depiction of the structure of the cationic complex [4-5·Ln]3+ [Ln = Ce(III), 

Yb(III)] is presented in Figure 4-7.   

 

 
 
Figure 4-7.  Diagram of the structures of [4-5·Yb]3+ (left) and [4-2·Yb]3+ (right) (30% 

probability ellipsoids for Yb, N, and O atoms; carbon atoms drawn with 
arbitrary radii).  For clarity, all hydrogen atoms and nitrates have been 
omitted. Primed and unprimed are related by a 2-fold symmetry operation.  
Ce(III) ligated by 4-5 adopts structure nearly identical to [4-5·Yb]3+. 
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All three DGA arms are equally involved in the tight metal binding in a tridentate 

fashion and form a slightly distorted TTP arrangement about the metal center.  The ligand 

fully saturates the coordination sphere of the metal ion leaving no space for nitrates to 

bind.  The two of the three charge neutralizing nitrates were found to be bonded to amide 

hydrogens of the ligand via hydrogen bonding interactions in the solid state structure of 

4-5.  This ability of the amides to hydrogen bond to the nitrate counterions may facilitate 

the extraction event by providing a suitable environment for the ions in the organic 

solvent.  

Initially, only two nine coordinate complexes of ligand 4-5 with Ce(III) and 

Yb(IIII) have been synthesized and revealed the same slightly distorted tricapped trigonal 

prismatic geometry.  The triangular faces of the carbonyl oxygens O(6), O(9), O(12) and 

O(4), O(7), O(10), are somewhat twisted about the three fold axis.  The etheric oxygens 

(equatorial oxygens) O(5), O(8), and O(11) cap the faces of the trigonal prism.  

Consistent with the size differences in the two metals (ionic radius for CN=9, 

rCe(III)=1.336 Å, rYb(III)=1.182 Å),85 the smaller, more electropositive Yb(III) binds tighter 

to the ligand.  The bond lengths to the amidic oxygens {Ce: 2.396(9)-2.479(8) Å [mean 

distance of 2.434(9)]; Yb: 2.301(2)-2.351(3) Å [mean distance of 2.313(3)]} are shorter 

than to the etheric oxygens {Ce: 2.544(7)-2.597(7) Å, [mean 2.566(7)]; Yb: 2.413(2)-

2.455(2) Å, [mean 2.429(2)]} by approximately 0.11 Å.  Interestingly, in the only 

structurally characterized example of a DGA-Ln(III) complex available in the literature, 

the bond distances to the etheric oxygens varied from 2.679 Å to 2.849 Å in a ten 

coordinate La(III) bis DGA complex.149  In order to ascertain the influence of the 

triphenoxymethane base on the metal center, the structure of the ytterbium complex with 
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three N,N,N’,N’-tetra-isopropyl-4-oxa-pentanediamide reference molecules (4-2) was 

determined (Figure 4-7), and the Yb(III) center in this species ([3(4-2)·Yb]3+) maintains 

the same coordination environment.  The distances between amidic oxygens 2.282(7)-

2.344(9) Å [mean 2.317(9)] and the etheric oxygens and metal 2.421(8)-2.436(8) Å 

[mean 2.426(8)] are virtually indistinguishable from the structure of [4-5·Yb]3+.  The 

orientation of the oxygen atoms and the metal oxygen bond distances in the DGA 

complexes are somewhat different from the aqua groups.  For example, in the 

nonaaqualanthanoid(III) complex [M(OH2)9]3+ (M = Ce(III), Yb(III)) with 

trifluoromethanesulfonates anions, the distances to the prism oxygens are 2.489(2) and 

2.302(2) Å, and to the equatorial oxygens are 2.594(2) and 2.532(3) Å for the Ce and Yb 

respectively.150  The difference is most apparent in the case of Yb, where the mean 

distance from the metal to equatorial oxygen is on average 0.103 Å shorter in the tris-

DGA complex than in the aqua complex, while the metal-prism oxygen distances are 

only marginally longer by 0.011 Å.  The Yb(III) is held tightly by the ligand, and the 

twist angle of the trigonal prism is only 15.2°.  In the case of Ce(III), both prismatic and 

equatorial bonds are shorter than in the aqua complex by 0.055 Å and 0.028 Å, 

respectively, but the twist angle increases to 21.6°.  The change in distortion from 

idealized TPP geometry follows the trend observed in the dichloromethane extraction 

with 4-5, where Yb(III) is preferentially removed over Ce(III) and other light lanthanides, 

with a separation factor of SFYb/Ce=450.  At this stage of investigation, however, the 

conclusive determination of the origin of such selectivity in the solution is premature.   

As revealed in the extraction experiments described above, the distance separating 

the metal binding groups from the triphenoxymethane platform had virtually no influence 
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on the selectivity or binding efficiency of the ligands.  Therefore, Eu(III) complex with 

the “more flexible” ligand 4-6 has been synthesized and the metal coordination 

environment has been compared to the binding site of cerium and ytterbium complexes to 

verify anticipated similarities.  The structural analysis of the europium complex revealed 

that the Eu is bound by the ligand with similar strength as Ce(III) and Yb(III) by ligand 

4-5.  The bond strength sequence in these complexes follows the trend in the ionic crystal 

radius (for CN=9, rCe(III)=1.336 Å, rEu(III)=1.260 Å, rYb(III)=1.182 Å), and is consistent with 

an increase in the charge density of metal ions: Ce(III)<Eu(III)<Yb(III).85  As the case of 

cerium and ytterbium, europium bond lengths to the carbonyl oxygens (mean distance 

Ce: Å 2.434(9); Eu: 2.411 (3) Å; Yb: 2.313(3) Å) are shorter than to the etheric oxygens 

(Ce: 2.566(7) Å; Eu: 2.499(3) Å; Yb: 2.429(2) Å) by approximately 0.1 Å.  Regardless 

the elongated arm, the twist angle about the three fold axis of the complex of 4-6 with 

Eu(III) falls in between the values for Ce(III) and Yb(III) complexes of 4-5 (15.2°, 

20.0°and 21.6° for Yb, Eu and Ce respectively).  Interestingly, as the coordination 

geometry distorts away from an ideal TTP in the model complexes the extractant 

efficiency in the dichloromethane decreases.   

In addition to the tris-DGA and 4-2 complexes, compound with Yb(III) 

encapsulated by a cage-like molecule has been crystallized.  The metal ion sits in the 

polar cavity composed of three diglycolamide units separating two triphenoxymethane 

platforms.  The coordination environment of ytterbium resembles the binding 

arrangement of  

tris-DGA complex.  An average NCO-Yb distance in the cage complex is only slightly 
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shorted than in the case of [4-5·Yb]3+ (2.296(7) and 2.313(3) Å respectively) while the 

mean length of the etheric O-M bonds is slightly longer (2.447(7) and 2.429(2) Å). 

 
 
Figure 4-8.  Diagram of ytterbium encapsulated by a cage-like derivative of tris-DGA 

compound. 

4.2.4 Solution Structure of Extracted Species  

Given the ability of one equivalent of 4-5 to extract ~70% of the heaviest 

lanthanides from the acidic layer, the reaction can be easily monitored when deuterated 

dichloromethane is used for the extraction experiment.  Figure 4-8 presents three 

superimposed 1H NMR spectra of the ligand 4-5 equilibrated with 1 M nitric acid (a), the 

extracted species generated in upon complexation of Lu(III) by ligand 4-5 in the 1 M 

nitric acid/D2-dichloromethane extraction system (b), and the Lu(NO3)3 complex with  

4-5 formed directly in D2-dichloromethane (c).  The chemical shifts of protons in the 
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close proximity to the coordination site significantly change upon formation of complex.  

Protons that belong to the CH2CH2 tripod-DGA linker become more distinct.   

 
 
Figure 4-9. Superimposed 1H NMR spectra of ligand 4-5 equilibrated with 1 M nitric acid 

(a), Lu(III) extracted by ligand 4-5 from 1 M nitric acid into the  
D2-dichloromethane (b) and Lu(III) complex with 4-5 formed in  
D2-dichloromethane (c). 

Complexation of metal through amidic and etheric oxygens deshields the surrounding 

protons and results in noticeable downfield change in their chemical shifts.  Without a 

metal, the 1H NMR spectrum of 4-5 exhibits two sharp singlets for the DGA CH2OCH2 

protons and these signals broaden, merge, and shift downfield when a metal is added.  

The resonances for the protons of secondary amides are the most affected by metal 

complexation and they shift from a value of 8.15 ppm for 4-5 to 9.75 ppm for the Lu(III) 

complex of 4-5.  From a comparison of the spectrum of the extracted species and the 

isolated Lu(III) complex of 4-5 (structure completely analogous to the Yb(III) complex 

presented in Figure 4-7), the only significant difference is upfield shift of the amidic 

protons in the Lu-tris-DGA species extracted from the acid layer, and the presence of a 

significant amount of water and acid may influence the chemical shift of these protons 
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causing a less significant change in their position relative to the metal complex formed in 

dry dichloromethane.  Nevertheless, the spectrum demonstrates that a C3-symmetric 

complex is formed, and all three arms of the ligand simultaneously bind the metal center 

during the extraction event.  Moreover, the central methine hydrogen (CH), aromatic 

(7.07 and 7.24 ppm) and CH2OCH2 regions in the b spectrum are completely 

superimposable with spectrum c suggesting the structures of two species are nearly if not 

completely identical.  In agreement with the extraction data at a 1:1 metal to ligand ratio 

highlighted in Figure 4-2, some residual amount of a free ligand is evident in spectrum b.  

