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Abstract 

 

Transition Metals to Actinides: A Homogenous Approach for Clean Alternative Energy and 

Storage Applications 

 

by  

 

Megan Renee Keener 

 

Over the past two centuries, fossil fuels have been our main global energy currency of 

choice by exploiting the energy stored in C–H chemical bonds. Fossil fuels comprise roughly 

86% of our primary global energy and their combustion contributes to irreversible climate 

change. The development of alternative energy storage platforms is considered necessary in 

the shift to decarbonize energy through use of clean alternative energy sources. However, due 

to the intermittent energy production of these, the development of new energy storage 

technologies is needed in order to meet an increasing global energy demand. The use of 

chemical energy vectors, such as H2, has been considered one of the most complementary 

platforms to reaching large-scale energy storage. Although H2 has many attractive qualities, 

there are many factors impeding us from utilizing it as our main energy currency. H2 has the 

highest gravimetric energy density of any clean fuel, but it has the lowest volumetric energy 

density, making the storage and transportation difficult. Therefore, H2 storage carriers – like 

NH3 – have been proposed to overcome this. Our focus in this work has been to utilize a 

homogenous approach with readily available transition metal frameworks, specifically a 
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(salen)M≡N complex, to probe the requirements necessary to undergo NH3 oxidation to N2, to 

release the H2 equivalents stored within. A nitride homo–coupling reaction to N2 – a major step 

in catalytic NH3 oxidation – will be detailed with our results in isolating and characterizing a 

rare, mixed–valent MnIII–N≡MV species. Subsequent development of a genuine synthetic cycle 

for NH3 oxidation based on this chemistry will be described, in an effort toward generating a 

truly catalytic system. 

Nuclear energy is considered one of the most important components in decarbonizing 

energy, but the inadvertent release of radioactive materials from storage repositories into the 

environment poses a potential threat to human health. Uranium (most commonly found as the 

uranyl ion; UO22+) is the key element in nuclear fuel and comprises > 96 % of spent nuclear 

waste, which can be reprocessed and reused for fuel, while reducing the long–term 

radiotoxicity and quantity of waste stored in geological repositories. Therefore, developing 

methods for the separation and recovery of UO22+ from lanthanides and trans-uranics is of 

upmost importance for the long–term viability and safety of the nuclear energy sector. Herein, 

we highlight our results in harnessing the redox-switchable chelating and donating properties 

of ortho-substituted closo-carboranes, leading to the controlled chemical or electrochemical 

sequestration and recovery of UO22+ in monophasic (organic) or biphasic (organic/aqueous) 

schemes. Building on these results, we also describe the development of a biphasic extraction 

system for selective UO22+ separation and recovery in aqueous mixtures of actinides(IV), 

lanthanides(III), and alkali(I) metals, commonly found in nuclear waste.  

  



 vii 

Table of Contents 

Acknowledgements ................................................................................................................ iii 

Vita of Megan Renee Keener ................................................................................................ iv 

Abstract .................................................................................................................................... v 

Table of Contents .................................................................................................................. vii 

List of Figures ........................................................................................................................ xii 

List of Schemes ................................................................................................................... xxiv 

List of Tables ....................................................................................................................... xxv 

List of Symbols and Abbreviations .................................................................................. xxvi 

Chapter 1 – Introduction ........................................................................................................ 1 

1.1 Overview of energy storage technologies and shift to clean energy sources ............. 1 

1.1.1 Chemical bond energy storage – hydrogen (H2) economy ................................. 2 

1.1.2 H2 storage carriers – NH3 as a H2 source and energy vector .............................. 3 

1.1.2.1 Brief history of N2 reduction chemistry ...................................................... 6 

1.1.2.2 Brief history of NH3 activation .................................................................... 9 

1.2 Nuclear for alternative energy .................................................................................. 11 

1.2.1 Uranium extraction for use as fuel .................................................................... 12 

1.2.2 Nuclear waste remediation and reprocessing .................................................... 15 

1.2.2.1 The PUREX Process .................................................................................. 17 

1.2.2.2 Further developments of the PUREX process ........................................... 19 

1.3 Scope of thesis .......................................................................................................... 20 

1.4 References ................................................................................................................ 22 

Chapter 2 – Synthetic NH3 Oxidation Chemistry using a Simple Manganese–Salen 

Complex ................................................................................................................................. 48 

2.1 Introduction .............................................................................................................. 48 

2.2 Results and Discussion ............................................................................................. 49 

2.2.1 Oxidations with a nucleophilic M≡N salen complex: N2 formation ................ 49 

2.2.2 Nitridyl versus nucleophilic/electrophilic coupling pathways to N2 formation 53 

2.2.3 First reported synthetic cycle for NH3 oxidation .............................................. 59 



 viii 

2.3 Conclusions .............................................................................................................. 60 

2.4 Experimental Section ............................................................................................... 61 

2.4.1 General considerations ...................................................................................... 61 

2.4.2 Synthesis of compounds ................................................................................... 63 

2.4.4 Qualitative N2 determination: Gas chromatography (GC–MS) experiments ... 65 

2.4.4.1 Oxidations with [(p–C6H4Br)3N][B(C6F5)4] .............................................. 65 

2.4.4.2 Oxidations with [(p–C6H4Br)3N][SbCl6] ................................................... 66 

2.4.5 Magnetization Data ........................................................................................... 68 

2.4.5.1 Magnetic data: Evans’ method .................................................................. 68 

2.4.5.2 Magnetization data .................................................................................... 69 

2.4.5.3 Variable–temperature magnetic susceptibility measurements ................... 69 

2.4.6 N2 Quantification via Gas Burette .................................................................... 70 

2.5 References ................................................................................................................ 72 

Chapter 3 – Progress Towards Catalytic NH3 Oxidation Chemistry using Simple 

Manganese–Salen Complexes .............................................................................................. 78 

3.1 Introduction .............................................................................................................. 78 

3.2 Results and Discussion ............................................................................................. 79 

3.2.1 Probing catalytic NH3 oxidation using N–bromosuccinimide (NBS) ............... 79 

3.2.2 Probing NH3 oxidation – oxidative dehydrohalogenation and H–atom abstraction

 90 

3.2.2.1 Probing oxidative dehydrohalogenation pathways .................................... 91 

3.2.2.2 Probing HAA pathways ............................................................................. 93 

3.3 Scope of chapter and further directions .................................................................... 97 

3.4 Conclusions .............................................................................................................. 99 

3.4 Experimental Section ............................................................................................... 99 

3.4.1 General considerations ...................................................................................... 99 

3.4.2 Synthesis of compounds ................................................................................. 102 

3.4.3 Magnetic data: Evans’ method ........................................................................ 105 

3.4.4 Qualitative N2 determination: Gas chromatography (GC–MS) experiments . 106 

3.4.4.1 Oxidation with NBS ................................................................................ 106 



 ix 

3.4.4.2 Qualitative N2 determination for catalytic reactions ............................... 106 

3.4.5 N2 quantification: Gas chromatography – thermal conductivity (GC–TCD) 

experiments .................................................................................................................... 108 

3.4.5.1 Control experiments and system development for N2 analysis ............... 108 

Inert gas control experiments for GC–TCD ........................................................... 108 

Air (O2/N2) injection control experiments for GC–TCD ....................................... 108 

Calibration curve for N2 for GC–TCD ................................................................... 109 

Control experiments with NBS and NH3 ............................................................... 110 

3.4.5.2 Experimental setup: stoichiometric and catalytic N2 analysis ................. 111 

Stoichiometric N2 analysis ..................................................................................... 111 

General procedure for catalytic N2 analysis ........................................................... 111 

3.5 References .............................................................................................................. 113 

Chapter 4 – Redox–Controlled o–carboranes for Capture and Release of Uranyl ...... 119 

4.1 Introduction ............................................................................................................ 119 

4.2 Results and Discussion ........................................................................................... 121 

4.2.1 Synthesis of redox–active derivatized o–carboranes ...................................... 121 

4.2.2 Coordination chemistry of redox–active derivatized o–carboranes ................ 124 

4.2.3 Monophasic chemical capture and release ...................................................... 131 

4.2.4 Monophasic electrochemical capture and release ........................................... 133 

4.2.5 Biphasic electrochemical capture and release ................................................. 137 

4.3 Conclusions ............................................................................................................ 140 

4.4 Experimental Section ............................................................................................. 141 

4.4.1 General considerations .................................................................................... 141 

4.4.2 Synthesis of compounds ................................................................................. 144 

4.4.3 Cyclic voltammograms ................................................................................... 151 

4.4.4 Monophasic chemical capture and release of UO22+ ...................................... 152 

Formation of in–situ generated [(UO2)(TPO)2Cl2] ................................................ 152 

Reduction ............................................................................................................... 152 

Oxidation ................................................................................................................ 152 

4.4.5 Monophasic electrochemical capture and release of UO22+ ............................ 153 



 x 

4.4.5.1 Experimental Conditions ......................................................................... 153 

4.4.5.2 Experimental Parameters ......................................................................... 154 

Reduction (UO22+ capture) ..................................................................................... 154 

Oxidation (UO22+ release) ...................................................................................... 154 

Cycling (capture and release) ................................................................................. 154 

4.4.6 Biphasic electrochemical capture and release of UO22+ ................................. 155 

4.4.6.1 Experimental Conditions ......................................................................... 155 

4.4.6.2 Experimental Parameters ......................................................................... 156 

Reduction (charging) .............................................................................................. 156 

UO22+ capture ......................................................................................................... 157 

Oxidation (discharging) .......................................................................................... 158 

UO22+ release: ......................................................................................................... 159 

4.4.6.3 Biphasic control experiments .................................................................. 159 

UO22+ migration from water to DCE in the absence of carborane (4.1 or 4.2a/b) . 159 

UO22+ migration from water to DCE in the presence of 4.1 .................................. 160 

4.4.7 DFT calculations and parameters .................................................................... 161 

4.5 References .............................................................................................................. 165 

Chapter 5 – Selective UO22+ Sequestration and Recovery from Aqueous Mixtures 

Utilizing o–carboranes ........................................................................................................ 175 

5.1 Introduction ............................................................................................................ 175 

5.1.1 Selective UO22+ sequestration for nuclear waste remediation and reprocessing

 175 

5.1.2 Progress toward selective UO22+ recovery from seawater .............................. 177 

5.1.3 Scope of Chapter 5 .......................................................................................... 179 

5.2 Results and Discussion ........................................................................................... 180 

5.2.1 Selective separation and recovery of UO22+ from an aqueous mixture of 

actinides(IV), lanthanides(III), and alkali metals for nuclear waste remediation .......... 180 

5.2.1.1 Coordination chemistry of redox–active o–carboranes ........................... 182 

5.2.1.2 Model system for UO22+ sequestration from aqueous mixtures .............. 185 

5.2.1.3 Biphasic electrochemical selective sequestration and recovery of UO22+ 191 



 xi 

5.2.2 Targeting selective UO22+ extraction and recovery in aqueous mixtures of 

vanadium (V) for seawater extraction ........................................................................... 192 

5.2.3 Supplementary reactivity of various derivatized o–carboranes ...................... 198 

5.2.3.1 Reactivity of [CoCp*2]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] with FeII and 

CoII 198 

5.2.3.2 Reactivity of [Me3Si]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] ................. 200 

5.2.3.2.1 Reactivity with UO22+ salts .................................................................. 203 

5.2.3.2.2 Reactivity with transition metal salts (CoF2 and VOF3) ...................... 206 

5.3 Conclusions ............................................................................................................ 209 

5.4 Experimental Section ............................................................................................. 209 

5.5.1 General Considerations ................................................................................... 209 

5.5.2 Synthesis of Compounds ................................................................................. 212 

5.5.3 Supplemental Figures and Methods for Selective Separation and Recovery of 

UO22+ from an Aqueous Mixture of Actinides(IV), Lanthanides(III), and Alkali metals(I) 

for Nuclear Waste Remediation .................................................................................... 218 

5.5.3.1 Biphasic Control Reaction of 2b with NaOAc buffer solution (0.5 M) .. 218 

5.5.3.2 Selectivity Control Experiments with ThIV, NdIII, SmIII, and CsI .................. 219 

5.5.3.3 Model Extraction Scheme for UO22+ Selectivity in Equimolar Aqueous Mixtures 

of ThIV, NdIII, SmIII, and CsI ....................................................................................... 222 

5.5.3.4 Methods for the Electrochemical Biphasic Separation and Recovery of 

UO22+ 224 

5.5.3.4.1 Experimental Conditions ...................................................................... 224 

5.5.3.4.1 Experimental Methods ......................................................................... 225 

Reduction (charging): ......................................................................................... 225 

Selective UO22+ separation: ................................................................................ 228 

Oxidation (discharging): ..................................................................................... 229 

UO22+ recovery: .................................................................................................. 230 

5.5.3.5 Half–Cell Depiction of Electrochemical UO22+ Sequestration in Aqueous 

Mixtures 232 

5.5.3.6 Supplementary Figures for UV–Vis Spectroscopy ................................. 234 

5.5 References .............................................................................................................. 236 



 xii 

 

List of Figures 

Figure 1.1. Representative binding modes for various N2 complexes. .................................... 7 

Figure 1.2. Schematic of the PUREX extraction process. ..................................................... 17 

Figure 2.1. Examples of N–N coupling through (a) nitridyl and (b) nucleophilic/electrophilic 

pathways. ................................................................................................................................ 49 

Figure 2.2. (a)  Oxidation of 2.1 with [Ar3N][X] to yield 2.2 (X = Cl) or 2.3 (X = [B(C6F5)4]). 

(b) Cyclic voltammogram of 2.1 with [Bu4N][PF6] electrolyte in DCM (glassy C working 

electrode, scan rate 100 mV/s, referenced to Fc/Fc+). ............................................................ 50 

Figure 2.3. Solid–state molecular structure of [(salen)Mn(Et2O)]2[B(C6F5)4]2 (2.3) obtained 

from a red–block crystal and the structure is symmetry–generated. H atoms, [B(C6F5)4]– 

anions, and the dimeric structure are omitted for clarity. ....................................................... 51 

Figure 2.4. (a) Mass spectrum from reaction of 2.1–15N with [(p–C6H4Br)3N][B(C6F5)4] after 

30 mins. (b) Mass spectrum for from a 50:50 mixture of 2.1–15N and 2.1. (c) Mass spectrum 

from the reaction of 2.1–15N with [(p–C6H4Br)3N][SbCl6] after 30 mins. (d) Mass spectrum 

from a 50:50 mixture of 2.1–15N and 2.1. ............................................................................... 53 

Figure 2.5. Representative molecular orbital diagram for 2.1 in a pseudo–square pyramidal 

geometry. ................................................................................................................................ 54 

Figure 2.6. (a) Solid–state structure of 2.4 with [B(C6F5)4]– and H atoms omitted for clarity. 

(b) The truncated 1–D chain of 2.4. ........................................................................................ 55 

Figure 2.7. (a) Magnetization data for (2.4) at 100 K from 0 to 5 T. (b) Zoomed in plot of (a) 

from 0 to 1 T. This plot was used to check for ferromagnetic impurities. (c) Variable–

temperature magnetic susceptibility measurements of 2.4 collected at 0.5 T (blue circles). Inset: 

variable–temperature, variable–field magnetization data collected from 2–10 K with fields 

from 1–5 T. ............................................................................................................................. 56 



 xiii 

Figure 2.8. (a) X–Band EPR spectra of 2.4 taken at 6 K in parallel–mode (teal) in MeCN. (b) 

X–Band EPR spectra of 2.4 taken at 6 K in perpendicular–mode (orange) in MeCN. (c) X–

Band perpendicular–mode EPR spectra for (salen)MnII. (d) reaction mixture of 2.1 and 0.5 eq. 

of [Ar3N][B(C6F5)4] after 60 mins. Both (c) and (d) were taken at 100 K in acetonitrile. (e) 

UV–Vis–NIR of 2.4 in MeCN. ............................................................................................... 57 

Figure 2.9. (a) Cyclic voltammogram (CV) for 2.4 in CH2Cl2 (0.5 mM). The quasi–reversible 

redox event exhibits a single electron oxidation feature at 0.43 V versus Fc+/Fc couple (E1/2 = 

0.35 V). Scan rate: 100 mV/s. (b) Stepwise oxidations with 0.5–1.0 equivalents of oxidant to 

form intermediate 2.4 and products 2.2 and 2.3. .................................................................... 59 

Figure 2.10. (a) Experimental setup. (b) Gas measuring burette. (c) Flask containing 2.1 (left) 

and the oxidant (right) connected by a glass bridge allowing for transfer of one solution to the 

other. ....................................................................................................................................... 70 

Figure 3.1. (a) Solid state molecular structure of [(salen–(3,5–Br)(3–Br))Mn≡N]  (3.1) and (b) 

[(salen–(3,5–tBu)2)MnBr] (3.3). Hydrogen atoms omitted for clarity. ................................... 80 

Figure 3.2. (a) Oxidation of 2.1 with [Ar3N][X] to yield 2.3 (X = [B(C6F5)4]) and oxidation of 

3.2 with NBS to yield 3.3.  (b) Overlay of cyclic voltammograms for 2.1 (1.0 mM) and 3.2 

(1.0 mM) with 0.1mM [Bu4N][PF6] electrolyte in DCM (glassy carbon working electrode, scan 

rate = 100 mV/s). The following oxidation potentials are 0.56 V (2.1) and 0.33 V (3.2) vs. 

Fc/Fc+ couple respectively. (c) Oxidation absorption spectra of 3.2 with NBS, yielding the 

corresponding formally reduced MnIII species 3.3. Inset: X–band EPR of 3.3 taken at 80–298 

K (MeCN) in perpendicular mode. ......................................................................................... 81 

Figure 3.3. (a) Mass spectrum from reaction of 3.2–15N with NBS after 3 hours. (b) Mass 

spectrum from a 50:50 mixture of 3.2:3.2–15N. (c) Oxidation reaction of 3.2 with NBS in 

MeCN over the course of 6.5 hours monitored by GC–TCD. ................................................ 82 

Figure 3.4. Preliminary catalytic NH3 oxidation screenings using GC–MS. (a) Mass spectrum 

from the reaction of 3.2, 15NH4OH, and NBS in DCM after 1 hour. (b) Mass spectrum from 

the reaction of 15NH4OH and NBS in DCM after 1 hour. ...................................................... 85 



 xiv 

Figure 3.5. Solid–state molecular structures of (a) [(salen–(3,5–tBu)2)MnIII(iPrNH2)2][PF6] 

(3.8), (b) [(salen–(3,5–tBu)2)2MnIII(tBuNH2)2][PF6] (3.9), and (c) [(salen–(3,5–tBu)MnIII)2(µ–

F)][PF6] (3.10). PF6– counter ions, tBu substituents, and hydrogen atoms were omitted for 

clarity. ..................................................................................................................................... 94 

Figure 3.6. Solid–state molecular structures for amine–ligated complexes; (a) 

[(salen)MnIII(iPrNH2)2][PF6] (3.11), (b) [(salen)MnIII(tBuNH2)2][PF6] (3.12), and (c) 

[(salen)MnIII(MesNH2)][PF6] (3.13). PF6– counter ions, solvent molecules, and hydrogen 

atoms were omitted for clarity. ............................................................................................... 96 

Figure 3.7. (a) GC–TCD chromatogram trace of Ar (black line) and O2/N2 from air (red line), 

at over–lapping retention times. (b) GC–TCD chromatogram trace of Kr with trace O2/N2 from 

air. ......................................................................................................................................... 108 

Figure 3.8. (a) GC–TCD chromatogram containing O2/N2 by puncturing the injection septa 

with a gas–tight syringe needle. (b) GC–TCD chromatogram containing O2/N2 by injection 

various amounts of air. (c) Ratios for O2/N2 calculated from the total area obtained by the 

chromatograms in (a). (d) Ratios for O2/N2 calculated from the total area obtained by the 

chromatograms in (b). ........................................................................................................... 109 

Figure 3.9. Calibration curve for known amounts of N2 gas obtained from the GC–TCD. 110 

Figure 3.10. (a) and (b) Experimental/Schlenk line setup with Kr and NH3 gas lines attached 

to the manifold. ..................................................................................................................... 111 

Figure 4.1. General electro/chemical mono– or bi–phasic capture of uranyl from UO2X2L2 (X 

= Cl–, OAc–; L = THF, Ph3PO) using the reduced cage “open” nido–carboranes (4.2a/4.2b) 

generated by reduction (ex. CoCp*2 or negative bias) of the cage “closed” closo–carborane (4.1). 

Corresponding relative bite angles (q) are also shown. Oxidation (ex. [FeCp2][PF6] or positive 

bias) of the captured products 4.4/4.5 or 4.4N/4.5N leads to UO22+ release. Compounds labelled 

in purple have been chemically isolated whereas compounds in pink are proposed 

electrochemical products. Blue and red pathways represent UO22+ capture and release, 

respectively. .......................................................................................................................... 120 



 xv 

Figure 4.2. Solid–state molecular structures of complexes 4.1 (a) and 4.2a (b). H atoms, 

[CoCp*2]+ counter cations (4.2a), and all co–crystallized solvent molecules are omitted for 

clarity. (c) Electron density surfaces with colour–coded electrostatic potentials obtained from 

density functional theory (DFT) calculations using optimized structures of 4.1 and the anion 

of 4.2a (labelled as 4.2), (red, negative values are indicative of higher electron density). .. 123 

Figure 4.3. The solid–state molecular structure of [UO2Cl(THF)2][nido–7,8–(Ph2PO)2–7,8–

C2B9H10] (4.3) with 50% probability elipsoids. All hydrogen atoms and C ellipsoids (not a part 

of the cluster) were omitted for clarity. ................................................................................ 126 

Figure 4.4. Solid–state molecular structures of 4.4 (a) and 4.5 (b) obtained from XRD studies. 

H atoms, [CoCp*2]+ counter cations, and all co–crystallized solvent molecules are omitted for 

clarity. ................................................................................................................................... 128 

Figure 4.5. (a) 31P{1H} NMR spectrum of 2.0 equiv of 4.1 with 1.0 equiv of UO2Cl2(TPO)2 

in DCM–d2. Relative integrations are shown in red. ............................................................ 129 

Figure 4.6. 31P{1H} NMR spectra of in situ reactions of 1.0 equivalent of 4.2a with 1.0 

equivalent of UO2Cl2(TPO)2 in DCM–d2. Rapid precipitation of a yellow solid was observed. 

(a) 31P{1H} NMR spectrum of the filtrate dissolved in PC with a DCM–d2 capillary tube. (b) 
31P{1H} NMR spectrum of the DCM–d2 supernatant. An unknown by–product at 47 ppm is 

observed. ............................................................................................................................... 131 

Figure 4.7. General chemical mono–phasic capture of uranyl from UO2Cl2L2 (L = Ph3PO) 

using the reduced cage “open” nido–carboranes (4.2a/4.2b) generated by reduction (CoCp*2, 

denoted as “4e–”) of the cage “closed” closo–carborane (4.1). Oxidation with [FeCp2][PF6] 

(denoted as “4e–”) of the captured product 4.5 leads to UO22+ release. Blue and red pathways 

represent UO22+ capture and release, respectively. ............................................................... 132 

Figure 4.8. (a) 31P{1H} NMR spectrum of 4.0 equiv of TPO and 2.0 equiv of 4.1. (b) 31P{1H} 

NMR spectrum of 4.0 equiv of TPO and 2.0 equiv of 4.1 in the presence of 0.5 equiv 

[UO2Cl2(THF)2]2. (c) 31P{1H} NMR spectrum of 4.0 equiv of CoCp*2 added to reaction (b). 

(d) 31P{1H} NMR spectrum after addition of 4.0 equiv of [Fc][PF6] to reaction (c). .......... 133 



 xvi 

Figure 4.9. (a) Depiction of the H–cell used incorporating excess Fc/Fc+ (left) and 4.1, TPO, 

and [UO2Cl2(THF)2]2 (right) in a 3:1 PC:benzene solvent mixture. Charging the cell (blue) 

leads to the capture of UO22+ converting 4.1 to 4.5N (major product) and 4.4N (minor product). 