This simple experiment highlights that the extraction event involves a single ligand 

binding to the Lu(III) center, and undoubtedly, the large increase in entropy produced by 

this process contributes to the high extraction efficiency.   

Often, the removal or “stripping” of the metal center from highly efficient 

extractant molecules is problematic, but in the case of 4-5, a single contact with either 

weak acidic solution or pure water is sufficient to completely remove the metal center 

from the ligand.  When a solution of the Lu(III) extracted complex with 4-5 (Spectrum b 

in Figure 4-8) was shaken with 0.01M HNO3, all of the metal ions were released from 4-5 

into the aqueous layer.  Although this experiment indicates that the metal ions can be 

easily extracted back from the organic to the aqueous phase using weak acid, the most 

effective concentration of nitric acid for more practical stripping still needs to be 

determined. 

4.2.5 Importance of the Etheric Oxygen of Tris-DGA in Metal Binding 

The separation of An(III) from the chemically similar Ln(III) has been the most 

challenging task in nuclear waste partitioning.  As is the case of most hard donor 

extractants, compound 4-5 is not particularly effective in discrimination of these two 
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groups of elements.  The separation factor of 6.16 obtained for trivalent europium and 

americium in dichloromethane was only slightly higher in comparison to the literature 

data for simple DGAs in chlorinated solvents (e.g. 0.1 M N,N,N’,N’-tetraoctyl-4-

oxapenanediamide: 3.43 in dichloroethane, 0.81 in chloroform).129  Most successful 

extractants for lanthanide(III)/actinide(III) separations contain soft donor atoms for metal 

binding,95-97,99,120,130,151-153 and the central oxygen atom in the DGA ligand can be 

replaced with a softer sulfur atom producing a thiodiglycolamide (TDGA).  Based on a 

comparison of the extraction ability of TDGA and the related glutalamide (GLA) ligand 

with a CH2 group in place of the central oxygen, it appears that the central sulfur atom in 

TDGA may interact with the Am(III) center in a 1M NaClO4/nitrobenzene extraction 

system (pH = 3).129  Since the size and flexibility of the group linking the amide donors is 

very similar, the groups would form a nearly identical 8-membered chelate with 

americium if the sulfur atom does not interact with the metal.  The much higher 

extraction efficiency of the TDGA with respect to the GLA suggests otherwise.  At pH > 

3 and/or in the absence of a synergistic agent (e.g., thenoyltrifluoroacetone) however, the 

thiodiglycolamides (TDGA) lose their ability to bind efficiently Am(III).  Given that the 

mutual arrangement of ligating TDGA units could enhance binding much like the DGA 

derivative 4-5, a thiodiglycolamide derivative (4-8) was synthesized, and its extraction 

potential was tested on a series of trivalent lanthanides including 152Eu and actinide 

241Am.  It was anticipated that the softness of the sulfur as well as the significant 

difference in the size of sulfur and oxygen (atomic radius: S = 1.27 Å, O = 0.65 Å) would 

strongly affect the interactions between the ligand and the metal, and possibly help 

differentiate trivalent lanthanides and actinides.  In spite of the advantageous entropic 
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effect, experiments with the preorganized thiodiglycolamides showed negligibly low 

distribution coefficients for both lanthanides and americium in 1 M HNO3 (10-3M of 4-8 

in dichloromethane DAm(III) < 0.001) suggesting a fundamental requirement of the etheric 

oxygen for metal binding under these particular conditions.  

The structural studies of N,N’-dimethyl-N,N’-diphenyl-diglycolamide complexes 

with Ln(III) in solution system via EXAFS (extended X-ray fine structure) spectroscopy 

revealed participation of the etheric oxygens in the metal binding.124  Consequently, the 

structure of tris-DGA complexes with lanthanides both in the solid state and in the 

solution could be very similar.  If the etheric oxygen is involved in metal binding in the 

extracted species, replacing it with much bigger sulfur atom would cause a severe 

distortion from TTP geometry, and ultimately result in poor metal binding.  In view of 

the crowded environment of the nonadentate ligand 4-5 and the inability of the ligand 

arms to rotate once placed on the triphenoxymethane platform, the extracted species 

would likely interact with several of the donor groups presented by the ligand, and the 

ether oxygens appear to be very important in this event. 

4.3 Conclusions 

New tripodal chelates bearing three diglycolamide and thiodiglycolamide units 

precisely arranged on a triphenoxymethane platform have been synthesized to provide for 

highly efficient and selective extraction of trivalent f-element cations from nitric acid 

media.  Exploiting the preference of the metal center for TPP geometry, the ligand has 

been designed to completely fill the coordination sphere of the metal and 1H NMR 

experiments suggest a single ligand binds the smaller lanthanides during the extraction 

event.  The ligand with n-butyl substituents on the diglycolamide arms was found to be a 

significantly weaker extractant in comparison to the di-isopropyl analogs.  The distance 
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separating the metal binding groups from the triphenoxymethane platform had little 

influence on the selectivity or binding efficiency of the ligands.  The tris-

thiodiglycolamide derivative proved to be an ineffective chelate for f-elements in the 1 M 

nitric acid extraction system and demonstrated the importance of the etheric oxygens in 

the metal binding.   

4.4 Experimental Section  

4.4.1 General Considerations 

The lanthanide and actinide salts were used as received.  The solutions were 

prepared from 18MΩ Millipore deionized water, TraceMetal grade HNO3 (Fisher 

Scientific), and HPLC grade dichloromethane (Fisher Scientific).  A Varian Cary 50 

UV/Vis spectrophotometer was used for the Arsenazo(III) assays.  Elemental analyses 

were performed at the in-house facility of Department of Chemistry at University of 

Florida.  The 1H, 13C, and spectra were recorded on a Varian VXR-300 or Mercury-300 

spectrometer at 299.95 and 75.4 MHz for the proton and carbon channels respectively.  

Mass spectrometry samples were analyzed on a Bruker Apex II 4.7T Fourier transform 

ion cyclotron resonance mass spectrometer. 

4.4.2 1H NMR Experiment 

Equal volumes of 10-2 M solutions of Lu(NO3)3 in 1 M nitric acid and Tris-DGA 

(4-5) in D2-dichloromethane were mixed for 2h.  The second portion of the same 10-2 M 

solution of 4-5 in D2-dichloromethane was mixed with 1 M nitric acid.  After phase 

separation, the organic layers were analyzed in the 1H NMR experiment.  Another NMR 

sample of the Lu(III) complex with 4-5 was synthesized directly in the deuterated 

solvent.  The 10-5 mol of Lu(NO3)3·5H2O salt was stirred with 1 mL of the 10-2 M 

solution of 4-5 in D2-dichloromethane for 2h.  Even though the complex partially 
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precipitated from the solution, the concentration of the sample was sufficient for the 

NMR analysis.  

4.4.3 Synthetic Procedures 

[(Diisopropylcarbamoyl)-methoxy]-acetic acid 4-1.  A mixture of 6.09 mL (43.00 mmol) 

of diisopropyl amine and 3.50 mL (0.043) of pyridine was slowly added to a solution of 

5.15 g (43.00 mmol) of diglycolic anhydride in 40 mL of 1,4-dioxane, under an ice bath 

condition.  After stirring the reaction mixture for approximately 20 h at room 

temperature, solvent was evaporated under reduced pressure, and 6 M hydrochloric acid 

was added.  The organic phase was further extracted with dichloromethane, dried over 

magnesium sulfate, and partially evaporated.  Clean product crystallized upon slow 

solvent evaporation.  Yield: 4.50g (48 %).  1H NMR (CDCl3): δ = 1.26 (d, J = 6.7 Hz, 

6H; NCHCH3), 1.38 (d, J =6.9 Hz, 6H; NCHCH3), 3.40 – 3.63 (two multiplets, 2H; 

NCHCH3), 4.10 (s, 2H; CH2CON), 4.30 (s, 2H; CH2COOH).  13C NMR (CDCl3): δ = 

20.1, 20.3 (aliphatic); 46.7, 47.8 (CH-N); 72.0, 72.4 (O-CH2); 169.9, 172.3 (C=O).  HR 

LSIMS [M+H]+ = 218.1392, (Theoretical [M+H]+ = 218.1392).  

2-[(Diisopropylcarbamoyl)-methoxy]-N,N-diisopropyl-acetamide 4-2.  A cold 

solution of mono-substituted amide 4-1 (2.00 g, 9.20 mmol) in 40 mL of dry 

dichloromethane was gradually treated with oxalyl chloride (1.46 mL, 18.40 mmol).  

After 4 h solvent was evaporated and the orange sticky residue was dissolved in 20 mL of 

dioxane.  Subsequently, 6.45 mL (46.00 mmol) of diisopropyl amine was slowly added to 

the solution, and stirred overnight at room temperature.  The solvent was evaporated, and 

the residue was dissolved in a mixture of diethyl ether and pentane, extracted with 1 M 

hydrochloric acid followed by the extraction with 1 M sodium hydroxide, and died over 
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magnesium sulfide.  Pure product crystallized upon slow evaporation of solvent with  

43 % yield (1.10g).  1H NMR (CDCl3): δ = 1.18 (d, J = 6.4 Hz, 12H; NCHCH3), 1.40 (d, 

J = 5.4 Hz, 12H; NCHCH3), 3.44 (m, 2H; NCHCH3), 3.90 (m, 2H; NCHCH3), 4.22 (s, 

4H; OCH2).  13C NMR (CDCl3): δ = 20.2, 20.5 (CH3); 46.0, 48.0 (CH-NH); 70.4 (O-

CH2); 168.1 (C=O).  HR LSIMS m/z [M+H]+ = 301.2487, (Theoretical m/z [M+H]+ = 

301.2491).  

2-(2-(diisopropylamino)-2-oxoethylthio)acetic acid (4-4).  The methodology for the 

preparation of 4-4 followed the synthetic pathways reported for 4-1140 and 4-3138.   

A mixture of 3.54 mL (25.00 mmol) of diisopropyl amine and 1.00 mL (0.18 mol) of 

pyridine was slowly added to a solution of 3.00 g (23.00 mmol) of 1,4-oxathiane-2,6-

dione in 40 mL of 1, 4-dioxane at 0°C.  After stirring the reaction mixture for 

approximately 20 h at room temperature, the solvent was evaporated under reduced 

pressure, and 3 M hydrochloric acid was added.  The organic phase was further extracted 

with chloroform, dried over magnesium sulfate, and partially evaporated.  The product 

crystallized upon slow evaporation of the solvent to afford 1.50 g (30%) of product.   

1H NMR (CDCl3): δ = 1.12 (d, J = 6.7 Hz, 6H; NCHCH3), 1.26 (d, J =6.9 Hz, 6H; 

NCHCH3), 3.25 (s, 2H; CH2CON), 3.37 (m, 1H; NCHCH3), 3.42 (s, 2H; CH2COOH), 

3.89 (m, 1H; NCHCH3).  13C NMR (CDCl3): δ = 20.1, 20.4, 33.5, 34.5, 46.4, 50.1 

(aliphatic); 168.8, 171.6 (C=O).  HR LSIMS [M+H]+ = 234.1172, (Theoretical LSIMS 

[M+H]+ =234.1143).  

Compound 4-5.  Method I.  To a mixture of 0.85 g (7.12 mmol) of 2-

mercaptothiazoline, DCC (1.47g, 7.12 mmol) and DMAP (0.11, 0.89 mmol) in 60 mL of 

dichloromethane (DCM), 1.55g (7.12 mmol) of mono-substituted oxa-pentaneamide 4-1 
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was added and stirred for 5 h.  Subsequently, 1.50 g (1.78 mmol) of amine 2-4a dissolved 

in 10 mL of DCM was added dropwise, and the solution was stirred for 48 h.  White 

precipitate was filtered away, and solvent was evaporated in vacuo.  The residue was 

treated with diethyl ether followed by addition of pentane.  The crashed out solid was 

filtered away and remaining solution of product was evaporated.  The crude material was 

dissolved in mixture of DCM and hexamethyldisiloxane and left for crystallization.  

Yield: 1.50 g (59 %).  Method II.  A mixture of 1.0 equivalence of mono-substituted 

amide (4-1), 2.0 eq. of ethyl-diisopropyl-amine, and 1.1 eq. PyBOP (Benzotriazole-1-yl-

oxy-trispyrrolidinophosphonium hexafluorophosphate) was stirred in DMF for 

approximately 30 min.  Subsequently, 0.3 eq. of amine (2-4a) was added and stirred for 

48h.  Upon following treatment with 10% hydrochloric acid, white solid crashed out of 

solution.  A precipitate was extracted with diethyl ether, and the organic solution was 

further washed with 0.5 M sodium hydroxide, and dried over magnesium sulfide.   

A solvent was evaporated under reduced pressure leaving clean light yellowish product in 

73% yield.  1H NMR (CDCl3): δ = 0.52 (m, 18H; CH2CH3), 1.13 (s, 18H; CCH3), 1.20 

(d, J = 5.9 Hz, 18H; NCHCH3), 1.31 (s, 18H; CCH3), 1.39 (d, J = 6.1 Hz, 18H; 

NCHCH3), 1.20 – 1.70 (two broad multiplets, 6H + 6H; CH2CH3), 3.20 – 3.90 (broad 

multiplets: 6H, CH2CH2-NH2; 6H, NCHCH3; 6H, O-CH2CH2), 4.10 (s, 6H; OCH2), 4.22 

(s, 6H; OCH2), 6.43 (s, 1H; CH), 7.02 (s, 3 H; Ar-H), 7.11 (s, 3 H; Ar-H), 7.89 (bt, 3 H; 

N-H).  13C NMR (CDCl3): δ = 9.2, 9.7, 20.6, 21.0, 28.9, 29.7, 35.4, 37.0, 37.7, 38.6, 39.3, 

39.5, 46.2, 47.8 (aliphatic); 70.2, 71.1 (O-CH2); 125.0, 127.9, 137.8, 139.9, 142.9, 153.0 

(aromatic); 167.6, 170.2 (C=O).  HR ESI-ICR MS [M+K+H]2+ = 739.5151, (Theoretical 
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m/z [M+K+H]2+ = 739.5200).  Anal. Found: C, 71.3; H, 10.2; N, 5.7.  Calc.  for 

C85H142N6O12: C, 70.9; H, 9.9; N, 5.8 %.   

Compound 4-6.  A mixture of mono-substituted amide (4-1) (1.27 g, 5.87 mmol), 

ethyl-diisopropyl-amine (1.94 mL, 11.73 mmol), and PyBOP (4.35 g, 6.45 mmol) was 

stirred in 40 mL of DMF for approximately 30 min.  A 1.56 g (1.76 mmol) portion of 

amine 2-9b was added and stirred for 48 h.  Upon treatment with 10% hydrochloric acid, 

a yellow solid precipitated from the solution.  The solid was extracted with diethyl ether, 

and the organic solution was further washed with 0.5 M sodium hydroxide, and dried 

over magnesium sulfate.  The solvent was evaporated under reduced pressure leaving 

1.90 g (73%) of clean, light yellow product.  1H NMR (CDCl3): δ = 0.51 (m, 18H; 

CH2CH3), 1.12 (s, 18H; CCH3), 1.19 (d, J =6.7 Hz, 18H; NCHCH3), 1.30 (s, 18H; 

CCH3), 1.38 (d, J = 6.7 Hz, 18H; NCHCH3), 1.67 (q, J =7.6 Hz, 6H; CH2CH3), 2,00  

(b, 6 H; CH2CH2CH2), 3.47 (broad multiplet: 18 H; O-CH2CH2CH2-NHCO, 3H; 

NCHCH3), 3.77 (m, 3H; NCHCH3), 4.07 (s, 6H; OCH2), 4.20 (s, 6H; OCH2), 6.34 (s, 1H; 

CH), 6.99 (d, J = 2.0 Hz, 3 H; Ar-H), 7.04 (d, J = 2.0 Hz, 3 H; Ar-H), 7.84 (bt, 3 H;  

N-H).  13C NMR (CDCl3): δ = 9.2, 9.7, 20.6, 20.8, 28.7, 29.6, 30.5, 35.2, 36.8, 37.0, 37.7, 

38.9, 39.2, 46.1, 47.7, 70.0, 70.9, 71.1 (aliphatic); 124.7, 127.9, 138.0, 139.7, 142.4, 

153.4 (aromatic); 167.6, 169.9 (C=O).  HR ESI-ICR MS m/z [M+H+K]2+ = 760.5481, 

(Theoretical m/z [M+H+K]2+ = 760.5430).  Anal. Calcd for C88H148N6O12: C, 71.31; H, 

10.06; N, 5.67. Found: C, 71.68; H, 10.30; N, 5.61. 