(b) Bottom: applied galvanostatic potentials for charge (blue) and discharge (red) cycles. 

Dashed lines represent wait periods necessary for 31P{1H} NMR data acquisition. Each cycle 

is 24 hours. Top: instrumental measure of delivered charge (purple) versus charge used for 

reduction of 4.1 measured by quantification of total reduced products, 4.4N and 4.5N, by 
31P{1H} NMR spectroscopy (pink). ...................................................................................... 134 

Figure 4.10. (a) A; 31P{1H} NMR spectrum of 6.0 equiv of TPO and 5.0 equiv of 4.1 with 1.0 

equiv of [Ph3PNPPh3][PF6] as the analytical standard. B; 31P{1H} NMR spectrum of 6.0 equiv 

of TPO and 5.0 equiv of 4.1 in the presence of 0.5 equiv [UO2Cl2(THF)2]2. Cycles 1–6; 31P{1H} 

NMR spectra of charged (blue) and discharged (red) solutions. An unknown species at 45 ppm 

begins to appear after multiple cycles. (b) Plot of integrated values for all 31P–containing 

species obtained from the charged spectra versus charge cycle number. The repeated cycling 

resulted in loss of electrochemically generated 4.4N (average loss of 15.6 %/cycle) due to 

presumed chloride migration over the anion exchange membrane. There was little change in 

yield of TPO (average loss of 0.3 %/cycle) with larger losses in 1 (average loss of 7.2 %/cycle) 

and 4.5N (average loss of 3.4 %/cycle). The %/cycle values were estimated from the calculated 

trendlines by taking the ratio of the slope vs. the y–intercept values. .................................. 136 

Figure 4.11. For simplicity, only half of the H–cell is displayed here. (a) 31P{1H} NMR 

spectrum of DCE layer containing only 4.1 and [Bu4N][PF6] ([PF6]– resonance not shown) 

prior to charging. (b) (top) UV–Vis spectrum of aqueous phase containing 1.25 equiv of UO22+ 

(from UO2(NO3)2(THF)2) prior to mixing with DCE phase. (bottom) 31P{1H} NMR spectrum 

of DCE layer containing 4.2b (major) and 4.1 (minor) after charging 4.1 (from (a)) 

galvanostatically. (c) Mixing of phases from (b) for 2 hours. (d) (top) UV–Vis spectrum of 

aqueous phase after mixing with DCE phase and revealing approximately 0.35 equiv of UO22+ 

remaining. (bottom) 31P{1H} NMR spectrum of DCE layer after mixing with aqueous phase 

and showing captured product 4.4N/4.5N (major) and 4.1 (minor). (e) 31P{1H} NMR spectrum 

of DCE layer following phase separation and galvanostatic discharge. A broad peak is observed 

at 38 ppm which we attribute to an adduct of UO22+ with 4.1. This, together with broadened 



 xvii 

4.1, accounts for ~ 75 % of products. Unknown by–products marked with # or * are also shown 

and account for the rest. (f) (top) UV–Vis spectrum of aqueous phase after addition of fresh 

buffer to the discharged DCE solution (e) and mixing for 12 hours. The spectrum reveals the 

release of approximately 0.50 equiv of UO22+. (bottom) 31P{1H} NMR spectrum of DCE layer 

after mixing with fresh buffer and showing the free carborane 4.1 (major), as well as unknown 

by–products at 44 and 20 ppm, marked by * (~20 % total). ................................................. 139 

Figure 4.12. T1 relaxation values for 31P nuclei were determined using the inversion–recovery 

method. T1 values (s) were determined for TPO: 2.3; Mes3P: 5.1; [Ph3PNPPh3][PF6]: 7.1; 4.1: 

0.51; 4.4: 0.64; 4.5: 0.57 (Table 4.2). ................................................................................... 143 

Figure 4.13. CV of 4.1 (0.5 mM) in a 0.1 M [Bu4N][PF6] THF solution using a 3 mm diameter 

glassy–carbon working electrode and platinum–wire counter electrode, referenced to the 

Fc+/Fc redox couple (scan rate = 100 mV/s). The quasi–reversible redox event exhibits two 

cathodic waves at –0.93 and –1.11 V. .................................................................................. 151 

Figure 4.14. CV of 4.5 (1.0 mM) in a 0.1 M [Bu4N][PF6] PC solution using a 3 mm diameter 

glassy–carbon working electrode and platinum–wire counter electrode, referenced to the 

Fc+/Fc couple (scan rate = 100 mV/s). The quasi–reversible redox event exhibits one anodic 

wave at –0.42 V. ................................................................................................................... 151 

Figure 4.15. (a) Schematic of the divided H–cell used for the monophasic galvanostatic bulk 

electrolysis cycling experiments with UO22+. (b) Picture of the divided H–cell for the 

monophasic galvanostatic bulk electrolysis cycling experiments with UO22+. .................... 153 

Figure 4.16. (a) Schematic of the two–compartment H–cell used for the biphasic 

electrochemical capture and release of UO22+. (b) Picture of the two–compartment H–cell used 

for the biphasic electrochemical capture and release of UO22+. ........................................... 155 

Figure 4.17. (a) 31P{1H} NMR spectrum in DCE of electrochemically reduced 4.1 to produce 

4.2b. (b) 31P{1H} NMR spectrum of DCE layer following UO22+ capture from the aqueous 

layer containing UO2(NO3)2(THF)2 in 0.1 M sodium acetate buffer. (c) 31P{1H} NMR 

spectrum of electrochemically oxidized DCE layer containing 4.4N/4.5N following extraction 



 xviii 

of UO22+ into 0.1 M sodium acetate buffer. Minor unknown by–products (*) are also observed.

 ............................................................................................................................................... 157 

Figure 4.18. (a) (blue) Initial UV–Vis spectrum of UO2(NO3)2(THF)2 (0.042 g, 0.078 mmol, 

0.026 M, 1.25 equiv) in 3 mL of 0.1 M sodium acetate buffer at pH 5.4. (red) UV–Vis spectrum 

taken after mixing the aqueous layer with the DCE layer of electrochemically reduced 4.1 (to 

generate 4.2b) in a 0.1 M [Bu4N][PF6] DCE solution for 2 hours indicating a residual 

concentration of 0.0073 M consistent with a total quantity of captured UO22+ to the DCE layer 

of 0.056 mmol. (b) UV–Vis spectrum of 0.1 M aqueous sodium acetate buffer layer at pH 5.4 

after mixing for 12 hours with electrochemically oxidized 4.4N/4.5N in DCE. The 

concentration of UO22+ was calculated to be 0.010 M consistent with a total quantity of released 

UO22+ from the DCE layer to the aqueous phase of 0.031 mmol. ........................................ 158 

Figure 4.19. (a) Control for UO22+ migration from water to DCE in the absence of carborane 

(4.1 or 4.2a/b). (blue) Initial UV–Vis spectrum of UO22+ in 0.1 M sodium acetate buffered 

solution at pH 5.4. (red) UV–Vis spectrum of aqueous layer after mixing for 4 h with DCE 

solution containing [Bu4N][PF6] (0.1 M). (b) Corresponding UV–Vis spectrum of DCE layer 

after mixing for 4 h with the aqueous layer containing UO22+ in (a). ................................... 160 

Figure 4.20. (a) Control for UO22+ migration from water to DCE in the presence of neutral 

carborane (4.1). (blue) Initial UV–Vis spectrum of UO22+ (1.0 equiv) in 0.1 M sodium acetate 

buffered solution at pH 5.4. (red) UV–Vis spectrum of aqueous layer after mixing for 3 h with 

DCE solution containing [Bu4N][PF6] (0.1 M) and 4.1 (1.0 equiv). (b) Corresponding UV–Vis 

spectrum of DCE layer containing 4.1 after mixing for 3 h with the aqueous layer containing 

UO22+ in (a). The UO22+ extinction coefficient was experimentally determined to be 7.715 

L•mol–1•cm–1 (460 nm) at pH 5.4. ........................................................................................ 161 

Figure 4.21. Physical computational representation of various compounds and H+ transfer 

reactions to determine relative basicity’s. ............................................................................. 163 

Figure 5.1. Solid–state molecular structures of 5.1 (a), 5.2 (b), 5.3 (c), 5.4 (d) obtained from 

X–ray diffraction studies. H atoms, [CoCp*2]+ counter cations, phenyl C–H linkages, and all 

co–crystallized solvent molecules are omitted for clarity. .................................................... 184 



 xix 

Figure 5.2. Model biphasic extraction scheme for selective sequestration of UO22+ in an 

aqueous mixture of ThVI, NdIII, SmIII, and CsI. (a) Top inset, UV–Vis spectrum of aqueous 

phase (NaOAc buffer 0.5 M, pH 5.4) containing 1.5 equiv. UO2(NO3)2(THF)2 (*), 

Th(NO3)4•H2O, Nd(NO3)3THF3 (*), Sm(NO3)3THF3 (*), and CsNO3 before mixing with the 

DCE phase. Bottom inset, 31P{1H} NMR spectrum of DCE layer containing 4.2b. (b) Mixing 

of the phases in a for 1.5 hours. Top inset, UV–Vis spectrum of aqueous phase after mixing 

with the DCE phase, revealing approximately ~0.95 equiv. of UO22+ were selectively extracted. 

Bottom inset, 31P{1H} NMR spectrum of the DCE layer after mixing with aqueous phase, 

showing captured products 4.4N/4.5N (major), with 5.5 (denoted *) and 4.1 as minor products.

 ............................................................................................................................................... 186 

Figure 5.3. Solid–state molecule structure of the mono–anionic [Bu4N][(nido–1,2–(Ph2PO)2–

1,2–C2B10H10)H] (5.5). H atoms on the phenyl rings and the [NBu4]+ counter ion are omitted 

for clarity. Pertinent bond distances; C1···C2 (2.791Å); P1···P2 (5.627 Å); O2–P2 (1.497(6) 

Å); O1–P1 (1.474(5) Å); C2–P2 (1.810(8) Å); C1–P1 (1.817(8) Å). .................................. 188 

Figure 5.4. 1H–13C heteronuclear single quantum coherence (HSQC) spectrum for complex 

5.5. ......................................................................................................................................... 189 

Figure 5.5. 1H–13C heteronuclear multiple bond correlation (HMBC) spectrum for complex 

5.5. ......................................................................................................................................... 190 

Figure 5.6.51V NMR spectra for (a) initial spectrum for Na3VO4 in NaOAc buffer solution, 

(b) 12 hour biphasic reaction for Na3VO4 in NaOAc buffer solution, (c) initial spectrum in 

DCE solution; no 51V signal, (d) 12 hour biphasic reaction in DCE solution; no 51V signal.

 ............................................................................................................................................... 193 

Figure 5.7. 31P{1H} NMR spectrum for biphasic UO22+ sequestration in the presence of VO43– 

after (a) 15mins and (b) 3 hours. .......................................................................................... 197 

Figure 5.8. Solid–state molecular structures of complexes 5.6 (a) and 5.7 (b). H atoms, 

[CoCp*2]+ counter cations, and all co–crystallized solvent molecules are omitted for clarity.

 ............................................................................................................................................... 199 



 xx 

Figure 5.9. Solid–state molecular structures of complexes 5.8. H atoms and all co–crystallized 

solvent molecules are omitted for clarity. ............................................................................. 202 

Figure 5.10. Solid–state molecular structure of [U(nido–7,8–(Ph2PO)2–7,8–C2B9H10)(nido–

1,2–(Ph2PO)2–1,2–C2B10H10)2][Li] (5.9) obtained fro X–Ray diffraction studies. H atoms, 

[CoCp*2]+ counter cations, phenyl C–H linkages, and all co–crystallized solvent molecules are 

omitted for clarity. (a) Full depiction of structure with labeled individual carborane clusters 

(A–C). (b) Individual carborane clusters (A–C) with pertinent C–C bond distances. ......... 204 

Figure 5.11. Solid–state molecular structure of [VIVO(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] 

(5.10) obtained from XRD analysis. H atoms and all co–crystallized solvent molecules are 

omitted for clarity. ................................................................................................................ 207 

Figure 5.12. 31P{1H} NMR Spectra for Purification of Complex 5.5. (a) 31P{1H} NMR 

spectrum of the supernatant from purification containing 4.1 in CDCl3. (b) 31P{1H} NMR 

spectrum of the crystals isolated from the selective recrystallization of complex 5.5 in CDCl3.

 ............................................................................................................................................... 216 

Figure 5.13. 31P{1H} NMR Spectra for Biphasic Control Reaction of 2b with NaOAc 

Buffer Solution (0.5 M, pH 5.4). 31P{1H} NMR spectrum of DCE layer after mixing 1.5 mL 

of 0.5 M sodium acetate buffer (pH 5.4) with 4.2b in DCE (4 mL). (a) After 1.5 hours, 

indicating the formation of 4.1, 5.5 (denoted as *), and unknown at 45 ppm as by–products and 

(b) After 2.5 hours, indicating the formation of 4.1 and 5.5 (denoted as *) with disappearance 

of unknown at 45 ppm. ......................................................................................................... 219 

Figure 5.14. UV–Vis Spectra for Selectivity Control Experiments with ThIV, NdIII, SmIII, 

and CsI. (a) (blue) Initial UV–Vis spectrum of the aqueous layer containing an equimolar 

mixture of Th(NO3)4•H2O, Nd(NO3)3THF3 (797, 746, 583, and 525 nm*), Sm(NO3)3THF3 (404 

nm*), and CsNO3 all dissolved in 1.5 mL of a 0.5 M sodium acetate buffer (pH 5.4; 0.08 M 

total concentration) (Figure 5.25). Th(NO3)4•H2O and CsNO3 do not display optical 

absorbances in the visible region and an absorbance for the NO3– anion is observed at 304 

nm.129 (red) UV–Vis spectrum taken after mixing the aqueous layer with the DCE (4 mL) layer 

of independently synthesized 4.2b for 1.5 hours indicating NdIII*, SmIII*, and NO3– 



 xxi 

concentrations remained unchanged in solution with no migration to the DCE layer. (b) 

Zoomed–in plot of (a), displaying the spectral range used for all further experiments. ....... 221 

Figure 5.15. 31P{1H} NMR Spectra for Selectivity Control Experiments with ThIV, NdIII, 

SmIII, and CsI. (a) 31P{1H} NMR spectrum in DCE of independently synthesized 4.2b and 

[Ph3PNPPh3][PF6] as the analytical standard. (b) 31P{1H} NMR spectrum of DCE layer after 

mixing the aqueous layer containing Th(NO3)4•H2O, Nd(NO3)3THF3, Sm(NO3)3THF3, and 

CsNO3 in 1.5 mL of 0.5 M sodium acetate buffer (pH 5.4), indicating the formation of 4.1 and 

5.5 (denoted as *) as by–products, with absence of any known ThIV, NdIII, SmIII, or CsI 

products. ................................................................................................................................ 222 

Figure 5.16. (a) (blue) Initial UV–Vis spectrum of the aqueous layer containing an equimolar 

mixture of UO2(NO3)2(THF)2 (*), Th(NO3)4•H2O, Nd(NO3)3THF3 (*), Sm(NO3)3THF3 (*), and 

CsNO3 all dissolved in 1.5 mL of a 0.5 M sodium acetate buffer (pH 5.4). (red) UV–Vis 

spectrum taken after mixing the aqueous layer with the DCE (4 mL) layer of independently 

synthesized 4.2b for 1.5 hours indicating the NdIII remained in solution with a residual UO22+ 

concentration of 0.0072 M consistent with a total quantity of 0.019 mmol separated from the 

aqueous layer (~0.95 equiv). ................................................................................................. 223 

Figure 5.17. (a) 31P{1H} NMR spectrum in DCE of independently synthesized 4.2b and 

[Ph3PNPPh3][PF6] as the analytical standard. (b) 31P{1H} NMR spectrum of DCE layer 

following UO22+ separation from the aqueous layer containing UO2(NO3)2(THF)2, 

Th(NO3)4•H2O, Nd(NO3)3THF3, Sm(NO3)3THF3, and CsNO3 in 0.5 M sodium acetate buffer 

(pH = 5.4), indicating the formation of 4.4N/4.5N, with formation of 5.5 (denoted as *) and 

4.1 as by–products ................................................................................................................ 224 

Figure 5.18. (a) Schematic of the two–compartment H–cell used for the biphasic 

electrochemical separation and recovery of UO22+. (b) Picture of the two–compartment H–cell 

used for the biphasic electrochemical separation and recovery of UO22+. (c) Experimental setup 

of H–cell (before charging) used for the biphasic separation and recovery. ........................ 225 

Figure 5.19. Charging curve for the biphasic electrochemical selective seperation of 

UO2
2+. A charging current of –107.1 μA with –9.25 C of charge transferred, resulting in a 75% 

SOC after 24 h assuming 100% columbic efficiency. .......................................................... 226 



 xxii 

Figure 5.20. 31P{1H} NMR Spectra for the Electrochemical Biphasic Separation and 

Recovery of UO22+. (a) Initial unlocked 31P{1H} NMR spectrum of 4.1 and [Ph3PNPPh3][PF6] 

in DCE. (b) 31P{1H} NMR spectrum in DCE of electrochemically reduced 4.1 to produce 4.2b. 

(c) 31P{1H} NMR spectrum of DCE layer following UO22+ separation from the aqueous layer 

containing UO2(NO3)2(THF)2, Th(NO3)4•H2O, Nd(NO3)3THF3, Sm(NO3)3THF3, and CsNO3 

in 0.5 M sodium acetate buffer (pH = 5.4), indicating formation of 4.4N/4.5N, 4.1, and 5.5. (d) 
331P{1H} NMR spectrum of the electrochemically oxidized DCE layer containing 4.4N/4.5N, 

following galvanostatic discharge. A very broad signal is observed between 35–40 ppm which 

we attribute to an adduct of UO22+ with 4.1. (e) 31P{1H} NMR spectrum of DCE layer after 

mixing with fresh NaOAc buffer (0.1 M, pH 5.4) after 15 hours and showing the free carborane 

4.1 (major), as well as unknown by–products at 20 ppm, marked by *. .............................. 227 

Figure 5.21. UV–Vis for Selective Electrochemical Separation of UO22+ from an Aqueous 

Mixture of ThIV, NdIII, SmIII, and CsI. (blue) Initial UV–Vis spectrum of the aqueous layer 

containing an equimolar mixture of UO2(NO3)2(THF)2 (*), Th(NO3)4•H2O, Nd(NO3)3THF3 (*), 

Sm(NO3)3THF3 (*), and CsNO3 and dissolved in 3.9 mL of a 0.5 M sodium acetate buffer (pH 

5.4). (red) UV–Vis spectrum taken after mixing the aqueous layer with the DCE layer of 

electrochemically reduced 4.1 (to generate 4.2b) in a 0.1 M [Bu4N][PF6] DCE solution for 1.5 

hours indicating the NdIII remained in solution with a residual UO22+ concentration of 0.0088 

M consistent with a total quantity of selectively separated UO22+ to the DCE layer of 

0.043 mmol (~0.9 equiv). ...................................................................................................... 229 

Figure 5.22. Discharging curve for the biphasic electrochemical release of UO2
2+. A 

discharging current of 107.1 μA until 9.45 C of charge transferred or until 2.0 V cut–off was 

reached, resulting in a ~0% SOC after ~20 h assuming 100% columbic efficiency. ........... 230 

Figure 5.23. UV–Vis Spectrum for Biphasic Electrochemical Recovery of UO22+. 0.1 M 

aqueous sodium acetate buffer layer at pH 5.4 after mixing for 12 hours with electrochemically 

oxidized 4.4N/4.5N in DCE. The concentration of UO22+ was calculated to be 0.011 M 

consistent with a total quantity of UO22+ recovered from the DCE layer to the aqueous phase 

of 0.03 mmol (~0.76 equiv). ................................................................................................. 231 



 xxiii 

Figure 5.24. Stepwise procedure for the biphasic electrochemical sequestration of UO22+ 

in an aqueous mixture of ThIV, NdIII, SmIII, and CsI. For simplicity, only half of the H–cell 

is displayed here. For the full cell design, see Figure 5.18. (a) 31P{1H} NMR spectrum of DCE 

layer containing 4.1, [Ph3PNPPh3][PF6], and [Bu4N][PF6] ([PF6]− resonance not shown) 

before charging. (b) Top inset, UV–Vis spectrum of aqueous phase (NaOAc buffer 0.5 M, pH 

5.4) containing 1.25 equiv. UO2(NO3)2(THF)2 (*), Th(NO3)4•H2O, Nd(NO3)3THF3 (*), 

Sm(NO3)3THF3 (*), and CsNO3 before mixing with the DCE phase. Bottom inset, 31P{1H} 

NMR spectrum of DCE layer containing 4.2b (major) and 4.1 (minor) after charging 4.1 

galvanostatically. (c) Mixing of the phases in b for 1.5 hours. (d) Top inset, UV–Vis spectrum 

of aqueous phase after mixing with the DCE phase, revealing approximately ~0.63 equiv. of 

UO22+ were selectively extracted. Bottom inset, 31P{1H} NMR spectrum of the DCE layer after 

mixing with aqueous phase, showing captured products 4.4N/4.5N (major), with 5.5 (denoted 

*) and 4.1 as minor products. (e) 31P{1H} NMR spectrum of the DCE layer following phase 

separation and galvanostatic discharge. A broad peak is observed at 38 ppm, which we attribute 

to an adduct of UO22+ with 4.1. (f) Top inset, UV–Vis spectrum of aqueous phase after addition 

of fresh buffer (0.1 M, pH 5.4) to the discharged DCE solution (in e) and mixing for 15 hours. 