Compound 4-7.  A mixture of mono-substituted amide (4-3) (1.46 g, 5.95 mmol), 

ethyl-diisopropyl-amine (1.96 mL, 11.84 mmol), and PyBOP (3.90 g, 7.49 mmol) was 

stirred in 40 mL of DMF for approximately 30 min. Subsequently, 1.50 g (1.78 mmol)  
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of amine (2-4a) was added and stirred for 48 h.  Upon treatment with 10% hydrochloric 

acid, a white solid precipitated from the solution.  The solid was extracted with diethyl 

ether, and the organic solution was further washed with 0.5 M sodium hydroxide, and 

dried over magnesium sulfate.  The solvent was evaporated under reduced pressure to 

yield 2.00 g (74%) of product.  1H NMR (CDCl3): δ = 0.47 (m, 18H; CH2CH3),  

0.80 – 1.70 (signals: 18H, NCH2CH2CH2CH3; 18H + 18H, CCH3; 12H, 

NCH2CH2CH2CH3; 12H, NCH2CH2CH2CH3; 6H + 6H, CH2CH3), 3.12 (t, J = 7.4 Hz, 

6H, NCH2CH2CH2CH3), 3.27 (t: J = 7.2 Hz, 6H, NCH2CH2CH2CH3), 3.10 – 3.80 (broad 

signals: 6H, CH2CH2-NH2; 6H, O-CH2CH2), 4.06 (s, 6H; OCH2), 4.24 (s, 6H; OCH2), 

6.37 (s, 1H; CH), 6.98 (s, 3 H; Ar-H), 7.06 (s, 3 H; Ar-H), 7.86 (t, J = 5.7 Hz, 3 H; N-H).  

13C NMR (CDCl3): δ = 9.3, 9.7, 13.9, 14.0, 20.2, 20.4, 29.7, 29.9, 31.2, 35.4, 37.0, 37.8, 

38.6, 39.2, 39.5 (aliphatic); 45.8, 46.7, 69.8, 70.3 (O-CH2-CO); 71.4 (O-CH2); 124.9, 

127.8, 137.8, 139.9, 142.8, 153.1 (aromatic), 168.3, 170.0 (C=O).  HR LSIMS  

[M+H]+ = 1524.1699 (Theoretical LSIMS [M+H]+ = 1524.1703).  Anal. Calcd for 

C91H154N6O12: C, 71.71; H, 10.18; N, 5.51.  Found: C, 71.99; H, 10.35; N, 5.45 

Compound 4-8.  A mixture of mono-substituted amide 4-4 (1.79 g, 7.67 mmol), 

ethyl-diisopropyl-amine (2.54 mL, 15.37 mmol), and PyBOP (4.40 g, 8.46 mmol) was 

stirred in 40 mL of DMF for approximately 30 min. Subsequently, 1.95 g (2.31 mmol) of 

amine (2-4a) was added and stirred for 48 h.  Upon treatment with 10% hydrochloric 

acid, a white solid precipitated from the solution.  A solid was collected, extracted with 

diethyl ether, and the organic solution was further washed with 0.5 M sodium hydroxide, 

and dried over magnesium sulfide.  The solvent was evaporated under reduced pressure 

leaving 2.90 g (84%) of light yellow product.  1H NMR (CDCl3): δ = 0.51 (m, 18H; 
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CH2CH3), 1.12 (s, 18H; CCH3), 1.21 (d, J =6.4 Hz, 18H; NCHCH3), 1.31 (s, 18H; 

CCH3), 1.37 (d, J = 6.2 Hz, 18H; NCHCH3), 1.20 – 1.70 (two broad multiplets, 6H + 6H; 

CH2CH3), 3.27 –4.10 (signals: 6H, O-CH2CH2; 6H, OCH2; 6H, OCH2; 6H, CH2CH2-

NH2; 6H, NCHCH3), 6.43 (s, 1H; CH), 7.01 (s, 3 H; Ar-H), 7.07 (s, 3 H; Ar-H), 7.94  

(bt, 3 H; N-H).  13C NMR (CDCl3): δ = 9.3, 9.7, 20.6, 20.9, 28.7, 29.7, 35.3, 35.5, 36.1, 

37.0, 38.7, 39.3, 40.2, 46.2, 49, 7, 49, 9 (aliphatic); 70.3 (O-CH2); 125.0, 127.9, 137.8, 

140.0, 142.9, 153.2 (aromatic); 167.7, 169.7 (C=O).  HR ESI-ICR MS m/z [M+Na]+ = 

1509.9872 (Theoretical m/z [M+Na]+ = 1509.9893).  Anal. Calcd for C85H142N6O9S3:  

C, 68.60; H, 9.62; N, 5.65, Found: C, 68.94; H, 9.99; N, 5.51. 

General procedure for preparation of complexes.  A solution of 0.7 equivalent of 

Ln(NO3)3 xH2O in methanol was added to a solution of 1 equivalent of 7 in methanol, 

and mixture was stirred at room temperature for approximately 4 h.  The Ce complex, 

was formed in reaction of (NH4)2Ce(NO3)6 and ligand 4-5.  Due to instability of Ce(IV) 

in the organic solvents, the crystalline material collected after diffusion of ether into the 

reaction mixture in methanol contained complex of Ce(III) exclusively.  Upon slow 

diffusion of ether to a methanol solution of [4-5·Yb](NO3)3 complex, clear crystals were 

formed with 40% yield.  Crystals of Eu complex with 4-6 and Yb-cage were obtained via 

diffusion of ether into the concentrated solution of the complex in methanol and 

dichloromethane (1:1).  The PF6
- anions found in [4-5·Eu](NO3)3 complex were used in 

the synthesis of ligand 4-5.  Compound [4-5 Ce][Ce(NO3)6].  HR ESI-ICR MS m/z 

[M+Ce(NO3)2]+ = 1702.9413, (Theoretical m/z [M+ Ce(NO3)2]+ =1702.9491).  

Compound [4-5 Yb](NO3)3.  HR ESI-ICR MS m/z [M+Yb(NO3)2]+ =1736.9813, 

(Theoretical m/z [M+ Yb(NO3)2] + = 1736.9842).   
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Table 4-4. X-ray data for the crystal structures of[4-5·Ce][Ce(NO3)6], [4-6·Eu](NO3)3, [3x4-2·Yb](NO3)3, [4-5·Yb](NO3)3 and  
[Yb-cage](NO3)3. 

 
[4-5·Ce] 

[Ce(NO3)6] 
4MeOH·C4H10O 

[4-6·Eu](NO3)2.5 
 MeOH·1/2PF6 

[3x4-2·Yb] 
 (NO3)3 

[4-5·Yb](NO3)3
2MeOH 

[Yb-cage](NO3)3 

total reflections 
unique reflections 

Θmax(°) 
empirical formula 

Mr 
crystal system 
space group 

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

Vc (Å3) 
Dc (g cm-3) 

T (K) 
Z 

µ(Mo-Kα) (mm-1) 
R1 [I ≥ 2σ(I) data]b 

wR2 (all data)c 

GoF 

33661 
22398 

28 
C93H168Ce2N12O35 

2294.63 
monoclinic 

Pc 
19.075(2) 

13.2833(14) 
24.916(3) 

90 
110.643(2) 

90 
5907.8(11) 

1.290 
173(2) 

2 
0.838 

0.0761 [12522] 
0.1852 
0.924 

24923 
17264 
25.61 

C89H152EuF3N8.5O20.5P0.5
1907.66 
triclinic 

P-1 
12.2719(14) 
12.4189(14) 
41.104(5) 
85.623(2) 
88.434(2) 
61.098(2) 
5467.8(11) 

1.159 
273(2) 

2 
0.6448 

0.0578 [15717] 
0.1406 
1.100 

38856 
6165 
25 

C48H96N9O18Yb 
1260.38 

tetragonal 
P42/n 

16.9828(7) 
16.9828(7) 
24.3051(15) 

90 
90 
90 

7010.0(6) 
1.194 
173(2) 

4 
1.396 

0.0706 [4059] 
0.1993 
1.111 

69932 
24823 

28 
C87H150N9O23Yb

1863.20 
monoclinic 

C2/c 
71.172(5) 
12.8866(9) 
23.3365(16) 

90 
94.489(1) 

90 
21338(3) 

1.160 
173(2) 

8 
0.942 

0.0480 [18157] 
0.1471 
1.066 

36955 
22802 
24.25 

C122H188N9O24Yb 
2337.85 
triclinic 

P-1 
12.3923(8) 
22.0965(14) 
27.4858(17) 
71.9520(10) 
82.3300(10) 
89.9410(10) 
7085.5(8) 

1.096 
273(2) 

2 
0.722 

0.1016 [15923] 
0.2840 
1.648 

aObtained with monochromatic Mo-Kα radiation (λ = 0.71073 Ǻ) 
bR1 = Σ Fo  - Fc /ΣFo  
cwR2 = {Σ[w(Fo

2 - Fc
2)2/Σ[w(Fo

2)2]}1/2  
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CHAPTER 5 
PYRIDINE N-OXIDE FUNCTIONALIZED C3-SYMMETRIC CHELATES  

FOR F-ELEMENS BINDING  

5.1 Introduction 

The phosphorous oxide derivatives are among the most successful extractants for 

lanthanide and actinide separations.  It therefore seems reasonable to expect similar 

extraction properties from oxides of other elements close to phosphorus in the periodic 

table.45  Indeed ketones, silicon oxides, sulphoxides and arsine oxides have been studied 

as extraction solvents.  Some of these systems, however, suffer practical drawbacks.  The 

ease of hydrolysis of silicon oxides renders them unsuitable for highly acidic f-element 

separations, while the application of arsine oxides is limited by their challenging 

synthesis.154-156  Only ketones41 and sulphoxides157-160 have found limited success in this 

field.  Surprisingly, except for studies on the extraction potential of trioctylamine and 5-

(4-pyridyl)nonane N-oxides by Ejaz,45,46,161-171 little attention has been paid to the amine 

oxides.172-174  

5-(4-pyridyl)nonane N-oxide trioctyl amine oxide

N
O

NO

 
 
Figure 5-1. Structures of the most extensively studied amine oxides.  
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The excellent donor ability and stability of the N-oxide group in acidic media 

makes N-oxide derivatives promising reagents for An/Ln extractions.  Additionally, the 

incinerability of these organic molecules is in accord with minimization of waste 

generated during nuclear waste treatment.   