The spectrum reveals the release of approximately ~0.76 equiv. of UO22+. Bottom inset, 
31P{1H} NMR spectrum of the DCE layer after mixing with fresh buffer, showing the free 

carborane 4.1 (major), as well as unknown byproducts at 20 ppm marked by *. ................. 232 

Figure 5.25. UV–Vis Spectra of Individual Solutions of ThIV, NdIII, SmIII, and CsI in 

NaOAc buffer. All solutions were prepared at concentrations of 0.02 M in 1.5 mL of NaOAc 

buffer (0.5 M, pH 5.4) with (a) Th(NO3)4•H2O, (b) Nd(NO3)3THF3, (c) Sm(NO3)3THF3, and 

(d) CsNO3. (a) and (d) do not display any optical absorptions in the visible region. All spectra 

display an absorbance at 304 nm consistent with NO3– anion.129 ......................................... 234 

Figure 5.26. Calibration Curve for Varying Concentrations of UO22+ in an Equimolar 

Mixtures of ThIV, NdIII, SmIII, and CsI. The concentrations of ThIV, NdIII, SmIII, and CsI were 

kept constant (0.2 M for each ion and 0.08 M total). Varying concentrations of UO22+ were 

used (0.0025–0.02 M) and all calibration solutions were prepared in NaOAc buffer (0.5 M at 

pH 5.4). ................................................................................................................................. 235 



 xxiv 

List of Schemes 

Scheme 1.1. Pathway from renewable H2 production, storage, and usage. .............................. 5 

Scheme 1.2. Various NH3 activation pathways. ..................................................................... 10 

Scheme 2.1. Proposed pathways from NH3 oxidation to N2 formation. ................................. 48 

Scheme 2.2. Proposed nucleophilic/electrophilic and nitridyl pathways for N–N coupling. . 50 

Scheme 2.3. First reported synthetic cycle for NH3 oxidation. .............................................. 60 

Scheme 3.1. Molecular NH3 oxidation catalysts. ................................................................... 79 

Scheme 3.2. Second synthetic cycle for NH3 oxidation. NH3 oxidation with NBS occurs 

through proposed oxidative dehydrohalogenation pathway with MnIII (detailed with dashed 

arrows). ................................................................................................................................... 84 

Scheme 3.3. Catalytic reaction conditions with 3.2. .............................................................. 87 

Scheme 3.4. Probing proposed oxidative dehydrohalogenation pathways with RNHBr (where 

R = tBu and (Ph3C)). The Mn–center is shown without ligands for clarity. ........................... 92 

Scheme 3.5. Proposed HAA abstraction pathways with MnIII. The ligand has been omitted for 

clarity. ..................................................................................................................................... 93 

Scheme 3.6. Proposed HAA pathways (where HAA• = tBu3ArO•). The following proposed 

MnIV– and MnV–centers are shown without the ligand for clarity. ........................................ 95 

Scheme 3.7. Corroles and phthalocyanines for investigating further mechanistic chemistry. 97 

Scheme 4.1. DFT calculated isodesmic proton transfer reactions (a) from 4.2∙H+ to two TPOs 

(b) from 2TPO∙H+ to 4.1 (c) from 4.1∙H+ to two PCs. ΔH and ΔG are given in kcal∙mol−1. 162 

Scheme 5.1. Redox–controlled capture and release of UO22+ by exploiting differences in bite 

angle (θ1 and θ2). .................................................................................................................. 179 

Scheme 5.2. Redox–controlled selective sequestration and recovery of UO22+ in aqueous 

mixtures of ThIV, NdIII, SmIII, CsI. ........................................................................................ 181 



 xxv 

List of Tables 

Table 1.1. Abundance of selected ions in seawater.173 ........................................................... 13 

Table 2.1. Values of gas quantification experiments using a gas burette. ............................. 60 

Table 2.2. List of Evans’ Method Experimental and Calculated Values ............................... 69 

Table 3.1. Results for controls and catalytic reactions for GC–TCD. ................................... 88 

Table 3.2. List of Evans’ Method Experimental and Calculated Values for 3.3. ................ 105 

Table 4.1. Selected interatomic distances (Å), angles (°), and torsion angles (°) for 4.1 and 

4.2a. ....................................................................................................................................... 124 

Table 4.2. Calculated T1 values. ........................................................................................... 143 

Table 4.3. Calculated values for the H+ transfer reactions. .................................................. 164 

Table 5.1. Solubility of (UO2)3(VO4)2·4H2O in aqueous solutions of HClO4 or NaOH. 194 

Table 5.2. Qualitative solubility experiments for mixtures of UO22+ and VO43– in aqueous 

solutions of various acids and buffers. .................................................................................. 195 

Table 5.3. Selected interatomic distances (Å) for 4.2a, 5.6, and 5.7. .................................. 200 

Table 5.4. Selected interatomic distances (Å), angles (°), and torsion angles (°) for 4.1, 4.42a, 

and 5.8. .................................................................................................................................. 202 

Table 5.5. Selected interatomic distances (Å), angles (°), and torsion angles (°) for 5.8 and 

5.10. ....................................................................................................................................... 208 

 

  



 xxvi 

List of Symbols and Abbreviations 

CV cyclic voltammetry 

Fc and Fc+ ferrocene and ferrocenium 

BDFE bond dissociation free energy  

HAA hydrogen atom abstraction 

NBS N–bromosuccinimide  

GC–MS gas chromatography–mass spectrometry  

GC–TCD gas chromatography–thermal conductivity detector  

HB Haber–Bosch 

RE renewable energy  

RFB redox–flow batteries 

GBE galvanostatic bulk electrolysis 

GHG greenhouse gas 

MOX mixed-oxide  

HHLW hot high–level waste 

PUREX Plutonium URanium EXtraction 

UREX URanium EXtraction 

°C  degrees Celcius 

μ bridging 

Å angstrom, 10-10 m  

δ chemical shift  

η eta (bonding mode) 

λ wavelength  



 xxvii 

π pi bond 

σ sigma bond 

υ frequency 

atm atmosphere 

H2  dihydrogen 

N2 dinitrogen 

NH3 ammonia 

CO2 carbon dioxide 

UO22+ uranyl 

Ln/An lanthanide/actinide 

tBu tert–butyl  

Et ethyl 

Me methyl  

Ph phenyl 

MeCN-d3 deuterated acetonitrile 

CDCl3 deuterated chloroform 

DCM-d2 deuterated dichloromethane 

FB fluorobenzene 

NMR nuclear magnetic resonance 

ppb parts per billion, 10-9 

ppm parts per million, 10-6 

mmol millimole 

 



 1 

Chapter 1 – Introduction 

1.1 Overview of energy storage technologies and shift to clean energy sources 

Over the past two centuries, fossil fuels (coal, oil, and natural gas) have been our main 

global energy currency of choice by exploiting the energy stored in C–H chemical bonds. 

Fossil fuels comprise 86% of our primary global energy1 and the rapid increase in the global 

population, energy–intensive modern lifestyles, and industrialization are all contributing to 

issues concerning energy – directly relating to the increase of CO2 into the environment, 

contributing to irreversible climate change.2 The Paris Agreement on climate change was 

adopted in 2015 in hopes to strengthen global response to the threat of climate change by 

“holding the increase in the global average temperature to well below 2 ºC above pre–industrial 

levels and pursuing efforts to limit the temperature increase to 1.5 ºC above pre–industrial 

levels”.3 This goal requires an extensive reduction in CO2 and greenhouse gas (GHG) 

emissions, requiring a shift to clean, alternative energy sources. Renewable and non–renewable 

energy (RE and non–RE) sectors are rapidly growing, which include but are not limited to 

wind, solar, hydroelectric, geothermal, and tidal technologies as RE sources. Non–RE sources 

include, but are not limited to, nuclear power generation from 235U. Nuclear is generally 

considered non–RE because U is a finite source but, is overall considered a clean energy source 

and critical in combatting CO2 emissions. Due to this intermittent nature of RE sources, the 

development of new energy storage technologies is needed.4  

To meet global demands for both grid–level energy storage and transportation–based 

energy vectors, a combination of multiple energy storage platforms will be needed to meet 

demands. Energy storage systems come in various forms and their cost and scalability are 

widely dependent on the form of stored energy (kinetic, thermal, potential, electromagnetic, 
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chemical). Some storage forms are better suited for small–scale applications versus large–scale 

applications and vice versa.5 To complement the current main grid-scale energy storage 

platforms, such as pumped hydropower, flywheels, etc., electrochemical and chemical storage 

technologies are considered critical to stabilize and balance fluctuating intermittent renewable 

energy sources. Electrochemical energy storage technologies mainly include batteries (e.g. Li–

ion, redox-flow batteries, etc.),6 where chemical energy vectors are NH3, MeOH, or H2.7-9 

Chemical storage vectors tend to have greater energy density than current battery technologies 

and have large discharge rates since they can be stored for any period of time. There have been 

multiple promising chemical energy storage systems proposed, but for the scope of this thesis, 

use of H2 (section 1.2) and NH3 (sections 1.3 and 1.3.1) as potential chemical energy vectors, 

and NH3 as a H2 storage carrier we will described in further detail.  

1.1.1 Chemical bond energy storage – hydrogen (H2) economy 

The concept of a hydrogen (H2) economy has gained considerable attention in recent 

years.10-14 H2 as an energy carrier is not only desirable but argued to be an important key in 

combatting further climate change.15-16 H2 has the highest gravimetric energy density (143 

MJ/kg) of any clean fuel, a lower heating value of 33.3 kWh/kg, and a combustion emissions 

profile free from CO2 – as H2O is the only byproduct when used in a H2 fuel cell or in a H2 

combustion chamber.17-18 However, even though industry produces and consumes more than 

60 million tons of H2 every year, there are multiple overwhelming factors impeding us from 

utilizing H2 as our main form of stored energy.19 In order to satisfy the world’s energy demand, 

more than 3x1012 kg of H2 would need to be produced per year, which is roughly 100 times 

more than current H2 production.20 This would dramatically increase the global CO2 emission 
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profiles because currently, 1 ton of H2 produced from coal, oil, and gas by steam reforming or 

the water gas shift reaction (WGSR) liberates more than 10 tons of CO2.21-22  

In order for H2 to be a clean energy vector: (1) the H2 must be produced from renewable 

sources, for example H2O electrolysis from solar energy or a method without CO2 generation 

(e.g. methane decomposition to carbon and H2).23-24 Although progress has been made in 

developing systems for H2O electrolysis to H2, it is currently not a thermodynamically 

favorable process as it requires voltages up to 1.23V, which translates to 180 MJ of energy just 

to generate 1 kg of H2.25 This makes H2O electrolysis currently not a financially large–scale 

viable option as it is more expensive than current H2 production from natural gas – as 96% of 

world H2 production comes from fossil fuels.22, 26 Yet, progress is being made toward building 

plants capable of performing this electrocatalysis large scale from renewables such as solar in 

order to reduce costs.7 (2) Although H2 has the highest gravimetric density, it unfortunately 

has a low volumetric energy density of only 0.01 MJ/L or 3 Wh/L, making the storage and 

transportation at ambient temperatures and pressures difficult (where the density is 0.0898 g/L 

at 0 ºC and 1 bar).27 In order to circumvent this, alternative storage methods need to be realized 

for mobile applications in order to efficiently store and transport H2.9  

1.1.2 H2 storage carriers – NH3 as a H2 source and energy vector 

In 2017, the Department of Energy (DOE) set targets for H2 storage at 5.5 wt.% and 40 

g/L for gravimetric and volumetric energy capacities, respectively. Additional targets include 

ease of regeneration of material, system cost, and operating temperature and stability.28 There 

have been many systems developed for the uptake (storage) and release of H2 and can be 

described in two main categories. The first is by physisorption materials where H2 is absorbed 

into porous materials such as zeolites, MOFs, clathrate hydrates, and various carbon materials 
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and polymers, which generally have low uptake, but excellent reversibility.29-36 The second is 

by means of chemical storage where a H2 rich material undergoes a chemical process to release 

the stored H2 or H+/e– equivalents. Ideally, these processes are reversible with ease of uptake 

and release. Examples of solid–state systems can include, but are not limited to, metal (alkali 

and TM) and non–metal hydrides, amines, and amides.37-41 Additionally, liquid carriers such a 

derivatized carbazoles, alcohols, and formic acid have also been investigated as good 

candidates.42-45 Although most of these systems meet some of the DOE requirements – for 

example ammonia borane (BH3NH3) contains 19.5 wt.% H2, far exceeding target values of 5.5 

wt%, or the dehydrogenation of MeOH (12.6 wt.%) to H2 and CO2 (in the form of carbonate), 

which can be coupled with the reverse for regeneration of material for the hydrogenation of 

CO2 to MeOH.46-47 – most of the technologies are still in their infancy and scalability and 

practicality proves to be a limiting factor. 

An alternative storage method involves using ammonia (NH3) produced through the 

industrial Haber–Bosch (HB) process – first realized in 1909 by Fritz Haber and later 

transformed into an industrial process by Carl Bosch in 1913 for BASF.48 NH3 has been 

proposed as a platform for H2 storage49-51 because it contains 17.6 wt.% H2, it is easy to store 

(–33°C b.p.),50 it has a volumetric density which is 1.7 times that of liquid H2, and is low in 

cost ($1.4–1.7/kg H2).51-52 Additionally, the production (175 Mt/year) and distribution of NH3 

are already established through the HB process, circumventing the need for developing new 

systems and infrastructure.9, 50, 52-55 NH3 is the second most manufactured commodity chemical 

in the world, where 75–90% of production is used for fertilizer, and accounts for ~ 2% of the 

total global primary energy use and 1% of all CO2 emissions.56-57 Many have argued that N2 

reduction through the HB process is problematic due to its high operating temperatures and 
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pressures (400–500°C and 100–300 atm),4 posing an energy intensive process in which new 

catalysts and systems need to be realized to improve the current industrial practice.7-8, 58 This 

has placed a lot of effort in trying to better understand N2 reduction chemistry, which has 

harnessed research attention for the past 60 years. Performing this chemistry at ambient 

temperatures and pressures would be ideal, but current HB is a very efficient process, with 

almost 100% conversion of H2/N2 to NH3 when reactants are passed through the catalyst bed 

multiple times, outcompeting current alternative systems.57 Overall, in order to promote a 

renewable, carbon–free H2 economy will require: (1) production of H2 or H+/e– equivalents 

from H2O electrolysis and coupling this process with; (2) concurrent H2 storage which could 

be accomplished in reacting N2 with H2 to produce NH3 through the HB process (Scheme 1.1).  

 

Scheme 1.1. Pathway from renewable H2 production, storage, and usage. 

 
The key to utilizing NH3 as an H2 storage vector, whether for H2 release or direct use in fuel 

cells, is developing systems which can efficiently promote the difficult 6e– oxidation chemistry 

of NH3 to N2 (Equation 1.1).  
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H2, typically using precious metals (e.g. Ru), operate at high temperatures (400–600 ºC), and 

have low TON most likely due to the poor understanding of what is occurring at the 

heterogeneous active sites.52, 61-65 (2) Electrochemical systems53, 66-69 have also been realized 

for conversion of H2 to electricity by polymer electrolyte membrane fuel cells (PEMFC) – 

commonly used and industrially relevant in the transportation sector in H2 fuel cell cars – or 

solid oxide fuel cells (SOFC), which are typically employed for stationary power generation.70-

71 Additionally, direct use of NH3 in alkaline membrane fuel cells (AMFC) are being explored 

but are still in their infancy for use and development due to the higher oxidation potential of 

NH3 compared to H2, causing lower power generation compared to H2 fuel cells.72-75 Typically, 

precious metal electrodes such as Pt, Rh, and Ir are used in these systems, and tend to have 

large overpotentials due to poisoning at the electrode surface because of irreversible nitride 

formation, leading to detrimental effects on the fuel cell catalysts.10, 53, 65, 68-69, 76-77 Lastly, NH3 

combustion has been proposed, but will be an unlikely solution because if its low flammability 

compared to hydrocarbons and H2.8Additionally, the by–products can be a mixture of NOx 

compounds, contributing to photochemical smog production and GHG emissions (N2O), 

ultimately circumventing its use as a renewable energy vector.4, 78 Due to the promising role 

of AMFCs for utilizing the energy stored in NH3 chemical bonds, probing the 6e– conversion 

of NH3 to N2 with coordination complexes may provide mechanistic insights into what is 

required for the multi–electron oxidation, leading to innovations in catalyst design.   

1.1.2.1 Brief history of N2 reduction chemistry 

N2 reduction, has been extensively studied for the past century due to the vast 

importance in understanding key intermediates for the catalytic HB process as well as 

biological N2 fixation through the nitrogenase enzyme.79-81 Fixation of N2 is a challenging task 
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due to the inertness and extremely strong N≡N triple bond (BDE = 944 kJ/mol), zero dipole 

moment, and large HOMO–LUMO gap.82-83 Since the first discovery of the first N2 complex 

by Allen and Senoff in 1965,84-85 there has been extensive work in designing complexes that 

bind and activate N2. Even though N2 is a poor s–donor and weak p–acceptor ligand, N2 

complexes for almost every transition metal have been synthesized. Some of the early work in 

designing systems was aimed at modeling what was believed to be the primary active site of 

nitrogenase (FeMo–cofactor, although there are others that have been discovered).86-88 Other 

systems have been designed to develop new catalytic processes for alternative 

functionalization and fixation of N2 in relation to HB. The bonding of N2 to a metal is generally 

described as the degree in which the N≡N bond is activated, either strongly or weakly.89  

Coordination of N2 can vary by mono– or bimetallic systems with end–on or side–on 

binding modes (Figure 1.1). The degree in which N2 binds and is activated is largely dependent 

on the metal, oxidation state, and ligand framework surrounding the metal.  

 

Figure 1.1. Representative binding modes for various N2 complexes. 

 
For example, strongly activated N2 generally requires a strongly reducing metal and is 

commonly observed with mid to early transition metals, generally dinuclear in an end–on (c)90-

92 or side–on (f)83, 93-96 binding mode. Alternatively, most N2 complexes contain N2 that is 
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end–on (b),97-98 side–on dinuclear (e),99-100 and side–on mononuclear (d, Figure 1.1).101 

Intuitively, one would think the more activated the N2, the greater likelihood it will react. Yet, 

it has been shown that strong activation is not necessarily a requisite for increased reactivity. 

It is also highly dependent on the ligand environment, sterics, and electronics of the complex. 

For example, in 2018, Liddle et. al. reported the first example of catalytic NH3 conversion at 

a TiIII center with a formal weakly activated N2 molecule, showing strong activation is not a 

requirement for reactivity.102  

The vast number of examples of N2 complexes and types of functionalization exceeds 

the scope of this thesis, but it is important to note the historical examples pertaining to N2 

reduction chemistry, and how this has contributed in developing systems for the reverse, NH3 

oxidation. Stoichiometric activation and functionalization of N2 can occur by various 

pathways; hydrogenation by metal–N2 or metal–nitride complexes – where nitride activation 

is considered an intermediate step in conversion to NH3 – and protonation and reduction 

chemistry with addition of H+/e– sources. Additionally, the catalytic conversion of N2 to NH3 

has been realized. Stoichiometric or catalytic N2 reduction chemistry has been demonstrated 

with various transition metal complexes, such as Co and Os, but most systems include mid to 

late transition metals such as Mo, Ru, and Fe.103-109 Due to Mo being considered the active site 

for biological NH3 generation in the FeMo–cofactor of nitrogenase, Mo is amongst one the 

most studied metals for stoichiometric110-115 and catalytic104, 109, 116 N2 reduction chemistry. 

More recently, catalytic N2 reduction chemistry has been shown with Fe103, 117 – due to the 

importance in the FeMo–cofactor and industrial HB, which proceeds via a Fe heterogenous 

catalyst. Some early transition metals complexes such as Zr, W, Cr, and V83, 118-120 have also 

been shown to facilitate N2 activation, with a recent example including the first catalytic 
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conversion of N2 to NH3 using an early transition metal at Ti.102 Catalytic N2 reduction to 

N(Me3Si)3 with Ti – an alternative desired N2 fixation product – has also been shown by Okuda 

et. al.121 N2 reduction chemistry is not limited to transition metals, as actinide complexes of U 

have been shown by Mazzanti et. al. to undergo N2 fixation chemistry to NH3.122 Interestingly, 

before a Fe–based catalyst was adopted for the HB process, a U–based heterogenous catalyst 

was reported to be one of the most effective heterogenous catalysts used for NH3 

production.123-124 Before their report in 2017, U–N2 complexes were rare99, 125-129 and 

conversion to NH3 with a homogenous U complex was unprecedented. Although N2 reduction 

will not be covered any further and is out of the scope of this thesis, noting the systems that 

are capable of performing this chemistry can give a broader insight for what may be required 

for the reverse, NH3 oxidation. For example, Peters et. al. has reported catalytic N2 reduction 

to NH3 for various systems using Fe. They adopted a similar ligand framework in order to 

perform the electrocatalytic NH3 oxidation to N2. The primary development was designing a 

ligand that was robust in oxidative conditions, versus their N2 reduction catalysts which were 

reductively robust.103, 117, 130 Nishibayashi et. al. has also shown similar rational in catalyst 

design to develop their Ru catalysts. Both demonstrate that understanding the systems that 

promote N2 reduction, although not directly transferrable in all systems, can help guide new 

development for systems capable of performing efficient NH3 oxidation.  

1.1.2.2 Brief history of NH3 activation 

Molecular N–H activation of NH3 under mild conditions is of great interest in current 

catalysis science.50, 52 Due to the high BDFE for NH3 (BDFEN–H: 104 kcal/mol)56 and low 

acidity (pKadmso = ~41)131, activation under mild conditions is challenging, but can occur upon 

binding or interacting with a transition metal center. The formation of a N–N bond is 
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considered the requisite step in the oxidation of NH3 to N2 (where formation of the N≡N triple 

bond is 226 kcal/mol)132 and understanding the mechanism is crucial for designing systems 

capable of performing this transformation. In 1967, Taube reported the first example of NH3 

oxidation using [Co(NH3)6]3+ and [Co(NH3)5(H2O)]3+ forming N2, NH4+, and CoII.133 After 

almost a decade, in 1979, Taube and Buhr reported both chemical and electrochemical 

oxidation of NH3 in aqueous solutions by [Os(NH3)5(CO)]2+, forming N2 in the bridging µ–N2 

product [(Os(NH3)4(CO))2N2]4+.134 This study pioneered research into NH3 oxidation 

chemistry using molecular complexes and the field started gaining traction. In 1992, Collman 

et. al. studied chemical and electrochemical NH3 oxidation with Ru porphyrins via alternative 

pathways such as hydrazine and diazene intermediates.135 Since these early examples, there 

have since been various homogenous approaches developed in order to overcome the high 

bond strength to stoichiometrically cleave N–H bonds including: deprotonation (a), N–H 

oxidative addition (b), (reversible) metal–ligand cooperativity (1,2 addition) (c), 1,2 addition 

across a metal–metal bond (d), and HAA (e) (Scheme 1.2). 136-149 139, 141, 150-155 

 

Scheme 1.2. Various NH3 activation pathways. 

 
Most of these systems include mid to late transition metals in mid to low oxidation states in 

order to promote a formal oxidation of the metal (b, d, e). In addition to these systems, a 
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NH3 oxidation using a simple MnV≡N complex which is further detailed in Chapter 2. 
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Additionally, until very recently, catalytic NH3 oxidation was unprecedented, and only within 

the past year has been realized utilizing HAA,156-157 homogenous electrocatalysis,130, 158 and 

oxidation/deprotonation chemistry.159 Currently, there are only five reports of active catalysts 

containing Ru centers, with one example of Fe. Building off our previous results for a synthetic 

cycle for NH3 oxidation, before these systems for catalysis were realized, we also attempted to 

develop a catalytic cycle and these results will be described further in Chapter 3. 