Although aliphatic amine oxides attract metal cations much more strongly than 

their aromatic counterparts, their application as partitioning reagents is severely limited.  

Due to their high polarity, aliphatic amine oxides effectively displace water molecules 

from the coordination sphere of cations and, as such, they are not particularly selective in 

cation binding.  The different binding properties of aromatic amine oxides arise from the 

distribution of their electron density.  In pyridine N-oxide, electrons can be delocalized 

over the aromatic ring, while in the aliphatic case the negative dipole is positioned 

directly on the oxygen resulting in higher dipole moment (trioctylamine oxide: 5.4 D, 

pyridine N-oxide: 4.2 D, and for comparison TBP: 3.05 D).163   

N

O

0.912
0.902
1.142

1.384

1.616  
 
Figure 5-2. The electron distribution in pyridine N-oxide.175-178 

The electronic configuration of pyridine N-oxide can be represented by the 

following resonance structures:179 

N N N N N
O O O O O

I II III IV V  
Figure 5-3. Resonance structures of pyridine N-oxide adapted from Ochiai, E. J. Org. 

Chem. 1953, 18, 534.179 
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As a result of delocalization of electrons in resonance structures II-IV, the dipole 

moment of pyridine N-oxide is lower than predicted (µ = 4.24 rather than 4.38 D).180  In 

fact, pyridine N-oxide is a quite soft oxygen donor and can form stable complexes not 

only with mercury (II) [Hg(C5H5NO)6](C1O4)2,181 but also with mercury (I) 

Hg2(C5H5NO)4(C1O4)2.182  Therefore pyridine N-oxide derivatives could be successful in 

the problematic separation of trivalent actinides and lanthanides.   

Interestingly, in the liquid-liquid extraction, the pyridine N-oxide derivative  

5-(4-pyridyl)nonane N-oxide shows very little affinity for trivalent f-elements over a 

whole range of acidity (DCe(III) ~ 0.001 in solution of 0.1M ligand xylene).170  The 

compound seems to prefer interactions with more highly oxidized ions.  For comparison, 

in the same extraction setting the distribution coefficient obtained for cerium (IV) was 

close to unity, and a relatively small dependence of the extraction efficiency on the acid 

concentration (~D ± 0.15) was observed with a minimum at approximately 0.1 M and the 

maximum at 7 M HNO3.169  On the other hand, the extraction efficiencies of other highly 

oxidized ions such as Th(IV) and U (VI) were strongly affected by acid concentration.  

The most effective, quantitative extraction of Th(IV) was afforded by 0.1 M pyridine N-

oxide in xylene in the range of 0.1 - 0.5M nitric acid.45  At higher acid concentration the 

extraction efficiency was significantly decreased, possibly due to strong interactions 

between the extractant and acid, as well as the formation of anionic thorium hexanitrate 

complex which is impossible to extract by N-oxide.  A similar situation was found in the 

case of hexavalent uranium, where the distribution coefficient reached its maximum at 

about 0.1 – 0.5 M HNO3 (DU(VI)~10) and abruptly decreased with higher acid 

concentration (at 1 M HNO3 D~8, and at 10 M D~0.1).46  As opposed to the aliphatic 
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amine oxides, this relatively weaker aromatic base may not be able to adapt the ion pair 

mechanism to restore efficient metal binding in very acidic environments.  As a function 

of polarity, higher basicity of aliphatic amine oxides causes stronger attraction of H+ 

which may initially lower the extraction efficiency at the moderate to high acid 

concentration (pKa of conjugated acids of heterocyclic and aliphatic amines oxides are 

~1.0 and ~5.2 respectively; for comparison pKa of TBP168 ~ 0.20).163  However, in highly 

acidic solution some aliphatic amine oxides can adapt an ion pair mechanism where the 

protonated form of ligand attracts negatively charged metal complex if present (e. g. 

[R3NOH]+[UO2(NO3)3]-) and facilitate the transferred of a metal into the organic phase.   

Intrigued by the binding properties of heterocyclic amine N-oxides and the vast 

possibilities of structural modifications that promise control over the binding potential, 

tris-pyridine N-oxide ligands have been synthesized.  The ligand design was inspired by 

our prior success in enhancement of the efficiency and selectivity of small extractants via 

attachment of three binding units onto the triphenoxymethane scaffold.51,140,183  The 

designed ligand could be attractive for trivalent actinides in the liquid-liquid extraction 

systems not only through the entropic effect, but also by the chelate effect due to a 

second type of oxygen donor (amide) in close proximity to each N-oxide.  Although 

similar donor properties of pyridine N-oxide (PyNO) and triphenyl phophine oxide 

(dipole moments of 4.24 D and 4.28 D respectively)180,184 predict moderate to low 

affinity for trivalent f-elements, it was envisioned that the lower steric hindrance around 

the N-oxide donor atom may facilitate better binding.  The selectivity for An(III) was 

expected to arise from the fairly soft character of the aromatic N-oxide. 
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5.2 Results and Discussion 

5.2.1 Synthesis of Tris-PyNO Derivatives 

R

R
O

HN
O

N O

3
R

R
O

HN
O

N

3
R

R
O

H2N
n

3

O

NCl

     Et3N/THF
           or
pyridine/dioxane

3-chloroperoxybenzoic acid
                 
                 CH2Cl2

5-1 R = t-Pentyl, n = 1
5-2 R = t-Pentyl, n = 2
5-3 R = t-Butyl, n = 2

2-4a R = t-Pentyl, n = 1
2-9a R = t-Pentyl, n = 2
2-9a R = t-Butyl, n = 2

5-4 R = t-Pentyl, n = 1
5-5 R = t-Pentyl, n = 2
5-6 R = t-Butyl, n = 2

n n

 
Figure 5-4. Synthesis of tris-pyridine N-oxides. 

The synthetic methodology to obtain tris-pyridine N-oxides is summarized in 

Figure 5-4.  In the first step the picolinamide derivatives were synthesized by reaction of 

a primary amine185,186 with picolinic acid chloride in the presence of an organic base.  

The picolinic acid chloride was prepared following established procedures using either 

thionyl chloride186 or oxalyl chloride.186  According to the literature, the reaction of 

picolinic acid and thionyl chloride yields mixtures of compounds, most likely dimers, 

polymers and cyclic hexamers of acid chloride hydrochloride rather than a monomeric 

nonprotonated acid chloride, which can adversely affect the yield and purity of the 

reaction.187,188  Indeed, in the case of a compound 5-1 a cleaner and more efficient 

reaction was realized when the nonprotonated acid chloride was used.  Also, changing the 

base and solvent from triethylamine and THF to pyridine and dioxane improved the ease 

of reaction workup.   

In the second step the picolinamide was treated in portions with 70-75%  

m-chloroperbenzoic acid.  This synthetic procedure was adapted from methodology 
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reported for the oxidation of various pyridine derivatives.181  After approximately 3 days 

of stirring the reaction mixture at room temperature, the dichloromethane solution was 

washed with saturated sodium hydrogen carbonate and brine, and dried over magnesium 

sulfate.  Solvent was partially evaporated and slow addition of pentane resulted in the 

precipitation of analytically pure product. 

5.2.2 Extraction Experiments 

To allow the direct comparison of chelate extraction power, the preliminary 

extraction experiments were performed under the same conditions as with all other 

previously described ligands.  Compounds 5-4 and 5-6 were tested at 10-3 M 

concentration in CH2Cl2.  The extraction of a series of trivalent lanthanide and tetravalent 

thorium nitrates from 1 M nitric acid revealed a low affinity of ligands for those ions.  

The extraction percentages obtained with the more flexible compound 5-6 (elongated 

arm) were slightly higher than for the 5-4, however the highest extraction value did not 

exceed 11 ± 3%.  Low affinities for tested metal ions may not necessarily reflect poor 

intrinsic ability of the ligands to bind, but may instead arise from low stability of 

complexes in dichloromethane, or simply from the protonation of ligands in the acidic 

extraction environment.  Since the goal has been to identify a ligand that could extract 

ions typical for the nuclear waste environment, the binding potential of the tris-PyNO 

was not evaluated at higher pH.  Also, limited solubility of the ligand restricted extraction 

options to only few organic solvents.  To improve ligand performance, a counterion more 

capable then nitrate to stabilize the charged complex in the organic phase was utilized.   