1.2 Nuclear for alternative energy 

In addition to developing energy storage systems (detailed in section 1.1), 

understanding the various types of RE and non–RE sources is crucial in the global battle 

against climate change and reduction of GHG emissions. Wind, solar, geothermal, 

hydroelectric, etc. are considered abundant RE sources, but due to their intermittent nature and 

need for developing alternative energy storage technologies, outlined above, our main energy 

currency cannot solely rely on renewables. Alternative non–RE sources are considered key to 

shifting to cleaner energy sources. Natural gas (CH4) has been widely considered a bridge in 

the shift from fossil fuels to clean sources but is not a long–term solution because it is not a 

carbon free source and produces roughly half the amount of CO2 emissions compared to 

burning of coal.58 Alternatively, nuclear power is considered one of the most important 

components in decarbonizing energy. Nuclear fission was first discovered soon after the 

breakout of WWII in hopes of exploiting nuclear for destructive capabilities. In 1942, the 

world’s first reactor in Chicago, Pile–1, proved that a large–scale nuclear chain–reaction could 

be sustained. Soon after, this type of reactor was adopted by the Manhattan project in order to 

produce materials for the first nuclear weapons.160 Since, reactors have undergone various 

iterations for safer and more efficient reactor systems in terms of energy development – 
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generating heat to convert to consumable energy. To date, there are four reactor types with 

most utilizing Generation II (1960s design) and III (1990s design), with various types of heat 

conversion to power systems.160  

While nuclear power is generally considered clean, due to its carbon–free emissions 

profiles through the uranium–235 (235U) fission process, U mining is energy-intensive and 

uranium itself is a finite resource – unlike wind, solar, and water. Nuclear power plants release 

GHGs only from ancillary pathways – use of fossil fuels during construction, fuel processing, 

maintenance, mining, and decommissioning – which is roughly 4–5% as much as a natural gas 

power plant. Today, roughly 32% of the energy produced in the US is generated from nuclear 

power, with 13% produced globally.161-162 France on the other hand has been a global leader 

in nuclear energy production, providing a large quantity of energy safely to consumers, 

accounting for 87% of the country’s energy source.163 The International Atomic Energy 

Agency (IAEA) has predicted nuclear power generation may increase worldwide by up to 56% 

over the next 10 years.164 Global conversion and proliferation resistance of nuclear stems from 

safety for concerns in waste remediation and disposal, accidents and failures of nuclear power 

plants, and national security for safely producing and using enriched U for reactors.165-166 

Despite these concerns and the potential quantity of energy nuclear can provide, there is no 

doubt that the handling of radioactive materials, before and after use, as well as consideration 

of extraction for U is still of upmost importance in nuclear science today.167   

1.2.1 Uranium extraction for use as fuel 

Uranium (U) is a key element for nuclear fuel, and the mining and recovery of U from 

spent nuclear fuel rods is of upmost importance for continued energy security globally.168 

Currently, U extraction proceeds through terrestrial mining by various extraction techniques.169 
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At our current consumption rate and increasing demand of nuclear energy, it is expected that 

conventional U reserves could be depleted in roughly a century.167, 170  The recovery of U from 

seawater has received considerable attention within recent years due to the size of this untapped 

source, containing 4.5 billion tons of U, which is over a thousand times more than the known 

terrestrial supply.171-172 Development of technology that can efficiently recover U from 

seawater could make the oceans a limitless source of fuel for nuclear reactors. Concentrations 

of U (most commonly found as the uranyl ion; UO22+) in the ocean are low (~3.3 µg/L) making 

it difficult to extract. Additionally, seawater contains trace amounts of almost every naturally 

occurring element, making selectivity toward U necessary for efficient extraction (Table 

1.1).168, 172-174 

 
Table 1.1. Abundance of selected ions in seawater.173 

Metal Concentration Notes 
Na 1.08% (w/w) 0.456 M at 3.5% salinity 
K 392 ppm 9.7 mM  
Ca 411 ppm 40 mM  
Li 0.17 ppm 24 uM  
Fe 3.4 ppb 59 nm  
Cu 0.9 ppb 14 nM  
U 3.3 ppb 13 nM as Ca(UO2)(CO3)3 
V 1.9 ppb 36 nM 80–90% VV, 10–20% VIV 
Au 11 ppt 50 pm  

 
U extraction from seawater was first proposed in the 1960s, based on phosphates and 

other UO22+ extractants that have been used in the PUREX (Plutonium URanium EXtraction) 

process for processing spent nuclear fuel.175-176 In the past 50 years, several technologies have 

been investigated for extraction and commonly relies on extremely strong chelating/binding 

affinities to UO22+ including synthetic organic polymers,172-174, 177-182  protein–based 

sorbents,183 ionic liquids,184 organic and inorganic frameworks,185-194 carbon–based 
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sorbents,195-198 alternating current electrochemical systems,199-200 and homogenous systems.201-

202 Out of these systems, amidoxime–based sorbents historically have been the most heavily 

studied and utilized for U extraction from seawater.172, 184, 203-210 However, cost analyses have 

revealed that none of the currently reported extraction systems are competitive against 

terrestrial mining. Today, seawater extraction has been estimated to cost between $450–

1500/kg of U3O8 using known sorbents, widely stemming from synthesis costs, reusability, and 

lifetime of the materials.172, 177, 211-212 For example, a pilot plant in Japan (through Japan Atomic 

Energy Agency; JAEA) tested a stack of sheets or braid–type adsorbents, resulting in 1 kg of 

uranium yellow cake after a 240–day campaign.213 Their adsorbent was able to capture 1.5 mg 

of U/g of adsorbent in 30 days with contact with seawater.214 After additional cost analysis 

performed by US researchers for this technique, U extraction was estimated to be $1,230/kg of 

U (in 2011 US dollars). Alternatively, the Pacific Northwest National Laboratory (PNNL) in 

2014 performed similar field tests and cost analyses utilizing a lab–proven adsorbent 

developed by Oak Ridge National Lab (ORNL) in the US They found that using in–line filters 

or in–flow columns could yield 3.3 mg of U/g of adsorbent after 8 weeks of contact in seawater. 

The U adsorption was roughly three times compared to the JAEA study with a drop in cost to 

$610/kg of U.177 Although significant progress has been made in extraction technology, 

terrestrial mining is still more economically feasible at $45–160/kg of U3O8.215  

The chemistry of seawater also plays an important role in U extraction in terms of 

chemical speciation of metals, salinity, pH, and biological activity.168 Primarily due to the pH, 

the chemical form of U in seawater consists of uranyl calcium carbonate complexes.216-217 

These complexes are generally difficult to extract because the calcium and carbonate ions need 

to be displaced, and the concentrations of these are high in seawater. Selectivity of U over 



 15 

other trace metal ions proves to be one of the most challenging tasks in extraction science 

today. For example, one of the most developed systems for extraction shows selectivity toward 

V (14.9%) >> Fe (1.6%) > UO22+ (1.0%), with V occupying roughly 15 times as many sites as 

UO22+ even though the concentrations are comparable in solution (Table 1.1).168 The added 

complexity to investigating selectivity is the aqueous chemistry surrounding V. Similar to U, 

V can exist as polynuclear species at given pH values, and undergo redox chemistry between 

VV and VIV, where VIV only comprises of 10–20% of V in seawater.218-220 This is primarily 

due to the biochemistry that occurs in seawater. Marine organisms that take up these different 

trace elements can alter chemical compositions and vary based on season, oceanic depth, 

temperature, and location, further complicating the optimization for extraction and selectivity 

chemistry.218, 221 In addition to uptake of U, the controlled release of UO22+ and regeneration 

of captured material is much less established and can generally be difficult, expensive, and 

destructive to the initial material.173, 212 For example, the stripping of VV from amidoxime 

sorbents for reuse is incredibly harsh compared to the eluents used for U and other cations, 

ultimately destroying the sorbent.209-210 Understanding the selective coordination chemistry of 

UO22+, with the controlled, non–destructive release is crucial in developing novel U extraction 

material with high selectivity, capacity, and regeneration of all materials that is economically 

and environmentally viable.222   

1.2.2 Nuclear waste remediation and reprocessing 

Nuclear waste is generated through irradiation of nuclear fuel where the isotopic and 

elemental composition changes. In commercial reactors, the fissile material decreases and 

fission products accumulate, particularly neutron–absorbing products such as lanthanides, 

causing a decrease in efficiency. This requires the nuclear fuel to be replaced periodically in 
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the core of the reactor, generating spent fuel rods which are then treated as nuclear waste. In a 

reactor that utilizes U as the fuel, most of the spent fuel is potentially useful, where fissile 

products contain 1% Pu, 3–4% other fission products, 95% 238U and 1% of 235U. Thus, the 

primarily fertile 238U and Pu can be separated from the other fission products and reused 

potentially for fuel,223 which is coined as a “closed fuel cycle”. Alternatively, an “open fuel 

cycle” determines the nuclear waste is deemed as having no further value and spent fuel is 

stored in deep geological repositories to decrease the radiotoxcity of the long–lived actinides. 

In 1970, the US decided to adopt an “open fuel cycle” based on arguments for national security 

(securing the generation of Pu used for nuclear weapons in repositories) and for halting global 

proliferation of nuclear technologies under the Non–Nuclear Proliferation Treaty.165 Handling 

waste in terms of an “open fuel cycle” presents environmental and potential threats to living 

organisms due to the presence of long–lived, heat–generating, radiotoxic actinides stored in 

geological repository facilities. Primarily the actinides– 237Np with a half–life of about 2 

million years, 241Am, and 244Cu; (which undergoes spontaneous fission) present the most 

concern, with alkali metals, for example, 137Cs one of the many isotopes of Cs) also 

contributing to the long-lived radiotoxicity.224-225 Storing this hot high–level waste (HHLW) 

requires storage for 100–150 years isolated underground before it can be disposed of in a 

geological repository, requiring fuel to be widely spaced out to safely decay. This means 

repository “footprints” tend to be quite large and require massive amounts of land for storage. 

To mitigate the quantity of waste and decrease repository footprints, reducing the radioactivity 

of the HHLW that needs to be stored in “closed fuel cycles” presents many alternative 

advantages in managing waste. Since > 90% of the spent fuel is reusable, reprocessing allows 
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the extraction and reuse of valuable fissile products, ultimately reducing the long–term 

radioactivity of the waste and potentially decreasing toxicity risks at disposal facilities.  

1.2.2.1 The PUREX Process 

The standard industrial process for reprocessing spent fuel is through the PUREX 

(Plutonium URanium EXtraction) process which was developed in the US in the 1950s.226-227 

Both the UK and France have adopted this system to reprocess their nuclear fuel on large–

scale, with some Japanese plants beginning to incorporate this system for waste remediation. 

This technology has been successfully carried out for over 50 years and is based on solvent 

extraction between an aqueous nitric acid and organic kerosene phase – where the extractant, 

tributyl phosphate (TBP) is dissolved. In this process, U (reused in new fuel) and plutonium 

(Pu; use as fuel in mixed oxide (MOX) systems) are selectivity separated while keeping most 

of the minor actinides (Np, Am, Cm) and fission products dissolved in the aqueous nitric acid 

layer (Figure 1.2).226, 228 Additionally, the PUREX process can be modified to incorporate the 

coextraction of neptunium (Np) by alternating nitric acid concentrations and use of a 

coextractant – which is desirable for conversion to 238Pu for spacecraft thermo–electric 

generators.229  

 

Figure 1.2. Schematic of the PUREX extraction process.  
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Like most extraction schemes, there are many factors that contribute to selective 

extraction of various ions in raffinate including the oxidation state of the metal ions, 

coordination capacity (ionic radius), the solvent/extractant combination utilized for separation, 

and solubility properties/hydrolysis effects of the metal ions in the aqueous acidic raffinate – 

which is widely pH dependent. In terms of selective UO22+/PuIV separation, the mechanism 

behind the PUREX process has been extensively studied and is well–established, known for 

its exceptional extraction ability of metal ions in tetravalent and hexavalent states, specifically 

UO22+ (UVI) and PuIV.230-231 The selectivity in extracting UO22+ and PuVI into the TBP organic 

layer is based on the similarity of UVI and PuIV complexation with TBP and extractability into 

the organic phase of the nitrate complexes formed from the acidic aqueous raffinate. Trivalent 

AnIII and LnIII nitrate complexes formed in the acidic media tend to be less soluble in the TBP 

organic phase and are not extracted. Formation of PuIII during reprocessing is an excellent 

example to describe how valency sways extraction. PuIV is highly stabilized by concentrated 

nitric acid solutions due to the oxidizing nature of the solvent. During reprocessing, if the acid 

concentration becomes too dilute, PuIV will favorably disproportionate into PuIII, PuIV, and 

PuVI, ultimately generating nuclear raffinate containing mixtures of Pu oxidation states. This 

disproportionation cannot be reversed and to reestablish PuIV, reduction to PuIII occurs with 

subsequent oxidation by chemical pretreatment. This pretreatment step is crucial in Pu 

extraction because unlike PuIV, the extraction of PuIII (and partially PuVI) does not readily occur 

because of the insolubility in the TBP organic layer. Additionally, to separate the UO22+ and 

PuIV further down the line in the process, the insolubility of PuIII is exploited by reductively 

back–extracting Pu into the aqueous layer. Not only does this show how control of the 

oxidation state of Pu is key for Pu–U extraction in the PUREX process, but how the extraction 
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steps are largely dependent on the valency of the ion (i.e. how selective it is toward tetra– and 

hexavalent ions versus trivalent species, independent of the element).  

1.2.2.2 Further developments of the PUREX process 

Despite decades of research into U separation technologies, and industrial utilization 

of the decades–old PUREX process, there is still considerable attention given to the selective 

extraction of UO22+ from aqueous solutions containing transuranics (all elements with a higher 

atomic number than uranium), lanthanides, or transition metals.232-236 Many have argued 

developing alternative extraction schemes to the PUREX process are crucial for the following. 

For instance, while the PUREX process is a widely understood, it does have weaknesses. 

PUREX was originally designed for spent fuels with low fissile product content. Current fuels 

generate roughly 10 times more fissile products than what the PUREX process was designed 

to handle. Also, the radiation fields are so great, degradation products can form and have 

potential to interfere with the solvent extraction process. Like most solvent extraction systems, 

many steps are involved in order to purify the products, ultimately creating large volumes of 

secondary radioactive waste. Even though this process makes use of fissile materials and 

widely contributes in remediation efforts, it has been argued to be complicated and 

expensive.160, 237 Furthermore, proliferation concerns for national security for the separation 

and isolation of elementally pure Pu through the PUREX process have created societal and 

political resistance. For these reasons, alternative systems generating pure U streams 

(eliminating separation of Pu independently) have seen considerable attention recently, 

specifically in the US with some research in France.238 

Some of these alternative methods include UREX+ processes, which were being 

developed in the US under the International Framework for Nuclear Energy Cooperation 
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(IFNEC). In these processes, the central feature is to keep Pu with either U or the other 

transuranic elements and the remainder of the waste is then handled by disposal or 

transmutation in fast reactors to ease proliferation resistance by not isolating pure Pu streams. 

There have been various iterations of UREX+ which vary predominantly on how the Pu is 

coextracted with the other fission products. Ultimately, there were major issues in separation 

of Pu and other TRU elements from the undesirable fission products in the aqueous phase and 

UREX variations have since been abandoned.  

Currently, there have been various other systems developed, with a few examples 

including NUEX (similar to UREX+1a; separates U, then TRUs, without carrying fission 

products through), COEX (separates U and Pu; can be modified for Np together from minor 

An’s and fission products) and GANEX (separates U and Pu as in COEX, then An’s and Ln’s 

from fission products). All these systems have shown promise, but unlike the PUREX process, 

none are industrially viable, suffering due to complexity and lack of understanding.160, 238-240 

In this thesis, our work in developing alternative methods of reprocessing and remediation of 

nuclear waste will be highlighted in Chapter 5. 

1.3 Scope of thesis 

As will be described in this thesis, the main objective of this graduate research was to 

develop readily available ligands and synthetically useful frameworks capable of carrying out 

the desired metal–based, inorganic reactions. Although the topics – NH3 oxidation with 

transition metal complexes to uranyl extraction, separation, and recovery – may seem 

disjointed, the common theme in this thesis work was to develop and understand how ligand 

environments play a role in complex stability and reactivity, while understanding the 
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requirements needed in synthesizing metal complexes capable of performing the desired 

transformations.  

Half of the work described in this thesis focuses on understanding stoichiometric and 

catalytic NH3 oxidation utilizing simple Mn–salen complexes. The first portion (Chapter 2) 

describes our initial success in understanding a crucial step, the homocoupling N–N bond 

formation, for performing and understanding NH3 oxidation.241 The second portion of this 

work (Chapter 3) describes our progress toward completing a catalytic cycle for NH3 

Ultimately, this led us toward investigating the mechanism required to oxidize NH3 as will be 

described. The remainder of this thesis (Chapters 4–5) presents a change in direction from 

transition metal complexes to actinide and lanthanide chemistry. Chapter 4 is our recent work 

for electrochemical uranyl capture and release using derivatized o–carboranes.242 Our most 

current work will be detailed in utilizing o–carboranes for other systems such as transition 

metal complexes and the selective separation and recovery of uranyl in the presence of metal 

ions in terms of  nuclear waste remediation (a publication has been prepared for this work), 

and seawater extraction chemistry (Chapter 5).   
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Chapter 2 – Synthetic NH3 Oxidation Chemistry using a Simple Manganese–Salen 

Complex 

2.1 Introduction 

In order to meet sustainable targets for worldwide energy supply and demand, carbon–

free fuels are an attractive medium to combat rapid increase of CO2 emissions to the 

atmosphere, resulting in global climate change.1 NH3, massively produced through the HB 

process, offers appealing attributes compared to carbon–based fuels due to its high gravimetric 

energy density, ease of transport as a liquid due to the well–established infrastructure, potential 

use of direct NH3 fuel cells where the by–product of oxidation is N2, and use as a H2 storage 

medium. However, the study of molecular systems for NH3 oxidation has lagged compared to 

the microscopic reverse N2 reduction, making it essential to develop systems in order to better 

understand the mechanism required for the 6e– oxidation chemistry. In the oxidation of NH3 to 

N2, formation of a N–N bond is a requisite step, so understanding the mechanism for this 

transformation is crucial to the design of systems capable of oxidizing NH3. 

Metal complexes of Mn,2-5 Co,6 Mo,7 Ru,8 Os,9-11 and Ir12-13 have been shown to 

chemically or electrochemically oxidize NH3 to metal–nitride (M–N3–, AàB), bimetallic µ–

N2 complexes (AàC), or elimination of N2 (AàD; Scheme 2.1).  

 

Scheme 2.1. Proposed pathways from NH3 oxidation to N2 formation. 

 
For the latter N–N bond formation pathways, intermediate metal–nitride coupling is proposed 

to be the main pathway to µ–N2 or N2 formation through bimolecular nitridyl (M≡N·)5, 14-16 or 

nucleophilic (M≡Nd–) + electrophilic couplings (M≡Nd+).17 For example, Neese et. al. reported 
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the N–N coupling of cryogenically trapped FeV–nitrides which was proposed to occur through 

a radical coupling process (a, Figure 2.1). Alternatively, Seymore and Brown reported 

heterobimetallic N–N coupling with electronically dissimilar Mo– and Os–nitride complexes., 

where a nucleophilic MoVI–nitride reacts with the electrophilic OsVI–nitride (b, Figure 2.1).  

 

Figure 2.1. Examples of N–N coupling through (a) nitridyl and (b) nucleophilic/electrophilic 

pathways.  

 
Other nitrides, generated through N–atom transfer chemistry (N3– photolysis), have also shown 

similar coupling behavior.14-15, 17-21 Although significant progress had been made in the 

following examples, at the time of our first publication in Chem. Eur. J.,22 a cycle for 

“synthetic” NH3 oxidation had not been realized. Since the time of publication, there have been 

alternative systems developed for stoichiometric NH3 oxidation (detailed in section 1.1.2.1), 

and more recently, catalytic systems – which will be described in more detail in Chapter 3. Our 

goal in this initial work was to complete a synthetic cycle, investigate the mechanism for the 

coupling pathway to N2 formation, and move toward a system for catalytic NH3 oxidation using 

readily available, inexpensive metal complexes.  

2.2 Results and Discussion 

2.2.1 Oxidations with a nucleophilic M≡N salen complex: N2 formation 

The known nucleophilic MnV-nitride, (salen)Mn≡N (2.1), generated through NH3 

oxidation with NaOCl,2 represents the first step of a potential synthetic cycle (A→B, Scheme 

1.1; a, Figure 2.2).22 We were curious in determining if chemical oxidation could render the 
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nucleophilic M≡N (2.1) to become a nitrogen–centered radical (nitridyls; 2.1•) or render it 

electrophilic in character (2.1+) and susceptible to nucleophilic attack by an equivalent of 2.1 

(Scheme 2.2). Electrochemical analysis of 2.1 in dichloromethane (DCM) by cyclic 

voltammetry (CV) revealed a quasi–reversible oxidation at 0.53 V relative to the Fc/Fc+ couple 

(b, Figure 2.2). 

 

Figure 2.2. (a)  Oxidation of 2.1 with [Ar3N][X] to yield 2.2 (X = Cl) or 2.3 (X = [B(C6F5)4]). 

(b) Cyclic voltammogram of 2.1 with [Bu4N][PF6] electrolyte in DCM (glassy C working 

electrode, scan rate 100 mV/s, referenced to Fc/Fc+).  

 
We probed this oxidation using the commercially available oxidant, [Ar3N][SbCl6] (Ar 

= p–bromophenyl; E0 = 0.70 V vs. Fc/Fc+)23, where exposure of this to 1 equivalent of 2.1 in 

fluorobenzene resulted in loss of the diamagnetic signals of 2.1 and formation of diamagnetic 

signals for NAr3, as observed by 1H NMR spectroscopy.  

 

Scheme 2.2. Proposed nucleophilic/electrophilic and nitridyl pathways for N–N coupling. 

(a) (b)

0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1

-27

-18

-9

0

9

 

 

 
C

ur
re

nt
/ (
µA

)

Potential (V vs Fc+/Fc)

Mn(VI/V)

O
Mn

N N

O

N

O
Mn

N N

O

X

e-

0.5-1.0 N2

(2.1)

(X = Cl; 2.2)
(X = [B(C6F5)4]; 2.3)

 



 51 

 
Isolated from the reaction was a major paramagnetic product that was recrystallized by vapor 

diffusion of MeCN/Et2O to give suitable X–Ray quality crystals that were determined to be 

the known MnIII dimer [(salen)MnCl]2 (2.2) in an 82 % yield. The solid–state structure revealed 

loss of the nitride with subsequent capture of a chloride from the [SbCl6]– counter ion. 

Similarly, treatment with an oxidant containing a non–coordinating anion, [Ar3N][B(C6F5)4], 

in fluorobenzene again resulted in replacement of the diamagnetic peaks of 2.1 with a set of 

three paramagnetically shifted resonances at –8.7, –28.2, –3.2 ppm in the 1H NMR spectrum. 

Separation of the NAr3 from the reaction mixture resulted in recrystallization of the product by 

vapor diffusion with FB/Et2O yielding a MnIII Et2O–ligated paramagnetic product, 

[(salen)Mn(OEt2)]2][B(C6F5)4]2 (2.3) in an 80 % yield (Figure 2.3). Pertinent bond lengths for 

2.3 were Mn1–O5 (2.252(9) Å) and Mn1–O2trans (2.337 Å).24-25 Evans’ method measurements 

of the spin state of 2.3 in MeCN–d3 revealed a S = 2 spin state assuming a monomer in 

solution.26-27  

 

Figure 2.3. Solid–state molecular structure of [(salen)Mn(Et2O)]2[B(C6F5)4]2 (2.3) obtained 

from a red–block crystal and the structure is symmetry–generated. H atoms, [B(C6F5)4]– 

anions, and the dimeric structure are omitted for clarity.  

 
The oxidation of 2.1→2.2  or 2.1→2.3, through an intermediate 2.1+, resulted in loss 
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of nitride and subsequent 3e– metal reduction to MnIII (2.2 or 2.3; a, Figure 2.2). As observed 

in other systems, such metal–nitride oxidation is typically accompanied by N2 generation.5, 15, 

21, 28-29 In order to unambiguously confirm this here, we isotopically enriched the nitride in 2.1 

to 2.1–15N using 15NH3 in the initial synthesis.2, 30 The Mn≡N stretching frequency shifted from 

1046 cm–1 to 1018 cm–1 in the IR spectrum for the 14N and 15N isotopomers, respectively. The 

headspace gas of an oxidation reaction (2.1→2.3) performed under Ar was sampled and 

analyzed by GC–MS using a gastight syringe.31 The presence of 27.5 % 15N2 relative to 

background 14N2, marked a significant deviation from natural abundance (0.13 % 15N2 vs. 14N2) 

(Figure 2.4). Similar to other systems,5, 28 we were unable to completely eliminate 14N2 from 

the background. Treatment of a 1:1 mixture of 2.1: 2.1–15N to an equivalent of oxidant also 

resulted in the appearance of the mixed isotopomer 14N≡15N, in addition to 15N2, in an 

approximate 2:1 ratio (19 % and 9.1 %, respectively), confirming the expected bimolecular 

coupling sequence (Figure 2.4). Similar results were obtained for the 2.1→2.2 oxidation 

(Figure 2.4).  
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Figure 2.4. (a) Mass spectrum from reaction of 2.1–15N with [(p–C6H4Br)3N][B(C6F5)4] after 

30 mins. (b) Mass spectrum for from a 50:50 mixture of 2.1–15N and 2.1. (c) Mass spectrum 

from the reaction of 2.1–15N with [(p–C6H4Br)3N][SbCl6] after 30 mins. (d) Mass spectrum 

from a 50:50 mixture of 2.1–15N and 2.1. 

 
2.2.2 Nitridyl versus nucleophilic/electrophilic coupling pathways to N2 formation 

We were interested in probing the coupling pathway at play – nitridyl vs. 

nucleophilic/electrophilic (Scheme 2.2). With the pseudo–square pyramidal geometry and p 

orbital overlap between Mn and the nitride in 2.1, oxidation of 2.1 should remove an electron 

from the non–bonding dxy orbital (Figure 2.5) as seen in similar complexes.5, 32  
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Figure 2.5. Representative molecular orbital diagram for 2.1 in a pseudo–square pyramidal 

geometry. 

 
Given the locus of orbital oxidation (dxy) bears no p or p* contributions, we wanted to probe if 

the nitride in 2.1+ would have electrophilic or radical character. If a nucleophilic/electrophilic 

mechanism were at play, only half an equivalent of oxidant – oxidizing 0.5 eq. of 2.1 to 2.1+ 

for subsequent reaction with 0.5 eq. of nucleophilic 2.1 – would be required for full conversion 

to all nitrides to N2 (Scheme 2.2). To test this, we treated 2.1 to 0.5 eq. of [Ar3N][B(C6F5)4] in 

fluorobenzene Separation of NAr3 from the reaction mixture resulted in the isolation of a red, 

acetonitrile–soluble, 1H NMR–silent fraction. The complex was crystallized by vapor diffusion 

of a FB/DCM mixture in 70 % yield and identified by XRD studies as the bridged species, 

[(salen)MnV(µ–N)MnIII(salen)][B(C6F5)4] (2.4) (a, Figure 2.6). The mixed–valency was 

assigned based on crystallographic, magnetometric, and spectroscopic analyses.  

The solid–state structure of 2.4 reveals a Mn1–N5 bond length of 1.550(3) Å with a 

Mn center puckered out of the plane of the salen ligand by 0.440(3) Å consistent with a slightly 

elongated Mn≡N triple bond (Mn≡N = 1.512 Å and 0.451(1) Å out of plane Mn in 2.1).2 In 



 55 

contrast, the Mn2 center sits mostly in the plane of the salen ligand (out of plane by 0.071(2) 

Å) flanked at the apical site by N5 to form an elongated Mn2–N5 bond of 2.419(3) Å. In 

addition to these bonds, the cations of 2.4 form an infinite 1D chain,33-35 wherein Mn2 also 

connects at the other axial site to O2 (2.276(3) Å) from the neighboring MnV–nitride bound 

salen (b, Figure 2.6). The long Mn2–O2 and Mn2–N5 linkages are consistent with a localized 

Jahn–Teller distorted MnIII center in a pseudo–octahedral field.[33-35]   

 

Figure 2.6. (a) Solid–state structure of 2.4 with [B(C6F5)4]– and H atoms omitted for clarity. 

(b) The truncated 1–D chain of 2.4.  

 
To gain further insight into the electronic structure of 2.4 we collected variable 

temperature magnetic susceptibility (cMT) and low temperature magnetization data (Figure 

2.7). First, we collected magnetization data for 2.4 at 100 K from 0–5 T (a, Figure 2.7), where 

(b) is zoomed in plot of (a), to check for ferromagnetic impurities in the sample – the linear 

trend indicates the sample was pure. The cMT data collected at 0.5 T remains almost constant 

going from 3.16 to 3.31 cm3K/mol when scanned from 30 to 300 K, respectively. This is in 

agreement with the spin–only value of an ideal S = 2 (3.0 cm3K/mol) system. Similarly, 

magnetization data at low temperature indicates the effect of zero–field splitting since data at 

2 K and 5 T saturates at 3.12 µB, which is lower than the ideal value of M = gS of 4 µB for an 

S = 2 (c, inset, Figure 2.7). Both cMT and reduced magnetization data were fit well to an S = 
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2 (red and black continuous lines in c, Figure 2.7), as described in the experimental section. 

The cMT fit parameters that best describe the data are: g = 2.04 and TIP = 5.1 x 10–4 cm3/mol; 

while for the reduced magnetization data we obtained: g = 2.42 and D = –8.5 cm–1, where D 

corresponds to the axial zero–field splitting parameter.  

 

Figure 2.7. (a) Magnetization data for (2.4) at 100 K from 0 to 5 T. (b) Zoomed in plot of (a) 

from 0 to 1 T. This plot was used to check for ferromagnetic impurities. (c) Variable–

temperature magnetic susceptibility measurements of 2.4 collected at 0.5 T (blue circles). Inset: 

variable–temperature, variable–field magnetization data collected from 2–10 K with fields 

from 1–5 T.  

 
The S = 2 assignment for 2.4 is further supported by X–band EPR measurements. We 

analyzed 2.4 by perpendicular– and parallel–mode EPR spectroscopy in acetonitrile at 6 K (a 

and b, Figure 2.8). The perpendicular–mode spectrum was featureless as expected for an 
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integer spin system, whereas the parallel–mode spectrum displayed a characteristic signal at g 

= 7.84, indicative of a high–spin (S = 2) MnIII center.36-37 Lastly, the extent of redox localization 

was probed by UV–Vis–NIR (NIR = near–IR) spectroscopy (e, Figure 2.8).  

 
Figure 2.8. (a) X–Band EPR spectra of 2.4 taken at 6 K in parallel–mode (teal) in MeCN. (b) 

X–Band EPR spectra of 2.4 taken at 6 K in perpendicular–mode (orange) in MeCN. (c) X–

Band perpendicular–mode EPR spectra for (salen)MnII. (d) reaction mixture of 2.1 and 0.5 eq. 

of [Ar3N][B(C6F5)4] after 60 mins. Both (c) and (d) were taken at 100 K in acetonitrile. (e) 

UV–Vis–NIR of 2.4 in MeCN. 

 
Intervalence charge transfer (IVCT) bands in the NIR appear due to inner–sphere electron 

charge transfer (thermally or photoinduced) between mixed–valent species. Three categories 

are used to describe the degree of communication: Class I equates to localized redox states 

with no interaction between redox–sites; Class II corresponds to a partially delocalized mixed–

valent state, and; Class III describes a fully delocalized redox state.38 The lack of an IVCT 

band in the NIR spectrum of 2.4 between 800−3300 nm (e, Figure 2.8) is consistent with a 

Class 1 assignment, with a localized (S = 2) MnIII center and a diamagnetic (S = 0) MnV center 

(similar to the diamagnetism observed in 2.12). Collectively, these data support our mixed–

valent oxidation state assignment with a localized high–spin MnIII center bridged to a 

diamagnetic MnV nitride center. 
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The conversion of 2.1 to 2.4 with 0.5 eq. of oxidant suggests that a 

nucleophilic/electrophilic coupling pathway is not at play here. Such a coupling would not be 

expected to produce 2.6 and instead would involve 2.1+ reacting with 2.1, resulting in complete 

nitride conversion to N2, as well as generation of (salen)MnII and 2.3 (left, Figure 2.8). Low 

valent MnII production was observed in Lau’s report of MnV–imido coupling to generate N2 

(vide supra).39 To further probe this, a reaction mixture of 2.1 and 0.5 eq. of [Ar3N][B(C6F5)4] 

in MeCN was analyzed by perpendicular–mode EPR spectroscopy (d, Figure 2.8) and 

compared to an authentic sample of the known (salen)MnII starting material (c, Figure 2.8). 

Whereas the latter displayed a broad isotropic feature at g = 2.1 consistent with literature 

reports,40 the former was featureless precluding the formation of any MnII by–products. These 

experimental results support Storr’s DFT calculations suggesting that significant nitridyl 

character in 2.1+ (and similar species) may be expected and are likely operational in this 

coupling.5 With this, we believe that production of 2.4 is the result of a bimolecular coupling 

of two nitridyls (2.1+) to generate 2.3 (right, Scheme 2.2) which rapidly reacts with the 

remaining 2.1 in solution to generate 2.4.  

We next investigated whether 2.4 could be further oxidized to generate 2 equivalents 

of 2.3 (b, Figure 2.9. The CV of 2.4 displays a cathodically shifted oxidation event (relative 

to 2.1) at +0.43 V (a, Figure 2.9), which is again accessible using the [Ar3N][B(C6F5)4] 

oxidant. Addition of 1.0 eq. of oxidant to a solution of 2.4 in MeCN–d3 results in the immediate 

formation of the paramagnetically shifted resonances of 2.3 in the 1H–NMR spectrum, 

confirming that 2.4 is but an accessible side product in the oxidation of 2.1→2.3. 
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Figure 2.9. (a) Cyclic voltammogram (CV) for 2.4 in CH2Cl2 (0.5 mM). The quasi–reversible 

redox event exhibits a single electron oxidation feature at 0.43 V versus Fc+/Fc couple (E1/2 = 

0.35 V). Scan rate: 100 mV/s. (b) Stepwise oxidations with 0.5–1.0 equivalents of oxidant to 

form intermediate 2.4 and products 2.2 and 2.3.  

 
2.2.3 First reported synthetic cycle for NH3 oxidation  

As part of our goal to generate a catalytic system for NH3 oxidation to N2, we turned 

to our initial results for the oxidation of 2.1→2.2 (Scheme 2.3). At time of publication, we 

believed the oxidants, [Ar3N][X] (X = SbCl6, B(C6F5)4), were incompatible with NH3, but it 

has been since reported that a Ru catalyst coupled with [Ar3N][SbCl6] can be used with strong 

base and NH3 in a catalytic cycle to generate N2.41 2.2 may be re–oxidized to 2.1 using NH3 

and NaOCl following literature procedures,42 effectively closing the synthetic cycle, D→B 

(Scheme 2.1). We performed several larger scale oxidations of 2.1 using [Ar3N][SbCl6], 

quantified the gas evolved via a gas burette, and – assuming ideal gas behavior – found the 

reactions to produce between 70–84% N2 within 10 minutes of mixing (Table 2.1). 

Furthermore, removal of the solvent, followed by treatment with NH3/NaOCl in a 
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DCM:MeOH solvent mixture, followed by purification as reported,42 resulted in the isolation 

of pure 2.1 in varying yields from 50–63 % (Scheme 2.3, Table 2.1). This represents a closed 

synthetic cycle for NH3 oxidation and was to our knowledge the first example using an 

abundant metal, such as Mn. 

 

Scheme 2.3. First reported synthetic cycle for NH3 oxidation. 

 
Table 2.1. Values of gas quantification experiments using a gas burette. 

Trial V gas produced (mL) Yield N2 (%) M≡N (2.1) Yield 
1 4.0 ± 0.1 84 ± 2 50 % 
2 3.3 ± 0.1 70 ± 2 58 % 
3 3.8 ± 0.1 81 ± 2 63 % 

 
2.3 Conclusions 

In summary, this chapter has described the oxidation–initiated 6e– reductive nitride 

coupling reaction to N2 at a simple Mn–salen complex, including the experimental elucidation 

of the likely nitridyl coupling pathway, in support of previous theoretical work.5 Isolation of a 

rare mixed valent MnIII/MnV intermediate, including full characterization of the mixed redox 

state, was also described. The reduced Mn species can be further oxidized with NH3 and 

oxidant, closing the synthetic cycle for NH3 oxidation, was the first of its kind at the time of 

our first publication.  

(2.1) (2.2)
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2.4 Experimental Section 

2.4.1 General considerations  

All manipulations were performed under an atmosphere of dry, oxygen–free N2 or Ar by means 

of standard Schlenk or glovebox techniques (MBraun glovebox equipped with a –38 °C 

freezer). Hexanes, toluene, dichloromethane (DCM), and benzene were dried on an MBraun 

solvent purification system. Acetonitrile (–H3 and –D3) was purchased from Aldrich and dried 

over CaH2 for several days prior to distillation. All solvents were degassed by freeze–pump–

thaw and stored on activated 4 Å molecular sieves prior to use. Tris(4–bromophenyl)amine 

was purchased from TCI, LiB(C6F5)4•Et2O from Boulder Scientific, and [(p–

C6H4Br)3N][SbCl6] from Aldrich. All were used without further purification. [(p–

C6H4Br)3N][B(C6F5)4] was prepared from AgB(C6F5)4•(C6H5)343 and Tris(4–

bromophenyl)amine by a modified literature procedure.44 (salen)Mn≡N (2.1) was prepared 

according to literature procedure.2 

NMR spectra were obtained on a Varian Unity Inova 500 MHz or Agilent Technologies 400 

MHz spectrometer, and referenced to residual solvent of MeCN–d3 (1.94 ppm) or externally 

(15N: 80% CH3NO2, 11B: 85% (Et2O)BF3, 19F: CFCl3). Chemical shifts (δ) are recorded in ppm 

and the coupling constants are in Hz.  

UV–Vis/NIR spectroscopy was performed using a Perkin Elmer Spectrum 100, FT–IR 

spectrometer, with an attached Universal ATR sampling accessory.  Measurements were done 

with IR Silica cuvettes equipped with an air–tight J–Young adaptor.  

Elemental analyses (C, N, H) were recorded at the University of California, Berkeley using a 

Perkin Elmer 2400 Series II combustion analyzer.  
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Cyclic Voltammetry was performed on a CH Instruments Electrochemical Analysis 

potentiometer, equipped with a glassy carbon working electrode, an Ag wire pseudo–reference 

electrode, and a Pt counter electrode with [nBu4N][PF6] (0.1 M) solution in CH2Cl2. Ferrocene 

was used as an internal standard.  

EPR spectroscopy: Perpendicular– and parallel–mode X–band EPR spectra were collected on 

a Bruker EMX EPR Spectrometer equipped with an Oxford ESR 900 liquid helium cryostat. 

A modulation frequency of 100 kHz was used for all EPR spectra and the data was plotted 

using SpinCount.45  

Mass spectrometry was performed on a Shimadzu model QP2010 GC–MS equipped with a 

secondary electron multiplier TIC detector. The constituent gases were separated by passing 

through an Agilent DB–1 column using helium as the carrier gas.  

X–ray crystallography data was collected on a Bruker KAPPA APEX II diffractometer 

equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Kα 

X–ray source (α = 0.71073 Å). The crystals were mounted on a cryoloop under Paratone–N 

oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream system. 

A hemisphere of data was collected using ω scans with 0.5° frame widths. Data collection and 

cell parameter determination were conducted using the SMART program. Integration of the 

data frames and final cell parameter refinement were performed using SAINT software. 

Absorption correction of the data was carried out using SADABS. Structure determination was 

done using direct or Patterson methods and difference Fourier techniques. All hydrogen atom 

positions were idealized and rode on the atom of attachment. Structure solution, refinement, 

graphics, and creation of publication materials were performed using SHELXTL. 
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Evan’s Method measurements were carried out in a NMR tube that was charged with known 

weights of both the magnetic sample and deuterated solvent of choice, along with a few drops 

of fluorobenzene. A small capillary tube was filled with a 1:1 mixture of deuterated solvent: 

fluorobenzene, sealed, and placed into the NMR tube. A 19F–NMR was obtained showing two 

distinct signals. The S = 2 state was calculated considering the cdia contribution on Pacal’s 

data.46  

2.4.2 Synthesis of compounds 

Isolation of [(salen)MnCl]2 (2.2): The reported47 compound 2.2 was isolated from the reaction 

mixture of 2.1 with [(p–C6H4Br)3N][SbCl6] as follows: A 10 ml round bottom flask equipped 

with a magnetic stirbar was charged with 2.1 (12.3 mg, 0.037 mmol) and 2 ml of 

fluorobenzene. This layer was frozen using a liquid N2–cooled cold well in the glovebox. In a 

separate vial, [(p–C6H4Br)3N][SbCl6] (30.2 mg, 0.037 mmol) was dissolved in 2 ml of 

fluorobenzene and added to the frozen solution of 2.1. The frozen sample was removed from 

the cold well, placed on a stirplate, and allowed to thaw and stir at r.t. for 3 hours. The solvent 

was removed yielding a brown–yellow solid which was washed on celite with benzene 

followed by fluorobenzene which was collected in a separate vial. Recrystallization of the 

fluorobenzene fraction with Et2O yielded single crystals of 2.2 suitable for X–ray diffraction 

(10.7 mg, 0.03 mmol, 82%).  

Synthesis of [(salen)Mn(Et2O)]2[B(C6F5)4]2 (2.3): A 20 ml vial equipped with a magnetic 

stirbar was charged with 2.1 (12.7 mg, 0.037 mmol) and 5 mL fluorobenzene (FB). In a 

separate 20 ml vial, [(p–C6H4Br)3N][B(C6F5)4] (0.0441 g, 0.037 mmol) was dissolved in 5 mL 

of fluorobenzene  and added dropwise to the 2.1 solution. The solution stirred for 6 hours after 

which the solvent was removed. The brown–red oil was washed with and run through a plug 
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of celite. A layer of brown solid was left on the celite and was removed with fluorobenzene. 

The fluorobenzene layer was collected and the solvent was removed yielding a dark red oil. 

The product was isolated by recrystallization from fluorobenzene/Et2O yielding the pure 

product as single crystals (32.6 mg, 0.03 mmol, 80%).  

Anal. Calcd. for C44H24BF20MnN2O3: C, 49.19; H, 2.25; N, 2.61. Found: C, 48.81; H, 1.99; N, 

2.53. 1H NMR (400 MHz, CD3CN): δ –8.7, –28.2, –32.2. 11B{1H} NMR (400 MHz, CD3CN): 

–16.6 (s). 19F{1H} NMR (400 MHz, CD3CN): δ –133.86 (d, 3JF–F = 12.0 Hz, o–C6F5), –163.94 

(t, 3JF–F = 20.0 Hz, p–C6F5), δ –168.40 (m, m–C6F5). Evan’s method: S = 2 (Table 2.2).  

Synthesis of [(salen)MnV(µ–N)MnIII(salen)][B(C6F5)4] (2.4): A 20 ml vial equipped with a 

magnetic stirbar was charged with [(p–C6H4Br)3N][B(C6F5)4] (29.0 mg, 0.025 mmol) and 

fluorobenzene (5 ml). A separate vial was charged with (salen)MnN (2.1) (16.7 mg, 0.05 

mmol) and 5 ml of fluorobenzene. The [(p–C6H4Br)3N][B(C6F5)4] solution was added 

dropwise to the solution of 2.1. The solution was stirred at room temperature and turned dark 

brown. The reaction mixture stirred for 6 hours and the solvent was removed yielding a brown 

oil. The oil was washed with benzene and filtered on celite. The filter was further washed with 

fluorobenzene, followed by MeCN. The MeCN extract was brought to dryness to yield a 

brown–red oil. This oil was recrystallized from vapor diffusion of fluorobenzene/DCM 

yielding the product 2.4 as single crystals suitable for X–ray diffraction (13.3 mg, 0.010 mmol, 

70% based on a 2:1 ratio of 2.1:2.2). Bulk purity was determined by 100K magnetization data 

(a and b, Figure 2.7) to check for ferromagnetic impurities and elemental analysis. Anal. 

Calcd. for C56H28BF20Mn2N5O4•CH2Cl2: C, 48.20; H, 2.13; N, 4.93. Found: C, 48.10; H, 2.09; 

N, 4.97. 1H NMR (400 MHz, CD3CN): silent. 11B{1H} NMR (400 MHz, CD3CN): –16.6 (s). 
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19F{1H} NMR (400 MHz, CD3CN): –133.86 (d, 3JF–F = 12.0 Hz, o–C6F5), –163.94 (t, 3JF–F = 

20.0 Hz, p–C6F5), δ –168.40 (m, m–C6F5).  

Literature modification [(p–C6H4Br)3N][B(C6F5)4]43: In the dark, a 100 mL roundbottom 

flask was charged with (139.7 mg, 0.29 mmol) of Tris(4–bromophenyl)amine in 5 mL DCM 

and (295.9 mg, 0.29 mmol) of AgB(C6F5)4•(C6H5)3 in 5 mL of DCM. Iodine (40.6 mg, 0.16 

mmol) in 5 mL DCM was added dropwise to the flask and the solution was stirred for 3 hours, 

turning dark blue in color. The solution was concentrated to 8 mL via vacuo. Pentane (25 mL) 

was added and the solution was stored in the freezer overnight forming a purple filtrate and 

dark blue crystals that were filtered and dried via vacuo at ambient temperature for 16 hours 

(278 mg, 0.24 mmol, 83%). 

2.4.4 Qualitative N2 determination: Gas chromatography (GC–MS) experiments 

2.4.4.1 Oxidations with [(p–C6H4Br)3N][B(C6F5)4] 

Oxidation of 2.1–15N: A 5 ml schlenk flask equipped with a magnetic stirbar was charged with 

2.1–15N (12.0 mg, 0.036 mmol) and fluorobenzene (1 ml) and was frozen in a dry ice/acetone–

cooled bath using schlenk technique. Cooling only the solvent, the flask was back–filled with 

Ar for 30 mins and then capped with a septum. A gas–tight syringe containing a solution of 

[(p–C6H4Br)3N][B(C6F5)4] (41.7 mg, 0.036 mmol) in fluorobenzene (1 ml) was layered on top 

of the frozen solution of 2.1–15N. Both layers were frozen completely and back–filled with Ar 

for an additional 10 minutes. The Ar source was removed and the solution was brought to room 

temperature with stirring. Within 30 minutes, the headspace was sampled (60 µL) using a 

gastight syringe and directly injected into the GC–MS. The peaks in the GC trace show 15N2 

(with contamination from atmospheric 14N2 and O2) and Ar combined at retention time 1.5 and 

fluorobenzene at retention time 2.6. The mass spectrum at retention time 1.5 (a, Figure 2.4) is 
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shown (with Ar excluded) and displays the relative abundance of 15N2 at 27.5 % compared to 

atmospheric 14N14N which is set to relative abundance of 100.  

Oxidation of (50:50 mixture) 2.1–15N:2.1: A 5 ml schlenk flask equipped with a magnetic 

stirbar was charged with 2.1–15N (6.0 mg, 0.018 mmol) and 2.1 (6.0 mg, 0.018 mmol) in 

fluorobenzene (1 ml) and was frozen in a dry ice/acetone–cooled bath using schlenk technique. 

Cooling only the solvent, the flask was back–filled with Ar for 30 mins and then capped with 

a septum. A gas–tight syringe containing a solution of [(p–C6H4Br)3N][B(C6F5)4] (41.7 mg, 

0.036 mmol) in fluorobenzene (1 ml) was layered on top of the frozen solution of 2.1–15N and 

2.1. Both layers were frozen completely and back–filled with Ar for an additional 10 minutes. 

The Ar source was removed and the solution was brought to room temperature with stirring. 

Within 30 minutes, the headspace was sampled (60 µL) using a gastight syringe and directly 

injected into the GC–MS. The peaks in the GC trace show 15N2 and 14N15N (with contamination 

from atmospheric 14N2 and O2) and Ar combined at retention time 1.5 and fluorobenzene at 

retention time 2.6. The mass spectrum at retention time 1.5 (b, Figure 2.4) is shown (with Ar 

excluded) and displays the relative abundance of 15N2 at 9.1 %, whereas the 50:50 mixture, 

14N15N is 19 %. Both are compared to 14N14N, which is set to a relative abundance of 100. 

2.4.4.2 Oxidations with [(p–C6H4Br)3N][SbCl6] 

Oxidation of 2.1–15N: A 5 ml schlenk flask equipped with a magnetic stirbar was charged with 

2.1–15N (12.0 mg, 0.036 mmol) and fluorobenzene (1 ml) and was frozen in a dry ice/acetone–

cooled bath using schlenk technique. Cooling only the solvent, the flask was back–filled with 

Ar for 30 mins and then capped with a septum. A gas–tight syringe containing a solution of 

[(p–C6H4Br)3N] [SbCl6] (29.3 mg, 0.036 mmol) in fluorobenzene (1 ml) was layered on top of 

the frozen solution of 2.1–15N. Both layers were frozen completely and back–filled with Ar for 
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an additional 10 minutes. The Ar source was removed and the solution was brought to room 

temperature with stirring. Within 30 minutes, the headspace was sampled (60 µL) using a 

gastight syringe and directly injected into the GC–MS. The peaks in the GC trace show 15N2 

(with contamination from atmospheric 14N2 and O2) and Ar combined at retention time 1.5 and 

fluorobenzene at retention time 2.6. The mass spectrum at retention time 1.5 (c, Figure 2.4) is 

shown (with Ar excluded) and displays the relative abundance of 15N2 at 20.5 % compared to 

atmospheric 14N14N which is set to relative abundance of 100.  

Oxidation of (50:50 mixture) 2.1–15N:2.1: A 5 ml schlenk flask equipped with a magnetic 

stirbar was charged with 2.1–15N (6.0 mg, 0.018 mmol) and 2.1 (6.0 mg, 0.018 mmol) in 

fluorobenzene (1 ml) and was frozen in a dry ice/acetone–cooled bath using schlenk technique. 