Recently, significant attention has been focused on CObaltocarborane SANdwich 

anion (COSAN) as an extraction supporting agent.  The hexachlorinated cobalt 

dicarbollide along with polyethylene glycol and carbamoyl phosphine oxide (CMPO) in 
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mononitrotrifluorotoluene has been used as a synergistic mixture of the UNEX 

(UNiversal EXtraction) process, the one stage solvent design for a simultaneous recovery 

of all long-lived radionuclides from high level waste.189-192  The chlorinated derivative of 

bis(1,2-dicarbollide) cobaltate is more resistant to warm concentrated nitric acid and to 

intensive radiation (Figure5-5).   

Cl

BH CH

BH

CHB

BHB

BHB

H
B

B
H

BHB

BH B

B
BH

HC

BHCH

BH

Co

BH

Cs+[Co(C2B9H8Cl3)2]-

Cs

hexachlorinated cesium bis(1,2-dicarbollide) cobaltate

Cl

Cl

Cl

Cl

Cl

 
 
Figure 5-5. Structure on the hexachlorinated cobaltocarborane sandwich anion (COSAN). 

The acid form of cobalt dicarbollide has properties of a superacid,193 namely a 

compound with acidity greater than that of 100 wt. % sulfuric acid.  A solution of 

COSAN in organic solvent forms an ion pair [H+·nH2O][COSAN-] with n = 5.5 upon 

contact with water.194  The proton can be exchanged for a metal cation, enabling COSAN 

to work as a cation exchanger.  More important is the unique capacity of COSAN to act 

as a lipophilic counterion that through compensation of the charge of the complex can 

facilitate the extraction event of a metal to the organic phase.  As opposed to the very 

polar nitrate, this hydrophobic species can very effectively stabilize the extracted 
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complex in the organic solvent.  Addition of COSAN as a synergist has improved 

extraction coefficients of many extraction procedures by two to three orders of 

magnitude.195-201  According to the results of molecular dynamic studies by G. Wipff et 

al. the highly surface active COSAN anion creates a film on the water and organic 

solvent interface.  This negatively charged layer attracts hard cations normally repelled 

by the interface therefore assisting in the binding of a metal ion by the primary 

extractant.202  The major weakness of this bulky counterion is its limited solubility in 

organic diluents to the environmentally hazardous nitrobenzene and halogenated 

hydrocarbons derivatives.   

Dichloroethane and 2-nitrophenyl octyl ether were chosen for extraction studies 

with synergistic mixture of tris-PyNO and COSAN.  Initially 10-3 M concentration of 5-4 

and three fold higher concentration of COSAN in 2-nitrophenyl octyl ether mixture was 

used for extraction of trivalent La, Eu and Yb nitrates (10-4 M) from 1 M nitric acid.  

Unfortunately, no improvement of extraction was observed.  Similar results were 

obtained in the extraction of eleven lanthanides with a solution of 10-3 M 5-4 in 

dichloroethane with either 10-3M or 3x10-3M of COSAN.  Extraction with unoxidized 

pyridine derivative 5-1 at10-3 M with 3x10-3M COSAN in C2H4Cl2 was also 

unsuccessful.    Since most of published extraction procedures do not describe any special 

conditioning of COSAN prior to the extraction, the compound was used in the form of 

cesium salt, as received.  This form of COSAN may not be the most suitable for 

extraction.  Conversion of COSAN salt into the acid via multiple treatment with sulfuric 

acid as described by Smirnov et al.203,204 could prove to be more useful and experiments 

using converted compound are currently underway.   
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NMR extraction studies with a solution of 0.01 M lutetium nitrate in 1 M nitric acid 

and a molar equivalent of 5-4 in deuterated dichloromethane confirmed the inability of  

5-4 to transfer the metal into the organic phase. 

 
 

Figure 5-6. Stacked 1H NMR spectra of ligand 5-4 equilibrated with 1 M nitric acid (a), 
Lu(III) extraction by ligand 5-4 from 1 M nitric acid into the  
D2-dichloromethane (b) and Lu(III) complex with 5-4 formed in  
D2-dichloromethane (c). 

Spectrum a shows 10-2M solution of ligand 5-4 equilibrated with 1M nitric acid.  

Upon contact with 10-2 M lutetium nitrate solution in 1 M nitric acid (spectrum b) 

absolutely no complex has been formed in the organic phase.  Spectra a and b are 

virtually identical and show no signs of extraction of lutetium into deuterated 

dichloromethane.  It was determined, however, that ligand 5-4 is capable of binding 

lutetium, as documented in spectrum c.  The complex of lutetium with tris-PyNO 5-4 was 

obtained via dissolution of 1 molar equivalent of hydrated lutetium nitrate salt in 10-2 M 

solution of 5-4 in deuterated dichloromethane.  Upon mixing, a substantial amount of 
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complex precipitated out of solution, suggesting that dichloromethane can neither solvate 

nor effectively stabilize the complex in the organic phase, preventing the extraction 

event.  Fortunately, the concentration of soluble lutetium complex in the NMR solvent 

was sufficient for analysis.  Protons from the two carbon spacer between the platform and 

the PyNO unit are shifted slightly upfield.  The most significant difference in the ligand 

and the complex spectra can be observed in the aromatic region.  Resonances of the two 

protons in closest proximity to N-O and the amide are affected the most, and due to the 

deshilding effect of the metal binding, they move apart and shift downfield.  

Interestingly, amidic protons originally present at 11.51 ppm (spectra a and b) vanished 

upon complexation.  The NMR studies demonstrate that ligand 5-4 is capable of metal 

binding, but apparently the acid concentration and instability of the complex in 

dichloromethane defer extraction. 

The binding ability of the unoxidized, softer pyridine derivative 5-1 was also 

examined (Figure 5-7).  As in the case of 5-4 no sign of Lu(III) transfer into the organic 

phase was observed (spectrum b).  Signals from protons of the CH2CH2 linker split and 

move upfield.  Again, as expected, the aromatic protons are most affected by 

complexation.  The four multiplets of pyridine shift downfield by approximately 0.1 ppm, 

and sensitive to the special orientation protons of triphenoxymethane platform are shifted 

farther apart from each other.  Amidic protons originally concealed by the pyridine peak 

at 8.53 ppm, shift upon complexation to 9.20 ppm. 
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Figure 5-7. Stacked 1H NMR spectra of ligand 5-1 equilibrated with 1 M nitric acid (a), 

Lu(III) extraction by ligand 5-1 from 1 M nitric acid into the D2-
dichloromethane (b) and Lu(III) complex with 5-4 formed in D2-
dichloromethane (c). 

Based on results of the NMR experiment it can be concluded that the soft donor 5-1 

is also capable of metal binding.  As opposed to Lu-PyNO, the complex of 5-1 is soluble 

in dichloromethane.  Protonation of the ligand is therefore the major reason for the ligand 

inability to bind and transport a metal ion into the organic phase. 

5.2.3 Solid State Studies 

Pyridine N-oxide is a versatile ligand capable of binding a wide range of metal 

ions.  The oxygen can donate electrons from the highest occupied π molecular orbital to 

the empty orbital of a metal ion of an appropriate symmetry, or act as a π-electron density 

acceptor using the empty π* orbital of oxygen.175,176,205   
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sp2 M-O-N angle ~120° sp3 M-O-N angle ~108°  
 
Figure 5-8. Two geometric extremes of metal binding by the substituted N-oxide. Figure 

adapted from Ragsdale, R. O. Coord. Chem. Rev. 1968, 3, 375.178 

The geometry around the oxygen atom the pyridine N-oxide is strongly influenced 

by the electronic configuration of the metal and by substituents on the pyridyl ring.178  

Figure 5-8 shows two extremes of metal binding by pyridine N-oxide, but in most cases a 

compromised geometry around oxygen is observed, with M-O-N angles between 120 and 

108°. 

The analysis of the partially refined crystal structure of ytterbium (III) complex of 

5-4 revealed an unusual arrangement around the metal center (Figure 5-9).  The metal in 

the mono cationic complex is nine coordinate with two nitrates bound directly in the 

bidentate fashion.  Interestingly, only five of the six available donor atoms of the ligand 

are involved in the binding.  The less basic carbonyl oxygen, rather than the N-oxide 

oxygen, is pointing out of the coordination site.  The distances between the N-oxide 

oxygens of the bidentate bound arms and the ytterbium are, as expected, shorter (2.239(6) 

and 2.296(7) Å) than that in the monodentate complex (2.344(7) Å).  One of the two 

bidentate arms is bound more tightly to the metal (one arm: NO-M 2.239(6) Å and CO-M 

2.274(6), second arm: 2.296(7) and 2.351(7) Å respectively).   
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Figure 5-9.  Diagram of the coordination environment of [5-4·Yb(NO3)2](NO3) (30% 

probability ellipsoids for Yb, N, and O atoms; carbon atoms drawn with 
arbitrary radii).  The triphenoxymethane base, one nitrate and all hydrogen 
atoms have been removed for clarity.  