Cooling only the solvent, the flask was back–filled with Ar for 30 mins and then capped with 

a septum. A gas–tight syringe containing a solution of [(p–C6H4Br)3N][SbCl6] (29.3 mg, 0.036 

mmol) in fluorobenzene (1 ml) was layered on top of the frozen solution of 2.1–15N and 2.1. 

Both layers were frozen completely and back–filled with Ar for an additional 10 minutes. The 

Ar source was removed and the solution was brought to room temperature with stirring. Within 

30 minutes, the headspace was sampled (60 µL) using a gastight syringe and directly injected 

into the GC–MS. The peaks in the GC trace show 15N2 and 14N15N (with contamination from 

atmospheric 14N2 and O2) and Ar combined at retention time 1.5 and fluorobenzene at retention 

time 2.6. The mass spectrum at retention time 1.5 (d, Figure 2.4) is shown (with Ar excluded) 

and displays the relative abundance of 15N2 at 8.1 %, whereas the 50:50 mixture, 14N15N is 16.1 

%. Both are compared to 14N14N, which is set to relative abundance of 100. 
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2.4.5 Magnetization Data 

2.4.5.1 Magnetic data: Evans’ method  

The cdia and µeff  values were estimated using Pascal’s constants46 and the µeff calculated 

assuming spin–only contributions as below. An S = 2 system for complex 2.3 (in coordination 

g MeCN) was determined by using the data in Table 2.2.  

µeff	= 2"𝑆	(𝑆 + 1)	
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Table 2.2. List of Evans’ Method Experimental and Calculated Values 

Trial Weight (mg) C6H5CF3 
peak 1 (ppm) 

C6H5CF3 
peak 2 (ppm) µeff (µb) Calculated 

S Value 

1 1.5 –114.72 –114.60 4.965 2.03 
2 1.2 –114.72 –114.62 5.069 2.08 
3 1.4 –114.70 –114.59 4.919 2.01 

 

2.4.5.2 Magnetization data  

Magnetic data for 2.4 was collected using a Quantum Design MPMS SQUID Magnetometer 

in the RSO mode. The general sample preparation consisted on placing 16.1 mg of a 

polycrystalline powder of 2.4 into a gelatin capsule size #4. The gelatin capsule was inserted 

into a plastic straw. Prior to full data collection the purity of the sample was determined by 

collecting magnetization data from 0 to 5 T at 100 K (a and b, Figure 2.7).  

2.4.5.3 Variable–temperature magnetic susceptibility measurements  

Magnetic susceptibility measurements for 2.4 were collected in the temperature range from 30 

to 300 K under an applied field of 0.5 and 1 T. Low temperature magnetization data was 

acquired on heating from 2 to 10 K at increasing magnetic fields of 1 – 5 T in increments of 1 

T. Magnetic susceptibility data was corrected for diamagnetism of the sample, estimated using 

Pascal’s constants, in addition to contributions from the sample holder (straw and gelatin 

capsule). 𝜒!𝑇 data was modeled according to the spin Hamiltonian: 𝐻, = 𝑔iso𝜇%S ∙ H; 

similarly, the reduced magnetization data was modeled according to: 𝐻, = 𝐷𝑆4&' + 𝑔iso𝜇%S ∙ H, 

where an S = 2 was considered for data sets and D stands for the axial zero–field splitting 

parameter. PHI was used to model all the magnetic data (c, Figure 2.7).48 
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2.4.6 N2 Quantification via Gas Burette  

 

Figure 2.10. (a) Experimental setup. (b) Gas measuring burette. (c) Flask containing 2.1 (left) 

and the oxidant (right) connected by a glass bridge allowing for transfer of one solution to the 

other. 

 
Gas quantification was performed using a standard gas burette and measuring the evolved gas 

through solvent displacement in the burette (regulated to 1 atm). We used an inert solvent 

(hexanes) in the burette so as to avoid exposing our air–sensitive oxidation reaction to any 

reactive solvent vapors. The experimental setup was performed under a 1 atm N2 environment 

on the Schlenk line as follows: Two 100 mL Schlenk flasks were prepared by charging one 

with 2.1 (130.0 mg, 0.4 mmol) and 30 mL of fluorobenzene, as well as a magnetic stirbar. The 

other was filled with [(p–C6H4Br)3N][SbCl6] (320.0 mg, 0.4 mmol) in 20 mL fluorobenzene. 

Both stopcocks were closed, the flasks were connected together using a small glass bridge, and 

were brought out on the Schlenk line. One of the stopcock arms was attached to the Schlenk 

line through a 3–way glass connector which also joined the closed burette (Figure 2.10). The 

line was purged by cycling vacuum and N2 several times. The N2 atmosphere was then opened 

to the reaction mixture as well as the burette. The N2 feed to the Schlenk line was then closed 

(a) (b)

(c)
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and the burette solvent level was allowed to stabilize. The flask containing the oxidant was 

turned over so as to allow the oxidant solution to transfer to the stirring solution of 2.1. The 

combined solution was stirred rapidly as gas evolution occurred and was measured in the 

burette. The evolved gas was measured after 10 minutes. Three separate trials were run by 

measuring the displacement of hexanes in the burette, thus quantifying the produced N2 (Table 

2.1).  
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Chapter 3 – Progress Towards Catalytic NH3 Oxidation Chemistry using Simple 

Manganese–Salen Complexes 

3.1 Introduction 

The inherent stability of N–H bonds of NH3 presents on of the greatest challenges in 

developing molecular NH3 oxidation catalysts. As thoroughly outlined in Chapter 1, due to the 

high BDFE for NH3 (BDFEN–H: 104 kcal/mol)1 and low acidity (pKadmso = ~41)2, activation 

under mild conditions is challenging, but has been previously achieved by multiple 

homogenous and electrochemical molecular systems for stoichiometric NH3 activation. As 

outlined in Chapter 2, we were able to contribute to these previous works by developing the 

first synthetic cycle for NH3 oxidation to N2 by employing a Mn(salen)≡N complex.3  

Although significant progress has been made, the removal of six electrons and six 

protons from two NH3 molecules to form N2 is still a challenging task, and because of this, 

molecular catalysts for NH3 oxidation are exceedingly rare. Only within the past two years 

(2019–2020), have molecular catalysts for the oxidation of NH3 to N2 been realized. Currently, 

there are five known molecular systems capable of performing this transformation, all being 

Ru catalysts with one Fe example (Scheme 3.1).4-8 These examples include work by Bullock 

and Mock,4 developing a system built on a previous system developed by Mock et. al. for 

stoichiometric N–H activation by HAA abstraction chemistry with tBu3ArO•.9 They found the 

cleavage of N–H bonds could be performed with HAA equivalents leading to formation of N2 

with their highest catalytic TON = 10. Additionally, Bullock et. al. devised a similar HAA 

catalysis as their previous system and were able to improve catalytic TON to 125 utilizing a 

tetramesitylporphryin complex.8 Lastly, Nishibayshi et. al. recently developed a system 

capable of performing NH3 (as NH4OTf) oxidation with a strong oxidant and base, [N(p–
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C6H4Br)3][SbCl6] and 2,4,6–collidine respectively5. At the time of our work in moving towards 

developing a NH3 oxidation catalyst – which was investigated before these current systems 

were developed – we were hoping to build off our previous results for a synthetic cycle and 

develop a molecular catalyst capable of performing this transformation.  

 

Scheme 3.1. Molecular NH3 oxidation catalysts. 

 
Additionally, we were interested in probing the mechanism to try and understand this 6e– 

chemistry. In this Chapter, our work toward developing and understanding a catalytic cycle for 

NH3 oxidation will be described. 

3.2 Results and Discussion 

3.2.1 Probing catalytic NH3 oxidation using N–bromosuccinimide (NBS) 

Building on our previous results, for the oxidation of (salen)Mn≡N10 (2.1), which 

initiates a reductive nitridyl–radical homocoupling to produce N2, the reduced MnIII product 

could be further oxidized in the presence of NH3 and oxidant, closing a synthetic cycle for NH3 

oxidation (Scheme 2.3).3, 11 In an effort to generate a truly catalytic system we sought the use 

of milder oxidants. At the time of this work, we found previous studies have shown that 1e– 

oxidants, NBS and Cl2 can chemically oxidize Schiff base–derived MnIIIX (X = Cl, OAc) in 

the presence of NH3 to yield five coordinate MnV≡N.10, 12-14 The theoretical estimated oxidation 

potential, derived from experimental values, for NBS was found to be >1.43 V vs. Fc/Fc+,15 
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far surpassing the potential of 2.1 (b, Figure 2.2; b, Figure 3.2), in which we could 

theoretically induce the reductive nitride coupling to N2.3, 16 Addition of NBS to a solution of 

2.1 in acetonitrile (MeCN) under UV–light or heat did not result in chemical oxidation. The 

1H NMR spectrum showed shifted diamagnetic signals, as well as formation of succinimide. 

The mass spectral analysis for the headspace of 2.1–15N and NBS revealed no 15N2 formation, 

indicating nitride coupling was not the active pathway. Isolation of a brown–red product in a 

72% yield of crystals suitable for XRD studies revealed a partially aromatic–halogenated 

product, [(salen–(3,5–Br)(3–Br))Mn≡N] (3.1) (a, Figure 3.1) Similar systems have shown that 

phenyl rings are susceptible to halogenation by NBS.17-19 

 

Figure 3.1. (a) Solid state molecular structure of [(salen–(3,5–Br)(3–Br))Mn≡N]  (3.1) and (b) 

[(salen–(3,5–tBu)2)MnBr] (3.3). Hydrogen atoms omitted for clarity. 

 
In order to induce chemical oxidation and prevent aromatic halogenation, we turned to 

altering the substituents on the phenyl groups of the ligand. Storr and coworkers have shown 

that addition of electron withdrawing or donating substituents can shift the resulting oxidation 

potential as well as the locus of chemical oxidation of the complex.16 Additionally, adding 

substituents to the 3,5–positions of the aromatic ring can prevent halogenation from occurring. 

They found that increasing the electron–donating ability of the substituents shifts the oxidation 

potential cathodically versus 2.1. Conversely, a significant increase in electron–donation can 

shift the locus of chemical oxidation from metal to ligand based.16 To maintain oxidation at 

N1

N3

O2O1

N2

Mn1

Br1

Br2
Br3

N1

Br1

O2O1

N2

Mn1

(a)
(b)



 81 

the metal and lower the resulting oxidation potential versus 2.1, while incorporating 

substituents on the periphery to prevent further halogenation, we turned our attention toward 

the previously reported [(salen–(3,5–tBu)2)Mn≡N]20-21 (3.2; a, Figure 3.2). 3.2 in 

dichloromethane (DCM) exhibits a quasi–reversible oxidation at 0.33 V (vs. Fc/Fc+) compared 

to 2.1 (0.56 V vs. Fc/Fc+) (b, Figure 3.2). 

 

Figure 3.2. (a) Oxidation of 2.1 with [Ar3N][X] to yield 2.3 (X = [B(C6F5)4]) and oxidation of 

3.2 with NBS to yield 3.3.  (b) Overlay of cyclic voltammograms for 2.1 (1.0 mM) and 3.2 

(1.0 mM) with 0.1mM [Bu4N][PF6] electrolyte in DCM (glassy carbon working electrode, scan 

rate = 100 mV/s). The following oxidation potentials are 0.56 V (2.1) and 0.33 V (3.2) vs. 

Fc/Fc+ couple respectively. (c) Oxidation absorption spectra of 3.2 with NBS, yielding the 

corresponding formally reduced MnIII species 3.3. Inset: X–band EPR of 3.3 taken at 80–298 

K (MeCN) in perpendicular mode.  

 
Oxidation of 3.2 with NBS in acetonitrile (MeCN) under ambient light resulted in loss 

of diamagnetic peaks in the 1H NMR spectrum with the formation of a paramagnetic product 

in a 78% yield. The structure was identified by single crystal XRD studies as [(salen–(3,5–

tBu)2)MnBr] (3.3; b, Figure 3.1). The solid-state molecular structure revealed a Mn1–Br1 bond 
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length of 2.588(3) Å, consistent with previously reported manganese bromide pseudo-C4V 

complexes.22-23 The absorption spectra for the oxidation of 3.2 with NBS revealed the 

formation of two prominent bands at 448 nm and 500 nm, consistent with previously reported 

MnIIIBr(salen) complexes in DCM (c, Figure 3.2).23 The spin state of 3.3 was determined by 

the Evans’ method in MeCN–d3, revealing a high spin S = 2 complex (Table 3.2) consistent 

with previously reported MnIII complexes.3 This assignment was further supported by 

perpendicular mode EPR. The perpendicular mode spectrum of 3.3 in MeCN within a 

temperature range of 80–298 K was completely featureless, consistent with an integer spin 

system (S = 2) (c, inset, Figure 3.2).24  

 

Figure 3.3. (a) Mass spectrum from reaction of 3.2–15N with NBS after 3 hours. (b) Mass 

spectrum from a 50:50 mixture of 3.2:3.2–15N. (c) Oxidation reaction of 3.2 with NBS in 

MeCN over the course of 6.5 hours monitored by GC–TCD.  
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The solid-state structure revealed loss of nitride with subsequent bromide capture, 

indicating a 3e– reductive nitride coupling pathway, as seen in our previous example as well as 

other reports.3, 16 Loss of the nitride, shown in these previous examples, typically indicates N2 

generation (a, Figure 3.2).16, 25 N2 formation was monitored by isotopically enriching 3.2 to 

3.2–15N using 15NH3 in the initial synthesis. The reaction (3.2–15N→3.3) was monitored by 

sampling the gas in the headspace by GC–MS using a gas–tight syringe. The presence of 10% 

15N2 relative to atmospheric 14N2 indicated a significant enough increase compared to natural 

abundance of 15N2 (0.13% 15N2 to 14N2; a, Figure 3.3).16, 25 Addition of NBS  to a 1:1 mixture 

of 3.2:3.2–15N resulted in the formation of 15N≡14N and 15N≡15N in a 2:1 mixture (8.1 and 16 

%) as expected for an intermolecular coupling reaction between two molecules of 50 % labeled 

3.2–15N (b, Figure 3.3).  

In addition to the qualitative isotopic labeling GC–MS experiments of 3.2, we 

performed several larger scale oxidations of 3.2 using NBS, quantifying the resulting gas 

evolved via GC–TCD. The headspace of the reaction vessel was back filled with an inert gas, 

krypton (Kr), and was analyzed to quantify the N2 produced from the nitride–coupling reaction. 

Three oxidation trials produced between 80–94% N2 over the course of 6.5 hours (c, Figure 

3.3). Due to the sampling method used in both GC–MS and GC–TCD analyses, we were 

unsuccessful in fully eliminating atmospheric N2 from the background, similar to our previous 

report.3, 16, 26 Atmospheric N2 contamination is reflected in the GC–MS data shown above and 

was calibrated in the GC–TCD data. Reductive nitride coupling 3.2→3.3 with NBS represents 

the forward reaction in a potential catalytic cycle for NH3 oxidation (top, Scheme 3.2). The 

reverse reaction, utilizing the same oxidant/base, required oxidizing 3.3 with NBS in the 

presence of NH3 (3.3→3.2), which has been previously realized using Schiff base–derived 
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MnIIIX (X = Cl, OAc) complexes.10, 12 This was probed by treating 3.3 with NH3 and NBS in 

CD2Cl2 and monitoring the reaction by 1H NMR spectroscopy. Over the course of 5 minutes, 

the featureless spectrum displayed diamagnetic signals consistent with 3.2. Oxidation of 

3.3→3.2 in the presence of NH3 represents the reverse reaction, generating a synthetic cycle 

(top, Scheme 3.2).  

 

Scheme 3.2. Second synthetic cycle for NH3 oxidation. NH3 oxidation with NBS occurs 

through proposed oxidative dehydrohalogenation pathway with MnIII (detailed with dashed 

arrows).  

 
As the forward and reverse reactions have been realized, preliminary catalytic activity 

was tested by reacting a catalytic amount of 3.2 in the presence of 25.0 eq. 15NH3 gas and 100.0 

eq. of NBS in CCl4, while monitoring 15N2 formation by mass spectral analysis. NH3 gas and 

NBS are suggested to form a proposed bromoamine (NH2Br) intermediate27-30 which may 

undergo an oxidative dehydrogenation pathway when reacted with MnIIIX (X = Cl, OAc) to 

yield MnV≡N (bottom, Scheme 3.2).10, 12 Controlling the amount of NH3 and NBS used was 

crucial because an excess of NH3 promotes formation of NH2Br while depleting the oxidant 

needed for the forward reaction. Additionally, excess NH3 can promote decomposition of 
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NH2Br to N2 and NH4Br –  which has been demonstrated by reacting NH3 and Br2.27 

Consequently, NBS was used in a four–fold excess to circumvent unwanted side reactivity. 

Addition of an aqueous 15NH4OH solution (preliminary reactions were carried out with 

15NH4OH as 15NH3 gas was not readily available) to a frozen (–78°C; dry ice/acetone) solution 

of 3.2 (catalyst loading of 4%) and NBS in CCl4 resulted in a red solution that was stirred under 

UV–light. After 10 minutes of stirring, a white solid began to form in the reaction vessel. After 

an hour, qualitative analysis of the headspace with a gas–tight syringe revealed significant 

formation of 15N15N (78.1% compared to atmospheric 14N14N; where 14N14N was set to relative 

abundance of 100). Additionally, there was small formation of 14N15N (relative abundance of 

4.5% compared to 14N14N) (a, Figure 3.4). This was then compared to a control reaction that 

contained the same reaction conditions listed above, except in the absence of 3.2. This revealed 

no formation of 15N15N, but with the presence of the proposed bromamine intermediate 

(15NH2Br, m/z = 97.9; m/z is not shown in the following plot) (b, Figure 3.4). 1H NMR 

spectroscopy analysis of the solid generated in the reaction revealed succinimide formed as a 

by–product.  

 

Figure 3.4. Preliminary catalytic NH3 oxidation screenings using GC–MS. (a) Mass spectrum 

from the reaction of 3.2, 15NH4OH, and NBS in DCM after 1 hour. (b) Mass spectrum from 

the reaction of 15NH4OH and NBS in DCM after 1 hour.  
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Based on the significant amount of 15N15N and a small quantity of 14N15N and the 

control showing no formation of 15N15N, this suggested catalytic NH3 oxidation to N2 might be 

at play. Next, GC–TCD was used to quantify the N2 produced in the headspace of the reaction 

vessel (see experimental for details). After months of developing the GC–TCD experimental 

parameters, equipping the instrument with the correct column and methods, as well as 

appropriate data analysis for N2 quantification, we were able to collect the necessary calibration 

curves, control tests, and preliminary catalytic data. For N2, or any type of gas assuming ideal 

gas behavior, in order to accurately calculate the amount of gas within the headspace of the 

reaction vessel, it is important to mimic atmospheric pressure as to not skew the calculations 

(PV = nRT). We found the most consistent results led to utilizing a large headspace with 

smaller quantities of N2 being produced.  

First, we equipped the GC–TCD with the appropriate column (Carboxen–1010 PLOT). 

At the time, this column was suggested by multiple sources, to separate N2 and O2, which can 

be difficult for most columns because the retention time is very similar. In running these 

experiments, contamination from air was inevitable due to puncturing of the septa with a 

needle. Theoretically, we could have equipped the GC–TCD with a sample loop and 6–port 

valve to eliminate air, and would have been the best option, but at the time of this chemistry, 

it was not advised by those we were sharing the instrument with. Once we devised an accurate 

sampling method and experimental setup – where Kr was used as the inert gas (see 

experimental) – we generated a calibration curve for known amounts of N2 sampled between 

5–25 µL determining the amount (in mmol) of N2 in each sample (Figure 3.9, section 3.4.5.1). 

Additionally, it is important to note that all solvents used in the following reactions were 
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degassed with Kr before use due to the solvent containing N2, which was shown to widely 

skew initial results.  

We turned back to our overall goal in developing a catalytic system for NH3 oxidation. 

Using a reaction flask with an increased headspace (68 mL), we replaced back filling the flask 

with Kr gas to NH3 gas because this was the most direct way to incorporate NH3 gas into the 

reaction vessel without drastically changing the pressure. We first ran control experiments with 

NH3 gas and NBS. As detailed above, qualitative GC–MS experiments were initially carried 

out with 15NH4OH and NBS to determine if there was reactivity. In the experiment with 

15NH4OH (4:1 ratio of NBS:NH3) and excess of NBS, we found there was no formation of 

15N2, but there was formation of the proposed 15NH2Br intermediate (Figure 3.4).  

 

Scheme 3.3. Catalytic reaction conditions with 3.2.  

 
As for the control experiments, much later developed for the GC–TCD, with NH3 gas 

and NBS (1:3 ratio of NBS:NH3), we found there was a large amount of N2 produced in these 

control experiments with formation of a white solid in solution, which we found by 1H NMR 

spectroscopy to be succinimide. Each trial had an excess of NH3 gas within the reaction vessel, 

and based on 0.8 mmol of NBS added, 0.26–0.29 mmol of N2 were produced (200% yield of 

N2 assuming a 6:2 ratio of NBS:NH3 to generate 1.0 equivalent of N2). This was a drastic 

difference between our initial GC–MS experiments and later GC–TCD results. Additionally, 

we ran the same control experiments but instead with 0.4 mmol of NBS. We found that half 

the amount of N2 was being produced (0.12–0.15 mmol) in the headspace, showing a general 
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trend in N2 formation (Table 3.1). We rationalized tracking N2 formation during control 

reactions, we could further compare the values to the catalytic system and determine if our 

proposed system was catalytic.  

 
Table 3.1. Results for controls and catalytic reactions for GC–TCD. 

Control: NBS + NH3 Control: NBS + NH3 Catalysis: 10–50% of 2.1 
NBS Calc. N2 (area) NBS Calc. N2 (area) NBS Calc. N2 (area) 

0.8 mmol 0.26–0.27 
mmol 0.4 mmol 0.13–0.14 

mmol 0.8 mmol 0.27–0.30 
mmol 

0.8 mmol 0.25–0.27 
mmol 0.4 mmol 0.12–0.14 

mmol 0.8 mmol 0.29–0.29 
mmol 

0.8 mmol 0.27–0.29 
mmol 0.4 mmol 0.14–0.15 

mmol 0.8 mmol 0.25–0.29 
mmol 

 
Unfortunately, we found after many trials that reaction of 3.2 (10–50% loading) with NBS and 

1 atm of NH3 in 68 mL headspace, generated the same amount of N2 in all trials, and was the 

same quantities observed in the control reactions without 3.2, indicating there was most likely 

no catalytic system at play (Scheme 3.3; Table 3.1). At the time of these experiments, this was 

the most logical route, but upon a current analysis of this data, there were fundamental issues 

at the time that were not realized and need to be currently addressed.  

In the preliminary qualitative GC–MS experiments, NH4OH solution was used while 

anhydrous NH3 gas was used in the GC–TCD experiments. It has been reported that Br2 in the 

presence of excess NH3 gas can undergo decomposition to N2 and NH4Br in organic solvent 

through a proposed NH2Br intermediate (bottom, Scheme 3.2; Equation 3.1).27-30  

 

Equation 3.1. 

2 NH3Br2 + NH2Br NH4Br+

NH2Br 2 NH3+ 3 NH4Br N2+

(1)

(2)

NH3 & Br2 Reactivity

NH2Br Decomposition with NH3
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In the initial GC–MS experiments, care was taken to not utilize excess NBS in the presence of 

NH3, which is the most likely the reason for lack of decomposition to N2. At the time of this 

chemistry, this was known and understood, but based on the experimental setup we had 

developed by back filling the reaction vessel, we were using a large excess of NH3 gas in the 

headspace. Alternatively, we should have utilized a known solution of NH3 in MeCN (which 

could be titrated to determine the concentrations for more accurate additions) or added NH4Br 

as our NH3 source – similar to our preliminary results with 15NH4OH. We knew from these 

NBS reactions with NH3 gas led to N2, succinimide, and the proposed NH2Br intermediate, 

seen by GC–MS (where succinimide was isolated as a white solid). We were curious if Br2 

would give similar results as NBS. We found addition of 0.4 mmol of Br2 to a flask back filled 

with 1 atm of NH3 gas led to formation of a white solid, which was confirmed to be NH4Br by 

1H NMR spectroscopy. The headspace was sampled and showed formation of N2 (0.22 mmol), 

similar to the NBS reactions. We suggest once NH4Br was formed, this was an end point in the 

decomposition to N2.  

We tested this by taking a solution of NH4Br and reacting it with Br2. The GC–TCD 

showed there was no additional N2 formed. In addition to the suggestions listed above, one 

potential way to further test catalysis is utilizing an NH4+ salt or solution, similar to what we 

had observed in the preliminary catalytic GC–MS experiments (with NH4OH). This is a 

common technique used in catalytic NH3 oxidation, and would be easier to deploy than 

utilizing NH3 gas.5 Additionally, in our preliminary catalytic work, we added an excess of NBS 

(4:1 ratio). For further studies, it would be beneficial to return to this stoichiometry to keep the 

oxidant concentration greater than NH3.  
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3.2.2 Probing NH3 oxidation – oxidative dehydrohalogenation and H–atom abstraction 

At the time of this work, while we were trying to develop an ideal system for catalytic 

NH3 oxidation, we shifted our attention in order to better understand the mechanism for this 

chemistry. We have previously shown that nitride coupling to N2 is a potential step for catalytic 

NH3 oxidation. This step is heavily dependent on nitride formation, which is most commonly 

synthesized by reactions with NaOCl or NBS.10, 31 Although these procedures are widely used, 

there are no well–established mechanisms for either of these reactions. Gaining a mechanistic 

understanding of this oxidation, including whether 1e– or 2e– pathways dominate, may reveal 

the energetically demanding steps to these conversions, thus providing a pathway for 

optimization and long–term catalytic NH3 oxidation. Our primary focus was oxidation with 

various halogen–based oxidants such as NBS, Br2, NCS (N–chlorosuccinimide), and Cl2. It has 

been proposed that nitride synthesis with NBS proceeds by an oxidative dehydrogenation 

mechanism through a coordinated MnIII–NH2X intermediate.10, 27 Although plausible, there has 

been no further support for this type of reactivity. Alternatively, NBS could be a source of 

halogen radical (Br•), acting as a H–atom abstraction reagent (HAA) with NH3. We 

investigated both of these pathways by synthesizing a series of (un)substituted (salen)MnIII/II 

complexes by modified literature preps; [(salen–(3,5–tBu)2)MnII]32 (3.4), [(salen–(3,5–

tBu)2)MnIII(THF)2][PF6] (3.5), and [(salen–(3–tBu,5–OMe)2)MnIII(THF)2][PF6] (3.6) (this was 

achieved by synthesizing the corresponding salicylaldehyde), and [(salen)MnIII(THF)2][PF6] 

(3.7).33 Probing both pathways can help in establishing a mechanism and provide greater 

insight into the requirements needed for efficient catalysis. 
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3.2.2.1 Probing oxidative dehydrohalogenation pathways 

While bromamine exists in a pH–controlled equilibrium mixture of NH3 and HNX2 (X 

= halogen), the related chloro derivatives decompose violently if not cooled.28 In contrast, N–

bromo–alkylamines are known and can be readily prepared – particularly with large alkyl 

groups – by treating primary amines with Br2 under basic conditions to capture the formed 

HBr. Complexes 3.3–3.6 were utilized to probe the oxidative dehydrohalogenation pathway 

(Scheme 3.4) by investigating the coordination behavior of N–bromo–tert–butylamine 

(tBuNHBr)34-35 and N–bromo–bromotritylamine ((Ph3C)NHBr)36, in hopes of isolating 

(salen)Mn=N–R intermediates (Scheme 3.4). Due to the brominating ability of tBuNHBr, we 

avoided using unsubstituted (salen)Mn complexes – trying to avoid similar reactivity as seen 

in section 3.2.1 where bromination occurs on the periphery of the aromatic rings. Reactivity of 

complexes 3.3 and 3.4 with independently synthesized and isolated, tBuNHBr and 

(Ph3C)NHBr, led to formation (3.4à3.3) or regeneration of the starting material. There was 

no generation of diamagnetic signals corresponding to a MnV product in the 1H NMR spectrum 

(for a 2e– oxidation of MnIII to MnV). These reactions were also tracked by UV–Vis 

spectroscopy, where there were negligible changes in all spectra. We also attempted to heat 

these reactions between 80–90 ºC, but were unsuccessful in isolating any products other than 

3.3 and unidentifiable signals in the 1H NMR spectrum which were most likely decomposition 

of the bromamines.  
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Scheme 3.4. Probing proposed oxidative dehydrohalogenation pathways with RNHBr (where 

R = tBu and (Ph3C)). The Mn–center is shown without ligands for clarity.  

 
Lastly, we attempted in situ recrystallizations by dissolving known amounts of 3.3 and adding 

the following bromamines with the desired recrystallization solvents (FB/pentane and 

DCM/pentane; coordinating solvents were avoided because we previously found Et2O and 

THF strongly coordinate to the MnIII–center). The in situ recrystallizations led to a large 

quantity of white solid submerged in a red–brown supernatant. White solid was isolated from 

the tBuNHBr reactions and was determined to be a pronated salt form, tBuNH3Br. Reactivity 

with independently synthesized substituted bromamine compounds were proving to be 

unsuccessful. Next, we sought to react the following MnII/MnIII complexes with in–situ 

generated bromamines by NBS and substituted amines (Scheme 3.4). We found reacting 3.3 

with tBuNH2 and (Ph3C)NH2 and excess NBS (5 equiv.) led to isolation of red–brown and 

white crystals in both reactions. The red–brown crystals were confirmed to be unreacted 3.3, 

and the white crystals were tBuNH3Br and (Ph3C)NH3Br respectively – similarly to what we 

found in the above in situ recrystallizations. Based on the formation of these products in high 

yield, we were unable to determine how protonation occurred to form the following salts and 

why there was no interaction at the MnIII–center. Trying to generate the following bromamines 

in situ was also not yielding results that could be rationalized. Due to isolation of 3.3 after 

various attempts of reactivity, we rationalized an outer–sphere counterion such as [PF6]– (3.5 

and 3.6) may provide an open coordination site to promote reactivity with (un)substituted 

amine or bromamine species. Utilizing similar reaction conditions as listed above with 

independently synthesized bromamines, generating bromamines in situ by reacting amines 

with NBS, and in situ recrystallizations with bromamines, we found there was no 
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distinguishable reactivity or isolation of desired products by 1H NMR spectroscopy, UV–Vis, 

or XRD analysis. Based on these reactions yielding no tangible results, we proceeded further 

by probing the alternative HAA pathway. 

3.2.2.2 Probing HAA pathways 

We next attempted to probe HAA reactivity required reacting MnIII with alkyl or 

arylamines (RNH2; where R = (Ph3C), iPr, or tBu; Scheme 3.5), and a HAA reagent (X•, where 

X = tBu3ArO4, 9), in hopes of isolating the following amide or imide intermediates.  

 

Scheme 3.5. Proposed HAA abstraction pathways with MnIII. The ligand has been omitted for 

clarity. 

 
We turned to our previously synthesized substituted salen complexes, 3.5 and 3.6, and 

unsubstituted 3.7 (rational for use of this complex will be detailed below). First, we attempted 

generating the following alkyl and arylamines by in situ vapor diffusion recrystallizations. 

Known amounts of 3.5 were taken and setup as vapor diffusion recrystallizations with 

FB/pentane or DCM/pentane with the following amines; (Ph3C)NH2, iPrNH2, and tBuNH2. 

Amine–ligated structures were isolated from iPrNH2 as [(salen–(3,5–

tBu)2)MnIII(iPrNH2)2][PF6] (3.8) (a, Figure 3.5) and tBuNH2 as [(salen–(3,5–

tBu)2)2MnIII(tBuNH2)2][PF6] (3.9) (b, Figure 3.5). 3.9 contained a lot of disorder and was 

difficult to refine all non–H atoms anisotropically. Refinement was performed to the extent 
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required for this thesis. Alternatively, a bridging fluoride structure was obtained from 

(Ph3C)NH2 as [(salen–(3,5–tBu)MnIII)2(µ–F)][PF6] (3.10) (c, Figure 3.5). 

 

Figure 3.5. Solid–state molecular structures of (a) [(salen–(3,5–tBu)2)MnIII(iPrNH2)2][PF6] 

(3.8), (b) [(salen–(3,5–tBu)2)2MnIII(tBuNH2)2][PF6] (3.9), and (c) [(salen–(3,5–tBu)MnIII)2(µ–

F)][PF6] (3.10). PF6– counter ions, tBu substituents, and hydrogen atoms were omitted for 

clarity. 

 
Complexes 3.8 and 3.9 were isolated and used for further HAA reactions. 5.0 equivalents of 

tBu3ArO• (BDFE of tBu3ArOH = 76.7 kcal/mol in benzene)1 was added to independent 

solutions of 3.8 and 3.9 in FB, resulting in a color changes from red–brown to green in color 

(top, Scheme 3.6). Initially, these were promising in that formation of a MnV complex would 

be indicated by a green color. Yet, analysis of the 1H NMR spectra during and after the 

reactions indicated no formation of diamagnetic signals for a MnV species or tBu3ArOH, and 

no free iPrNH2. We proposed the drastic color change could be occurring by tBu3ArO• 

interacting with the MnIII–center. We tested this by reacting a solution of 3.5 with tBu3ArO• in 
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FB, as predicted, a color change to green was observed. Isolation of red–brown crystals in high 

yield, analyzed by XRD indicated formation of the bridging fluoride species 3.10. We had been 

able to isolate the bridging MnIII–F–MnIII species in various reactions while using FB as the 

solvent. Unfortunately, we have been unable to determine the mechanism in forming this 

product and did not further investigate as we deemed it an undesirable by–product of these 

reactions.  It is important to note that although structures of these complexes (3.8 and 3.9) were 

obtained, the yields for were relatively low and isolation of large amounts of material for 

reactivity studies provided to be demanding. Due to this, we turned to utilizing salen ligands 

that could yield higher crops of material.  

 

Scheme 3.6. Proposed HAA pathways (where HAA• = tBu3ArO•). The following proposed 

MnIV– and MnV–centers are shown without the ligand for clarity. 

 
3.6 was originally synthesized to improve the solubility and recrystallization ability by 

addition of –OMe groups on the periphery, but we found synthesis of the amine–ligated 

complexes did not yield the desired structures. Instead, we turned our attention to our original 

unsubstituted salen ligand (salenH2) in order to improve the recrystallization of the products 

by eliminating the –tBu groups (which had been further complicating isolation of material). 
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We were able to synthesis [(salen)MnIII(THF)2][PF6] (3.7) by salt metathesis and react it with 

the following amines; iPrNH2, tBuNH2, and MesNH2 ((Ph3C)NH2 was avoided due to the 

observed formation of 3.10 in FB), by bulk in situ recrystallizations from DCM solutions, 

yielding products [(salen)MnIII(iPrNH2)2][PF6] (3.11), [(salen)MnIII(tBuNH2)2][PF6] (3.12), 

and [(salen)MnIII(MesNH2)][PF6] (3.13) (Figure 3.6).  

 

Figure 3.6. Solid–state molecular structures for amine–ligated complexes; (a) 

[(salen)MnIII(iPrNH2)2][PF6] (3.11), (b) [(salen)MnIII(tBuNH2)2][PF6] (3.12), and (c) 

[(salen)MnIII(MesNH2)][PF6] (3.13). PF6– counter ions, solvent molecules, and hydrogen 

atoms were omitted for clarity.  

 
Although the following were more attainable by recrystallization, all complexes proved 

to be insoluble in most solvents that were compatible in performing the proposed HAA 

reactions with tBu3ArO• (bottom, Scheme 3.6). The solvents were used to increase solubility 

and probe reactivity were MeCN and THF, but displacement by the coordinating solvent of the 

amines occurs and is seen by 1H NMR spectroscopy. Reactions of 3.11 and 3.12 with tBu3ArO• 

dissolved in THF resulted in negligible changes as seen by 1H NMR spectroscopy. 

Alternatively, the reaction of 3.13 in THF with tBu3ArO• exhibited a color change to a brown–

green solution. Analysis by 1H NMR spectrum indicates formation of tBu3ArOH with no 

additional diamagnetic signals from an expected MnV species. Unfortunately, analysis of a 
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mixture of MesNH2 and tBu3ArO• in THF results in a similar color change with concurrent 

formation of tBu3ArOH indicated by 1H NMR spectroscopy, indicating there is most likely no 

reactivity at the MnIII–center. Lastly, we also tried to coordinate NH3 gas to the following 

complexes by performing in situ vapor diffusion recrystallizations in Schlenk flasks back filled 

with NH3 gas. Unfortunately, none of these reactions led to complexes with coordinated NH3, 

instead we were only successful in isolating fluoride or chloride bridged species, similar to our 

results seen for 3.10.  

3.3 Scope of chapter and further directions 

In an attempt to garner further mechanistic information, we explored MnIII complexes 

with more–stable ligand frameworks (phthalocyanine (Pc) or corrole) (Scheme 3.7).  

 

Scheme 3.7. Corroles and phthalocyanines for investigating further mechanistic chemistry. 

 
The reasoning behind these included: (1) Pc ligands offer added stability to higher oxidation 

states due to enhanced redox participation of the ligand, whereas salen ligands result in 

primarily metal–based redox events and higher activity, and; (2) corroles have been extensively 

used in synthesizing terminal MnV=N–R complexes by azide photolysis of N3–R (R = 

MesNH2) due to the increased stability of the macrocycle.37-39 We thought in continuing to 

investigate these mechanistic reactions, the most logical step was too increase the stability of 

the ligand because the salen ligands may have been too reactive, as it has been previously 

shown that (salen)Mn=N–R complexes tend to be reactive intermediates and have only been 
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proposed and not isolated.20 Building off this proposed stability with Pc’s or corroles, another 

direction to study the mechanistic chemistry could have included probing reactive oxo–species 

and the potential role in NH3 oxidation. Some of the earliest terminal metal nitride complexes 

were derived using porphyrin and similar tetrapyrrole ligands.40-42 It was discovered that 

porphyrin nitrides could be synthesized by replacing alkanes in alkane hydroxylation reactions 

with NH3.43-44 In these reactions, an O–atom donor (OAD) iodosobenzene (PhIO) was used 

and the proposed hydroxylating agent is an porphyrin–Mn–oxo intermediate which can also 

be generated with NaOCl,45 similar to how Mn≡N complexes are synthesized.10 Terminal 

porphyrin–Mn–oxo complexes are typically short–lived and only observed spectroscopically; 

however, there has been one example showing stabilization in basic conditions by introducing 

EWGs to the porphyrin system.46  

PcMn complexes have been shown to react with O2 where only bridging PcMn–O–

MnPc complexes have been obtained with no terminal PcMn=O species identified.47-48 

Terminal oxo complexes could play an important role in the oxidation of NH3  and using PcMn 

or (corrole)Mn complexes is the most logical route in investigating these. We had begun 

synthesis and isolation of these MnIII complexes to start probing reactivity, but after much 

discussion and where the direction of the o–carborane project was heading (described in 

Chapters 4–5), we decided it was wise to take time away from this project. For the remainder 

of my PhD, I did not come back to this work due to the wide success with o-carboranes. But 

this project still possesses interesting questions and ultimately provides a synthetically 

challenging project.  
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3.4 Conclusions 

In conclusion, after multiple attempts to ascertain the conditions required for catalysis 

as well as probing the mechanism for NH3 oxidation, in this chapter, we have shown this was 

widely unsuccessful. This chemistry is most likely much more complicated than predicted and 

at the time and we made a decision to step away from this project and switched my focus to o–

carboranes.  

3.4 Experimental Section  

3.4.1 General considerations 

All manipulations were performed under an atmosphere of dry, oxygen–free N2 or Ar by means 

of standard Schlenk or glovebox techniques (MBraun glovebox equipped with a –38 °C 

freezer). Kr gas (99.999% purity) was used for all GC–TCD experiments and was purchased 

through Praxair in a 300 L gas cylinder (size D4). Kr was used in its own Schlenk line equipped 

with minimal tubing to limit the amount of gas used in all experiments due to the extraneous 

price ($397.50 USD). NH3 gas (Sigma Aldrich) was supplied by use of a lecture bottle 

(independent regulator) for all reactions and was equipped with a separate line (minimal tubing 

and separate glass bubbler) attached to the same Schlenk line equipped with Kr as the primary 

gas (Figure 3.10).  All solvents were dried on an MBraun solvent purification system. 

Acetonitrile (–H3 and –D3) was purchased from Aldrich and dried over CaH2 for several days 

prior to distillation. All solvents were stored on activated 4 Å molecular sieves prior to use. 

iPrNH2, tBuNH2, and MesNH2 were distilled before use and stored at –38 °C. tBuNHBr,35 

tBu3ArO•,49 [(salen–(3,5–tBu)2)MnII]32 (3.4) were prepared  by literature procedures. Salen–

(3,5–tBu)2
31

 and Salen–(3–tBu,5–OMe)2 was prepared by a modified literature procedure with 

the appropriate salicylaldehyde; where 3,5–tert–butylsalicylaldehyde was purchased from 
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Fischer and 3–tert–butyl–5–methoxysalicylaldehyde was synthesized by a literature 

procedure.33 [(salen–(3,5–tBu)2)MnIII(THF)2][PF6] (3.5), [(salen–(3–tBu,5–

OMe)2)MnIII(THF)2][PF6] (3.6), and [(salen)MnIII(THF)2][PF6] (3.7) were synthesized by a 

modified literature prep by adding KPF6 instead of NaCl during the salt metathesis and using 

Et2OH/toluene as the solvent.33  

UV–Vis spectroscopy was performed using a Perkin Elmer Spectrum 100, FT–IR 

spectrometer, with an attached Universal ATR sampling accessory.  Measurements were done 

with IR Silica cuvettes equipped with an air–tight J–Young adaptor.  

Elemental analyses (C, N, H) were recorded at the University of California, Berkeley using a 

Perkin Elmer 2400 Series II combustion analyzer.  

Cyclic Voltammetry was performed on a CH Instruments Electrochemical Analysis 

potentiometer, equipped with a glassy carbon working electrode, an Ag wire pseudo–reference 

electrode, and a Pt counter electrode with [nBu4N][PF6] (0.1 M) solution in CH2Cl2. Ferrocene 

was used as an internal standard.  

EPR spectroscopy: Perpendicular–mode X–band EPR spectra were collected on a Bruker 

EMX EPR Spectrometer equipped with an Oxford ESR 900 liquid helium cryostat. A 

modulation frequency of 100 kHz was used for EPR spectra.   

Mass spectrometry was performed on a Shimadzu model QP2010 GC–MS equipped with a 

secondary electron multiplier TIC detector. The constituent gases were separated by passing 

through an Agilent DB–1 column using helium as the carrier gas.  

GC–TCD was performed on a An Agilent 6890N (G1530N) gas chromatograph equipped with 

a Supelco Carboxen–1010 PLOT column (30.0m x 530 µm) and a thermal conductivity 

detector. The inlet temperature was 200°C with a splitless injection and helium carrier gas at a 
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total flow rate of 148 mL/min and pressure of 1.691 bar. The column temperature was held at 

32°C for 16 min and then ramped to 240 °C at 60 °C/min, where it was held for 6 min under a 

flow rate of 2.5 mL/min. Due to the sensitivity of N2 quantification in all reactions, all solvents 

were freeze pumped thawed and degassed prior to use with Kr gas. Unless specified, all vessels 

were degassed and back filled with either Kr or NH3 gas, removing all N2 contamination. All 

chromatograms were analyzed and plotted in Origin software. Curve fitting was performed by 

a Bigaussian function for the two “over–lapping” peak areas of O2/N2 (Figure 3.8). 

Percentages based on the total area were obtained from the software and used to calculate the 

true areas of O2/N2 generated from the chromatogram. Once a known value for O2 was 

obtained, N2 from contamination of air could be calculated and subtracted from the total N2 

peak area, determining the N2 from the sample.  

X–ray crystallography data was collected on a Bruker KAPPA APEX II diffractometer 

equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Kα 

X–ray source (α = 0.71073 Å). The crystals were mounted on a cryoloop under Paratone–N 

oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream system. 

A hemisphere of data was collected using ω scans with 0.5° frame widths. Data collection and 

cell parameter determination were conducted using the SMART program. Integration of the 

data frames and final cell parameter refinement were performed using SAINT software. 

Absorption correction of the data was carried out using SADABS. Structure determination was 

done using direct or Patterson methods and difference Fourier techniques. All hydrogen atom 

positions were idealized and rode on the atom of attachment. Structure solution, refinement, 

graphics, and creation of publication materials were performed using SHELXTL. 
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Evan’s Method measurements were carried out in a NMR tube that was charged with known 

weights of both the magnetic sample and deuterated solvent of choice, along with a few drops 

of fluorobenzene. A small capillary tube was filled with a 1:1 mixture of deuterated solvent: 

fluorobenzene, sealed, and placed into the NMR tube. A 19F–NMR spectrum was obtained 

showing two distinct signals. The S = 2 state was calculated considering the cdia contribution 

based on Pascal’s data.50 

3.4.2 Synthesis of compounds 

Synthesis of [(salen–(3,5–tBu)2)Mn≡N] (3.2): This compound was synthesized following a 

modified procedure.31 Salen–(3,5–tBu)2 (49.27 mg, 1 mmol) was suspended in 13 mL of MeOH 

and the mixture was heated to 60 °C. To the yellow suspension was added Mn(OAc)2•4H2O 

(25.73 mg, 1.05 mmol, 1.05 eq.) in one portion. The resulting dark brown solution was refluxed 

for 1.5 hours. Heat was removed and the reaction mixture was brought to r.t. before adding 

concentrated NH4OH (15 M, 15.0 eq., 15 mmol) dropwise over the course of a few minutes. 

To the stirring solution, Clorox bleach (0.7 M, 6 eq., 6 mmol, 8.5 mL) was added dropwise 

over a 5 minute period in which a white gas is observed. After the addition of bleach, 10 mL 

of DCM was cautiously added, resulting in a biphasic mixture. The solution was then 

transferred to a seperatory funnel where the organic layer was washed with H2O (3 x 20 mL) 

and brine (2 x 10 mL). The brown–green organic layer was separated and dried via vacou 

yielding a crude dark brown–green solid. This solid was dissolved in a minimal amount of 

DCM and was purified via column chromatography using Brockmann activity IV basic Al2O3 

and DCM as the eluent. A dark green band was collected, leaving a large dark brown band on 

the top of the column. The dark green solution was concentrated under reduced pressure and a 

bright green solid was collected. Multiple attempts were taken in growing an isolating crystals 
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suitable for XRD analysis, but were unsuccessful. Anal. Calcd. for C32H46MnN3O2: C, 68.67; 

H, 8.28; N, 7.51. Found: C, 68.43; H, 8.32; N, 7.77. 1H NMR (400 MHz, C6D6): δ 7.76 (d, 

2H); 7.04 (s, 2H); 6.86 (d, 2H); 2.54 (s, 4H); 1.83 (s, 18H); 1.40 (s, 18H). MS (ESI): m/z 559.3 

[M]+.  