The distances between the oxide and ytterbium as well as  the N-O bond lengths are 

comparable with data published by Paine et al. for derivatives of phosphinopyridine N 

and P-oxide complexes.206  The charge of the complex is balanced by another nitrate 

connected to the complex via hydrogen bonding with one of the amidic protons of the 

bidentate coordinated arms (N-O 2.871 Å). 
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Figure 5-10. Coordination environment of ytterbium (III) in the complex with 5-4. 
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The N-O-M angle fits within the expected 108-120° range for only the more 

strongly bound arm.  The other two arms bind under larger (126.7(3)° and 127.2(3)°) 

angles.  This discrepancy may be caused by a steric constraint introduced by the bound 

nitrates, or by limited flexibility of the ligand and its inability to adapt to the required 

conformation.  In effect, one of the arms acts as a weaker monodentate binder.  If similar 

species are formed during the extraction process, the structural constraint may directly 

affect the extraction of metal ion, especially in the highly competitive, water and nitrate 

rich extraction environment.  Although the solid state structure may not reflect the 

composition of the complex in solution, it implies competition between the carbonyl 

oxygens and nitrites over metal binding.  The formation of the six membered ring upon 

metal complexation with N-oxide and carbonyl oxygens should provide some 

stabilization to the extracted complex, but effective binding requires a particular 

orientation of the oxygen donors on the arm, which seems to be impeded by the spatial 

arrangement of the two already bound N-oxide arms.  In the absence of structural 

constraints one of the nitrates would need to bind in a monodentate fashion, to maintain 

the same coordination number in the complexes which is rare and less energetically 

favored.  Described coordination environment of the ytterbium ion will be verified upon 

the completion of crystallographic refinement of [5-4·Yb(NO3)2](NO3) structure. 

5.3 Conclusions 

Both the C3-symmertic pyridine N-oxide and unoxidized pyridine derivatives are 

capable of binding trivalent lanthanides but not in 1 M nitric acid/dichloromethane 

environment.  The lack of extraction strength can be attributed to the combined effects of 

the protonation of ligand in a 1 M acid, instability of the complex in dichloromethane, as 

well as competition for metal binding in the highly polar extraction medium. 
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5.4. Experimental Section 

The NMR extraction experiment was performed as described in Chapter 4.183  

Compounds 5-2, 5-3, and 5-6 were synthesized by Dr. Priya Srinivasan. 

General procedures for the synthesis of picolinamides. 

Method A.  A suspension of primary amine and freshly prepared picolinic acid 

chloride hydrochloride in dry THF was treated with triethylamine, and the resultant deep 

blue colored mixture was stirred at room temperature for 1-3 days.  Triethylamine 

hydrochloride was removed by filtration and solvent was removed in vacuo.  The residue 

was dissolved in dichloromethane and treated with diluted acid and base to remove 

residual picolinic acid and triethylamine (1M HCl, followed by water, 1M NaOH and 

again water).  The solution was then dried over MgSO4, filtered and concentrated.  Slow 

diffusion of pentane into a diethyl ether solution of crude product afforded clean material 

as a white precipitate.   

Method B.  A suspension of freshly prepared picolinic acid chloride in dioxane was 

mixed with dioxane solution of primary amine.  The mixture was treated with pyridine, 

and stirred at room temperature for approximately 20h.  The solvent was removed and the 

residue was treated with diethyl ether.  The resultant mixture was washed with 1M HCl, 

followed by water, 1M NaOH and again water.  The ethereal solution was dried over 

MgSO4, filtered, and treated with activated charcoal for decolorization.  Partial 

evaporation of ether and addition of pentane yielded the pure product as a white solid. 

Compound 5-1.  Method A.  Using 2.0 g of primary amine 2-4a (2.37 mmol) and 

3.0 g portion of picolinic acid chloride hydrochloride (16.90 mmol approximately, 

assuming no decomposition to picolinic acid) in 100 mL of dry THF, and 9 mL of 

triethylamine (64.53 mmol) 1.4 g (51 %) of product was obtained.  Method B.  Using  
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2.0 g of primary amine 2-4a (2.37 mmol) in 10 mL of dioxane, 3.0 g portion of picolinic 

acid chloride (~21.00 mmol) in 20 mL of dioxane, and 13 mL of pyridine (12.71g, 0.16 

mol) 2.1 g (77 %) of product was obtained.  1H NMR (CDCl3): δ = 0.52 (t, 18 H; Ar-

CH2CH3), 1.16 (b s, 18 H; Ar-C-CH3), 1.28 (b s, 18 H; Ar-C-CH3), 1.49 (q, 6H;  

Ar-C-CH2), 1.56 (b q, 6H; Ar-C-CH2), 3.53 (b t, 6 H; N-CH2CH2), 3.86 (b t, 6 H; Ar-O-

CH2CH2), 6.58 (s, 1 H; CH), 7.05 (s, 3 H; Ar-H), 7.23 (s, 3 H; Ar-H), 7.30 (t, 3 H; Py-H), 

7.70 (t, 3 H; Py-H), 8.11 (d, 3 H; Py-H), 8.55 (b d , 6 H; 3 H Py-H and 3 H N-H).   

13C NMR (CDCl3): δ = 9.30, 9.68, 29.43, 34.86, 37.09, 37.87, 38.57, 39.36, 40.06 

(aliphatic); 70.43 (O-CH2); 122.17, 125.08, 126.07, 128.07, 137.12, 137.87, 140.41, 

143.09, 148.30, 150.07, 153.00 (aromatic); 164.49 (C=O).  HR EI MS m/z = 1156.7622 

(Theoretical m/z = 1156.7704).  Anal. Calcd for C73H100N6O6: C, 75.74; H, 8.71; N, 7.26, 

Found: C, 76.05; H, 9.09; N, 7.01.  Slow diffusion of pentane into a solution of 5-1 in 

diethyl ether afforded crystals suitable for X-ray analysis.   

Compound 5-2.  Method A.  Using 2.00 g of 2-9a (2.00 mmol), 1.96 g of picolyl 

chloride (14.10 mmol) and 6.0 mL of Et3N (4.03 g, 40.00 mmol) in 200 mL THF 1.89 g 

(70%) of product was obtained.  1H NMR (CDCl3): δ 0.53 (m, 18H; Ar-CH2CH3); 1.14 

(s, 18H; Ar-C-CH3), 1.32 (s, 18H; Ar-C-CH3), 1.46 (q, 3JHH = 7.2 Hz, 6H; CH2CH3), 1.68 

(q, 3JHH = 7.2 Hz, 6H; CH2CH3), 2.14 (br peak, 6H; NCH2CH2CH2O), 3.58 (m, 6H; 

NCH2CH2CH2O), 3.66 (m, 6H; NCH2CH2CH2O), 6.42 (s, 1H; CH), 7.02 (m, 6H, Ar-H), 

7.30 (m, 3H; Py-H), 7.77 (m, 3H; Py-H), 8.21 (m, 3H; Py-H), 8.41 (m, 3H; Py-H), 8.45 

(br s, 3H; NH, D2O exchangeable,).  13C NMR (CDCl3): 9.3, 9.8, 28.2, 28.6, 30.7, 35.2, 

37.1, 37.3, 37.8, 39.3 (aliphatic); 70.4 (OCH2); 122.4, 124.8, 126.0, 128.0, 137.2, 138.2, 
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139.9, 142.4, 148.1, 150.5, 153.6 (aromatic); 164.6 (C=O).  Anal. Calcd for C76H106N6O6: 

C, 76.09; H, 8.91; N, 7.01, Found: C, 76.40; H, 9.28; N, 6.79.  

Compound 5-3.  Method A.  Using 2.00 g of primary amine 2-9a (2.50 mmol) and 

1.96 g picolyl chloride hydrochloride (14.10 mmol) in 200 mL of THF and 6.0 mL of 

Et3N (4.32 g, 42.70 mmol) 1.95 g (70%) of product was obtained.  1H NMR (CDCl3):  

δ 1.11 (s, 27H; CH3), 1.25 (s, 27H; CH3), 2.11 (t, 3JHH = 6.6 Hz, 6H; NCH2CH2CH2O); 

3.55-3.66 ( m, 12H; NCH2CH2CH2O), 6.40 (s, 1H; CH), 7.08 (s, 6H; Ar-H), 7.25 (m, 3H; 

Py-H), 7.62  (m, 3H; Py-H), 8.13  (m, 3H; Py-H), 8.32 (m, 6H; Py-H and NH, D2O 

exchangeable).  13C  NMR (CDCl3): δ 30.7, 31.7, 34.7, 35.7, 37.5 (aliphatic); 70.9 

(OCH2); 122.4, 125.9, 127.3, 137.2, 148.1, 154.1 (aromatic), 165.2 (C=O). Anal. Calcd. 

for C70H94N6O6: C 75.37; H 8.49; N 7.53%.  Found: C 74.89; H 8.70; N 7.33%.  

General procedures for the synthesis of picolinamide N-oxides. 

A 0°C solution of the primary amine in CH2Cl2 was treated with  

m-chloroperbenzoic acid in portions.  The resultant orange-yellow solution was stirred at 

room temperature for 3 days.  The yellow-pale solution was subsequently washed with 

saturated NaHCO3, water and brine.  The organic layer was dried over MgSO4 or 

Na2SO4, filtered and removed leaving a pale-yellow solid.  The product was further 

purified either by washing with diethyl ether or precipitation from a mixture of 

CH2Cl2/ether and pentane. 

Compound 5-4.  A mixture of 2.00 g (1.73 mmol) of amine 5-1 and 2.00 g  

(70-75%) of m-chloroperbenzoic acid in 50 mL of CH2Cl2 afforded 1.20 g (58%) of pure 

product upon precipitation from Et2O/pentane.  1H NMR (CDCl3): δ = 0.52 (b m, 18 H; 

Ar-CH2CH3), 1.16 (b s, 18 H; Ar-C-CH3), 1.27 (b s, 18 H; Ar-C-CH3), 1.48 (b q, 6H; 
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CH2CH3), 1.65 (b, 6H; CH2 CH3), 3.50 (b s, 6 H; N-CH2CH2), 3.83-3.97 (two broad 

peaks, 6 H; Ar-O-CH2CH2), 6.60 (s, 1 H; CH), 7.02 (b s, 3 H; Ar-H), 7.21 (b s, 3 H;  

Ar-H), 7.27 (b m, 6 H; Py-H), 7.35 (m, 6 H; Py-H), 11.56 (b, 3 H; N-H).  13C NMR 

[CDCl3]: δ = 9.28, 9.66, 28.39, 29.36, 34.80, 37.07, 37.79, 38.58, 39.25, 40.60 

(aliphatic); 70.16 (O-CH2); 124.85, 126.00, 126.89, 128.04, 128.81, 138.03, 140.30, 

140.85, 140.94, 142.73, 153.31 (aromatic); 160.09 (C=O).  HR LSIMS m/z [M + H]+  

= 1205.7684 (Theoretical m/z [M + H]+= 1205.7630).  Anal. Calcd for C73H100N6O9:  

C, 72.73; H, 8.36; N, 6.97, Found: C, 73.10; H, 8.63; N, 6.96.  

Compound 5-5.  A mixture of 2.00 g of 5-2 (1.70 mmol) and 2.50 g of m-

chloroperbenzoic acid in 100 mL of CH2Cl2 afforded 1.25 g (60%) of pure product upon 

washing with diethyl ether.  1H NMR (CDCl3): 1H NMR (CDCl3): δ 0.52 (m, 18H; Ar-

CH2CH3), 1.11 (s, 18H; CH3), 1.33 (s, 18H; CH3), 1.45 (m, 6H; CH2CH3), 1.68 (m, 6H; 

CH2CH3,), 2.14 (br s, 6H; NCH2CH2CH2O), 3.61 (m, 12H; NCH2CH2CH2O), 6.36  

(s, 1H; CH), 6.98 (d, J = 6.3 Hz, 6H; Ar-H), 7.27 (m, 6H; Py-H), 8.24 (d, J = 6.3 Hz, 3H; 

Py-H), 8.43 (d, J = 7.8 Hz, 3H; Py-H), 11.20 (br s, 3H; NH, D2O exchangeable,).   

13C NMR (CDCl3): 9.2, 9.6, 28.6, 29.4, 30.1, 35.0, 36.9, 37.2, 37.6, 39.1 (aliphatic); 70.0 

(OCH2); 124.6, 126.8, 127.0, 127.7, 128.9, 138.0, 139.7, 140.5, 140.9, 142.2, 153.5 

(aromatic); 159.6 (C=O).  HRMS (EI-positive): 1269.7912 [M+Na]+ (Theoretical m/z 

[M+Na]+= 1269.7919).  Anal. Calcd for C76H106N6O9: C, 73.16; H, 8.56; N, 6.74%.  

Found: C, 74.65; H, 8.92; N, 6.37%. 

Compound 5-6.  A mixture of 2.00 g of 5-3 (1.8 mmol) and 2.50 g of  

m-chloroperbenzoic acid (70-75%) in 100 mL of CH2Cl2 afforded 1.44 g (69%) of pure 

product upon washing with diethyl ether.  1H NMR (CDCl3): δ 1.18 (s, 27H; CH3), 1.33 
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((s, 27H; CH3), 2.19 (t, 3JHH = 6.6 Hz, 6H; NCH2CH2CH2O), 3.65 (m, 12H; 

NCH2CH2CH2O), 6.41 (s, 1H; CH), 7.14 (s, 6H Ar-H), 7.25 (m, 3H; Py-H), 7.29-7.39 

(m, 6H; Py-H), 8.22 (m, 3H; Py-H), 8.42 (m, 3H; Py-H), 11.20 (br s, 3H; NH, D2O 

exchangeable).  13C NMR (CDCl3): 30.3, 31.6, 34.7, 35.7, 37.4, 38.8 (aliphatic); 70.6 

(OCH2); 122.4, 127.1, 129.2, 138.1, 140.7, 141.1, 141.9, 144.5, 153.9 (aromatic); 159.8 

(C=O).  HRMS (EI-positive): 1163.72 [M+H]+ (Theoretical m/z [M+H]+= 1163.7161).  

Anal. Calcd for C70H94N6O9: C 72.26; H 8.14; N 7.22%.  Found: C 72.61; H 8.21; N 

7.02%. 

Yb-complex of 5-4 [5-4·Yb(NO3)2](NO3).  A solution of Yb(NO3)3·6H2O (0.200 g, 

0.166 mmol) in 1 mL of methanol was added to a solution of 5-4 (0.074 g, 0.166 mmol) 

in methanol (1 mL), and the reaction mixture was stirred for one hour at room 

temperature.  The solvent was partially removed in vacuo and the product was 

precipitated by diffusion of ether.  The product was obtained in 50% yield (0.13 g).  Slow 

diffusion of ether into a concentrated methanol solution of the complex afforded crystals 

suitable for structural analysis.   
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CHAPTER 6 
SUMMARY 

Current key challenges in the field of the partitioning and transmutation of nuclear 

waste involve the separation of the residual uranium and plutonium and minor actinides 

(neptunium, americium, and curium) from large volume of nonradioactive waste 

elements.  With the intent to contribute to the advancement of nuclear fuel and waste 

reprocessing, a series of reagents for the selective recognition and sequestration of target 

metal ions has been developed.  The ability of the ligands to selectively bind problematic 

waste components has been evaluated in the liquid-liquid extraction experiments 

performed under conditions simulating a nuclear waste stream.  The design of new 

extractants has been inspired by the structures and properties of small molecules that 

have been used in waste reprocessing procedures.  The goal of this research was to 

improve the efficiency of these binding species by their immobilization on the 

triphenoxymethane molecular platform.  It was anticipated that such modification would 

enhance the binding ability of original extractants via an increase of entropy in the 

system.  Enhanced binding could also lead to the reduction of the organic waste 

generated after the extraction through the use of low concentrations of more efficient 

organic compounds.  Also, preorganization of binding units on the molecular scaffold 

was expected to induce new properties in the ligands (e.g. selectivity) due to the changed 

steric environment and stoichiometry of the extracted species.  In most metal extraction 

processes, two to four small ligands are involved in the transfer of metal ions into organic 

phase; therefore the C3-symmetric tripodal platform presents itself as a perfect base for 
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the attachment of binding moieties capable of mimicking the stoichiometry of extracted 

species.   

To address the issue of the selective removal of the residual plutonium from the 

PUREX rafinate, the tris-carbamoylmethylphosphine oxide (tris-CMPO) extractant has 

been developed.  Tris-CMPO derivatives have shown excellent binding efficiency and a 

remarkable selectivity for tetravalent actinides with target Pu(IV) in particular.  

Modification of the less popular diglycolamide has led to an enhancement of its unique 

selectivity within the lanthanides series, but also resulted in the design of the first purely 

oxygen based ligand perfectly suited to fulfill the tricapped trigonal prismatic 

coordination requirements of these trivalent ions.  In the attempt to tackle the problematic 

trivalent lanthanides and actinides separation a sequence of tripodal chelates bearing 

thiodiglycolamide (TDGA), carbamoylmethylphosphine sulfide (CMPS) and pyridine N-

oxide (PyNO) were synthesized.  The investigation of the composition of their complexes 

provided valuable information about the coordination preferences of the tested cations in 

the solid state and in solution. 

The further refinement of the presented chelates and careful investigation of their 

binding potential may contribute to a more efficient lanthanide/actinide extraction 

process, and a fundamental understanding of their selectivity may help in the 

development of more effective methods for the partitioning of minor actinides. 
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