Synthesis of [(salen–(3,5–tBu)2)Mn≡15N] (3.2–15N): This compound was synthesized in an 

analogous fashion to 3. Salen–(3,5–tBu)2 (49.27 mg, 1 mmol) was suspended in 13 mL of 

MeOH and the mixture was heated to 60 °C. To the yellow suspension was added 

Mn(OAc)2•4H2O (25.73 mg, 1.05 mmol, 1.05 eq.) in one portion. The resulting dark brown 

solution was refluxed for 1.5 hours. Heat was removed and the reaction mixture was brought 

to r.t. before adding 15NH4Cl (260.0 mg, 5.0 eq., 5 mmol) in one portion. Then, NaOH solution 

(15 M, 15.0 eq., 15.0 mmol) was added dropwise over the course of a few minutes. To the 

stirring solution, Clorox bleach (0.7 M, 6 eq., 6 mmol, 8.5 mL) was added dropwise over a 5 

minute period in which a white gas is observed. After the addition of bleach, 10 mL of DCM 

was cautiously added, resulting in a biphasic mixture. The solution was then transferred to a 

seperatory funnel where the organic layer was washed with H2O (3 x 20 mL) and brine (2 x 10 

mL). The brown–green organic layer was separated and dried via vacou yielding a crude dark 

brown–green solid. This solid was dissolved in a minimal amount of DCM and was purified 

via column chromatography using Brockmann activity IV basic Al2O3 and DCM as the eluent. 

A dark green band was collected, leaving a large dark brown band on the top of the column. 

The dark green solution was concentrated under reduced pressure and a bright green solid was 

collected. 1H NMR (400 MHz, C6D6): δ 7.76 (d, 2H); 7.04 (s, 2H); 6.86 (d, 2H); 2.54 (s, 4H); 

1.83 (s, 18H); 1.40 (s, 18H). MS (ESI): m/z 560.3 [M]+. 
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Synthesis of [(salen–(3,5–tBu)2)MnBr] (3.3): This compound was synthesized via a modified 

literature procedure.33 A 100 mL, schlenk flask equipped with a stirbar and a reflux condenser, 

was charged with Mn(OAc)•4H2O (490.2 mg, 2 mmol, 3.0 equiv.) and ethanol (6 mL). The 

stirred solution was heated to reflux (85 °C) and a solution of Salen–(3,5–tBu)2 (330.1 mg, 0.67 

mmol, 1.0 equiv) in toluene (10 mL) was added dropwise and the mixture was stirred at reflux 

for 2 hrs. The reflux condenser was replaced with a line of air, which was bubbled through the 

solution for 30 mins. Heating and air addition were discontinued and a solution of KBr 

(saturated) in water (5 mL) was added. The mixture was cooled to room temperature and 

extracted with toluene (30 mL). The brown organic layer was washed with water (3 x 10 mL) 

and brine (10 mL) and then dried over Na2SO4. Solvent removal in vacuo yielded a brown 

solid which was isolated as the desired product 3.3 (75% yield). Crystals suitable for XRD 

analysis were grown by vapor diffusion of THF/pentane. Anal. Calcd. for C32H46BrMnN2O2: 

C, 61.44; H, 7.41; N, 4.48. Found: C, 62.01; H, 7.56; N, 4.55. MS (ESI): m/z 545.3 [M–Br]+, 

586.3 [M–Br+CH3CN]+. Evan’s method: S = 2 (Table 3.2). 

Synthesis of [(salen–(3,5–tBu)2)MnIII(THF)2][PF6] (3.5): This compound was synthesized 

via a modified literature procedure.33 A 50 mL, schlenk flask equipped with a stirbar and a 

reflux condenser, was charged with Mn(OAc)•4H2O (490.2 mg, 2 mmol, 3.0 equiv.) and 

ethanol (6 mL). The stirred solution was heated to reflux (85 °C) and a solution of Salen–(3,5–

tBu)2 (330.1 mg, 0.67 mmol, 1.0 equiv) in toluene (10 mL) was added dropwise and the mixture 

was stirred at reflux for 2 hrs. The reflux condenser was replaced with a line of air, which was 

bubbled through the solution for 30 mins. Heating and air addition were discontinued and KPF6 

(245.6 mg, 1.34 mmol, 2.0 equiv.) in water (5 mL) was added. The mixture was cooled to room 

temperature and extracted with toluene (30 mL). The brown organic layer was washed with 
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water (3 x 10 mL) and brine (10 mL) and then dried over Na2SO4. Solvent removal in vacuo 

yielded a brown solid which was recrystallized by vapor diffusion from THF/pentane to yield 

the desired product (82% yield). Complexes 3.6 and 3.7 were adapted by the same procedure 

but used different starting salicylaldehyde’s (3–tert–butyl–5–methoxysalicylaldehyde and 

salicylaldehyde respectively).  

General synthesis for complexes (3.8), (3.9), (3.10), (3.11), (3.12), and (3.13): All complexes 

were synthesized and isolated by in situ vapor diffusion recrystallizations. A small vial 

containing a known amount of 3.5 (3.8–3.10) or 3.7 (3.11–3.13) was dissolved in the desired 

solvent and an excess of the desired amine (10.0 equivalents) were added and dissolved in the 

solution. The following were setup as vapor diffusion recrystallizations (with pentane) and 

allowed to recrystallize over 1–3 days. The crystals were then tested and determined to be the 

following ligated–amines or bridging fluoride species (3.10). Batches to synthesize the 

complexes in bulk were done by scaling up the amount of MnIII complex dissolved.  

3.4.3 Magnetic data: Evans’ method 

The cdia were estimated using Pascal’s constants50 and the µeff  calculated assuming spin–only 

contributions as below. An S = 2 system for complex 3.3 (in C6D6) was determined by using 

the data in Table 3.2. 

µeff	= 2"𝑆	(𝑆 + 1)  

 
Table 3.2. List of Evans’ Method Experimental and Calculated Values for 3.3. 

Trial Weight (mg) 
C6H5CF3 

peak 1 
(ppm) 

C6H5CF3 
peak 2 
(ppm) 

µeff (µb) 
Calculated 

S Value 

1 2.8 –112.87 –113.33 5.061 2.08 
2 2.9 –112.91 –113.29 5.119 2.11 
3 2.9 –112.89 –113.31 5.133 2.11 
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3.4.4 Qualitative N2 determination: Gas chromatography (GC–MS) experiments 

3.4.4.1 Oxidation with NBS 

Oxidation of 3.2–15N: A 5 mL Schlenk flask equipped with a magnetic stirbar was charged 

with 3.2–15N (5.6 mg, 0.03 mmol) and MeCN (1 mL) and was frozen in a dry ice/acetone–

cooled bath. Cooling only the solvent, the flask was brought under vacuum and back filled 

with Ar, then capped with a septum. A gas–tight syringe containing a solution of NBS (8.9 mg, 

0.15 mmol) in MeCN (1 mL) was layered on top of the frozen solution of 3.2–15N. Both layers 

were frozen completely. The Ar source was removed and the solution was brought to room 

temperature with stirring. Within 3 hours, the headspace was sampled (20 µL) using a gastight 

syringe and directly injected into the GC–MS. The peaks in the GC trace show 15N2 (with 

contamination from atmospheric 14N2 and O2) and Ar combined at retention time 1.5 and 

MeCN at retention time 2.6. The mass spectrum at retention time 1.5 (a, Figure 3.3) is shown 

(with Ar excluded) and displays the relative abundance of 15N2 at 10.0 % compared to 

atmospheric 14N2 which is set at a relative abundance of 100.  

Oxidation of (50:50 mixture) 3.2:3.2–15N: This was performed in an analogous fashion, but 

instead a mixture of 3.2–15N (6.0 mg, 0.018 mmol) and 3.2 (6.0 mg, 0.018 mmol). The mass 

spectrum at retention time 1.5 (b, Figure 3.3) is shown (with Ar excluded) and displays the 

relative abundance of 15N2 at 8.1 % and 14N15N at 16 % (relative to 14N2 set to a relative 

abundance of 100). 

3.4.4.2 Qualitative N2 determination for catalytic reactions 

Preliminary catalytic experiment with 3.2, NBS, and 15NH4OH: A 5 mL Schlenk flask 

equipped with a magnetic stirbar was charged with 3.2 (5.6 mg, 0.01 mmol) DCM (1 mL) and 

was frozen in a dry ice/acetone–cooled bath. Cooling only the solvent, the flask was brought 
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under vacuum and back filled with Ar, then capped with a septum. A gas–tight syringe 

containing a solution of NBS (177.9 mg, 1.0 mmol) in DCM (1 mL) was layered on top of the 

frozen solution of 3.2. Both layers were frozen completely. The Ar source was removed and 

the solution was brought to room temperature with stirring, where 15NH4OH (0.075 mL, 0.25 

mmol, 3.3 N) was added via syringe. Within 1 hour, the headspace was sampled (60 µL) using 

a gastight syringe and directly injected into the GC–MS. The peaks in the GC trace show 15N2 

(with contamination from atmospheric 14N2 and O2) and Ar combined at retention time 1.5. 

The mass spectrum at retention time 1.5 (a, Figure 3.4) is shown (with everything outside 

O2/N2 excluded; 15NH2Br, m/z = 97.9; m/z is not shown in the following plot) and displays the 

relative abundance of 15N2 and 15N14N at 78.1% and 4.5%, respectively compared to 

atmospheric 14N2 which is set at a relative abundance of 100.  

Control experiment with NBS and 15NH4OH: A 5 mL Schlenk flask equipped with a 

magnetic stirbar was charged with NBS (177.9 mg, 1.0 mmol) in DCM (2 mL), frozen and 

back filled with Ar. The Ar source was removed and the solution was brought to room 

temperature with stirring, where 15NH4OH (0.075 mL, 0.25 mmol, 3.3 N) was added via 

syringe. Within 1 hour, the headspace was sampled (60 µL) using a gastight syringe and 

directly injected into the GC–MS. The peaks in the GC trace do not show a trace of 15N2 (with 

only signal as contamination from atmospheric 14N2 and O2; 15NH2Br, m/z = 97.9; m/z is not 

shown in the following plot) and Ar combined at retention time 1.5 (b, Figure 3.4).  
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3.4.5 N2 quantification: Gas chromatography – thermal conductivity (GC–TCD) 

experiments  

3.4.5.1 Control experiments and system development for N2 analysis 

Inert gas control experiments for GC–TCD: Alternative to GC–MS experiments, where Ar 

was used as the inert gas, the retention times for gases cannot be the same because the TCD 

generates a signal for change in thermal conductivity of the gas and cannot distinguish between 

different gases with similar thermal conductivities. With this column, Ar has the same retention 

time as O2, so we were unable to use Ar to fill the headspace (a, Figure 3.7). We also tried He 

and Kr. We found He was unfit for the experiments because the density was too low and 

leakage of air and contamination into the flask was too great. Kr was chosen because the 

retention time of N2/O2 compared to Kr is so different (b, Figure 3.7).  

 

Figure 3.7. (a) GC–TCD chromatogram trace of Ar (black line) and O2/N2 from air (red line), 

at over–lapping retention times. (b) GC–TCD chromatogram trace of Kr with trace O2/N2 from 

air.  

 
Air (O2/N2) injection control experiments for GC–TCD: To quantify N2 from our 

experiments with inevitable contamination of N2/O2 from air, we devised multiple control 

experiments to determine how much N2/O2 leaked into the system by first puncturing the septa 

of the reaction flask and the injection port and determining the ratio of N2/O2 (a and c, Figure 
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3.8). Additionally, we injected various amounts of air into the instrument (10–30 µL injections) 

to determine relative ratios of N2/O2 (b and d, Figure 3.8). Once we determined the relative 

ratio of N2/O2 (N2:O2,avg = 4.18:1.0) from the following controls, based on the area of O2 from 

air, we were able to back–calculate how much N2 was from our sample. 

 

 

Figure 3.8. (a) GC–TCD chromatogram containing O2/N2 by puncturing the injection septa 

with a gas–tight syringe needle. (b) GC–TCD chromatogram containing O2/N2 by injection 

various amounts of air. (c) Ratios for O2/N2 calculated from the total area obtained by the 

chromatograms in (a). (d) Ratios for O2/N2 calculated from the total area obtained by the 

chromatograms in (b). 

 
Calibration curve for N2 for GC–TCD: A flask equipped with a gas–tight septum was 

charged with 1 atm of analytically pure N2. Known amounts (5.0–25.0 µL) of N2 were injected 

into the instrument for 3 trials each (Figure 3.9).   
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Figure 3.9. Calibration curve for known amounts of N2 gas obtained from the GC–TCD. 

 
Control experiments with NBS and NH3: A conical Schlenk flask (68.4 mL headspace) 

equipped with a magnetic stirbar and the flask was evacuated and back filled with NH3 and 

capped with a septum. A solution of NBS (142.4 mg, 0.8 mmol) in DCM (2 mL) – which had 

been freeze pumped thawed and back filled with Kr prior to use (Figure 3.10) – was cannula 

transferred to the flask containing NH3 gas. Upon addition, a white solid crashed out of 

solution, and the headspace was sampled every 15 mins, using a gastight syringe and was 

directly injected into the GC–TCD. Over multiple trials, the N2 produced was found to be 0.26–

0.29 mmol (Table 3.1) and the white solid was confirmed to be succinimide by 1H NMR 

spectroscopy.  
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3.4.5.2 Experimental setup: stoichiometric and catalytic N2 analysis 

 

Figure 3.10. (a) and (b) Experimental/Schlenk line setup with Kr and NH3 gas lines attached 

to the manifold.  

 
Stoichiometric N2 analysis: A 15 mL conical Schlenk flask equipped with a magnetic stirbar 

was charged with 3.2 (11.1 mg, 0.02 mmol). The flask was evacuated and back filled with Kr 

and capped with a septum. A solution of NBS (17.8 mg, 0.1 mmol) in MeCN (1 mL) – which 

had been freeze pumped thawed and back filled with Kr prior to use – was cannula transferred 

to the flask containing 3.2. Upon addition the solution turned brown–red and the headspace 

was sampled (60 µL) over 6.5 hours, using a gastight syringe and was directly injected into the 

GC–TCD. Over three trials, the yield of N2 was found to be 80–94% (c, Figure 3.3).  

General procedure for catalytic N2 analysis: A conical Schlenk flask (68.4 mL headspace) 

equipped with a magnetic stirbar was charged with varying amounts of 3.2 (10–50% cat. 

loading). The flask was evacuated and back filled with NH3 and capped with a septum. A 

solution of NBS (142.4 mg, 0.8 mmol) in DCM (2 mL) – which had been freeze pumped 

(b)
(a)
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thawed and back filled with Kr prior to use (Figure 3.10) – was cannula transferred to the flask 

containing 3.2. Upon addition, the solution turned brown–red with formation of a white solid, 

and the headspace was sampled every 15 mins, using a gastight syringe and was directly 

injected into the GC–TCD. Over varying trials, the N2 produced was found to be 0.27–0.29 

mmol (same yields as control experiments).   
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Chapter 4 – Redox–Controlled o–carboranes for Capture and Release of Uranyl  

4.1 Introduction  

The efficient isolation of uranium is of great interest due to the growing nuclear energy 

sector and associated requirements of fissile fuel supply and spent fuel remediation. While 

nuclear energy is often considered a cleaner energy source than fossil fuels,1 the inadvertent 

release of radioactive materials to the environment poses potential serious threats to human 

health.2 Therefore, strategies for the selective capture and release of uranium, the largest 

component of nuclear waste, is critical for both the long–term viability and safety of the nuclear 

energy sector. The primary fuel source in reactors, uranium, is most commonly found as the 

uranyl ion (UO22+; UVI oxidation state) in either terrestrial or aquatic environments. While the 

concentration in seawater is low (~3.3 µg/L), the total estimated quantity in the oceans is 4.5 

billion tons, over a thousand times more than the known terrestrial supply.3 Uranyl capture 

from either seawater or nuclear waste has been well studied and commonly relies on extremely 

strong chelating/binding affinities to UO22+ using chelating polymers,3-4 porous inorganic,5-7 

or carbon–based materials,8-9 as well as homogeneous compounds.10 In contrast, the controlled 

release of uranyl after capture is less established and can be difficult, expensive, and/or 

destructive to the initial material.4, 11 Therefore, new strategies that can both capture and release 

UO22+ in a non–destructive manner could offer a cost–competitive new approach to UO22+ 

supply and waste remediation efforts.  

Recent reports on the redox–switchable capture and release of environmental 

contaminants using polymeric or porous scaffolds highlight the advantages of using 

electrochemistry for the reagent–less release of captured products.12-14 Related work has 

further shown how redox–switchable hemilabile ligands can alter their chelating properties and 
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subsequent metal coordination by oxidation–state control.15-16 In our recent publication 

published in Nature,17 we harness the redox–switchable properties of a class of ortho–

substituted closo–carboranes ((CX)2B10H10; X = alkyl, phenyl, or donating group) to tune their 

chelating abilities, in turn allowing for the controlled capture and release of UO22+ in solution.  

 

Figure 4.1. General electro/chemical mono– or bi–phasic capture of uranyl from UO2X2L2 (X 

= Cl–, OAc–; L = THF, Ph3PO) using the reduced cage “open” nido–carboranes (4.2a/4.2b) 

generated by reduction (ex. CoCp*2 or negative bias) of the cage “closed” closo–carborane (4.1). 

Corresponding relative bite angles (q) are also shown. Oxidation (ex. [FeCp2][PF6] or positive 

bias) of the captured products 4.4/4.5 or 4.4N/4.5N leads to UO22+ release. Compounds labelled 

in purple have been chemically isolated whereas compounds in pink are proposed 
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electrochemical products. Blue and red pathways represent UO22+ capture and release, 

respectively. 

Known for over 50 years, carboranes have been extensively studied in coordination 

chemistry (including with uranium), catalysis, luminescence, and energy storage 

applications.18-25 But, most notably is their extraordinary robustness in terms of redox stability 

and chemical inertness, making them well sought out for various chemical transformations.20, 

26 Generally, o–closo–carboranes are considered redox–active ligand frameworks in that they 

can undergo 2e– reduction, with stabilization and delocalization throughout the [C2B10H10] 

cluster. Studies have shown that reduction of substituted closo–carboranes to the nido–

carboranes undergoes structural rearrangement and results in rupture of the C–C bond and cage 

opening with a simultaneous increase in ligand bite angle, q (Figure 4.1; closo and nido refer 

to 2n + 2 and 2n + 4 framework bonding electrons, respectively).20, 27-30 We rationalized that 

by incorporating donating X groups – specifically diphenylphosphine oxide (X = Ph2PO) – we 

could tune the chelating properties of the cluster switching from opened to closed 

conformations by redox–control of the reduced and oxidized states, respectively. In this 

Chapter, we show how we harness this redox–switchable chelation and apply it to the chemical 

or electrochemical capture and release of UO22+ in mono– and bi–phasic solutions (Figure 

4.1).  

4.2 Results and Discussion 

4.2.1 Synthesis of redox–active derivatized o–carboranes 

The closo–carborane, 1,2–(Ph2PO)2–1,2–C2B10H10 (4.1), was synthesized and fully 

characterized, including by X–ray diffraction (XRD) studies (a, Figure 4.2)31. The 1H NMR 

spectrum of 4.1 in d3–MeCN exhibits three distinct diamagnetic aromatic signals for the aryl 
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C–H resonances at 7.54, 7.63, and 7.99 ppm. The H–B resonances in the cluster are not 

resolved and present a broad signal in the baseline at ~2.5 ppm, which is expected for proton 

coupling to a quadrapolar (S = 3/2) 11B nucleus in a carborane cage.32 The 11B NMR spectrum 

shows two sharps resonances at 0.66 and –8.75 ppm, and the 31P{1H} NMR spectrum shows a 

diagnostic singlet at 22.8 ppm, which is expected for a symmetric product. X–Ray analysis 

reveals a cage C–C bond length (1.688(4) Å) and interatomic P‧‧‧P distance (3.537 Å) are 

consistent with similar previous reports (Table 4.1)31, 33. The torsion angle for P1–C1–C2–P2 

is 10.03(1)° which is characteristic for a carborane cluster bearing bulky substituents at the 

cluster carbons.34 These metrics will be used throughout to correlate coordinated and 

uncoordinated carboranes, both in lieu of, yet proportional to the traditional bite angle, q 

(Figure 4.1). The CV of 4.1 in tetrahydrofuran (THF) revealed two quasi–reversible cathodic 

waves at –0.93 V and –1.11 V relative to the ferrocene/ferrocenium (Fc/Fc+) redox couple 

(Figure 4.13).  

Reduction of 4.1 using 2.0 equivalents of decamethylcobaltocene (CoCp*2) afforded a 

yellow suspension from which the direduced nido–carborane, [CoCp*2]2[(nido–1,2–(Ph2PO)2–

1,2–C2B10H10)] (4.2a) (b, Figure 4.2) could be isolated as a diamagnetic, gold crystalline solid 

in 95% yield. The 1H NMR spectrum of 4.2a in d3–MeCN exhibited a sharp singlet at 1.62 

ppm, corresponding to the –CH3 resonances on the diamagnetic [CoCp*2]+ counter ions and two 

aryl C–H resonances at 7.24 and 8.05 ppm, compared to the three distinct aromatic signals seen 

in 4.1. The 11B NMR spectrum showed four new resonances at 20.24, –0.62, –18.46, and –

22.06 ppm, and the 31P{1H} NMR spectrum shows a slightly downfield–shifted singlet at 29.8 

ppm corresponding to a single species. An analogous salt, [Bu4N]2[(nido–1,2–(Ph2PO)2–1,2–

C2B10H10)] (4.2b) to 4.2a (Figure 4.2), was synthesized by reduction of 4.1 with KC8, followed 
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by salt metathesis with [Bu4N][Cl], which was relevant for the following electrochemical 

experiments described below. 

 

Figure 4.2. Solid–state molecular structures of complexes 4.1 (a) and 4.2a (b). H atoms, 

[CoCp*2]+ counter cations (4.2a), and all co–crystallized solvent molecules are omitted for 

clarity. (c) Electron density surfaces with colour–coded electrostatic potentials obtained from 

density functional theory (DFT) calculations using optimized structures of 4.1 and the anion 

of 4.2a (labelled as 4.2), (red, negative values are indicative of higher electron density). 

 
It is worth noting isolation of a mono–reduced species was attempted and was 

unsuccessful. Monoanionic o–carborane species are especially rare,34-42 and in our 

experiments, reduction with 1.0 equivalent of CoCp*2 led to formation of the (4.2a) with 

unreacted 4.1, indicating under our conditions, the monoanion could not be readily isolated. 
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shown previously with alkali metals29, 43-46 – as an open–cage nido–carborane with a cleaved 

C–C bond (2.860 Å) and an elongated P‧‧‧P distance (5.036 Å) relative to 4.1 (Table 4.1).  

 
Table 4.1. Selected interatomic distances (Å), angles (°), and torsion angles (°) for 4.1 and 

4.2a. 

 4.1 4.2a 
P‧‧‧P 3.537Å 5.036Å 
C–C 1.688(4)Å 2.860Å 

P1–O1 1.469(2)Å 1.487(3)Å 
C1–P1 1.871(6)Å 1.745(2)Å 

C1–P1–O1 109.98° 118.05° 
C2–P2–O2 109.78° 114.79° 
C2–C1–P1 119.57° 135.01° 
C1–C2–P2 119.08° 122.38° 

P1–C1–C2–P2 10.03° –19.24° 
 
It has been previously shown reversible nido–[C2B10H10] cage opening/closing can be 

performed by acid/base reactions,47 with few examples of redox–controlled reversibility.27 

Based on the electrochemical analysis of 4.1, the oxidation potential of 4.2a could be estimated 

to be ~ –1.0 V relative to the Fc/Fc+ (Fc = ferrocene) couple.). Oxidation of 4.2a could be 

chemically accessible through addition of 2.0 equivalent of ferrocenium hexafluorophosphate 

([FeCp2][PF6]; E = 0.0 V in DCM).48 Monitoring the oxidation of 4.2a with 2.0 equivalent 

[FeCp2][PF6] in a J. Young tube with d3–MeCN, resulted in consumption of 4.2a with 

immediate formation of 4.1 as seen in the 1H, 11B, and 31P{1H} NMR spectra, as well as 

formation of ferrocene in the 1H NMR spectrum. This demonstrates the C–C bond in 4.1 can 

be restored, controlling the reversibility of the cage opening/closing.   

4.2.2 Coordination chemistry of redox–active derivatized o–carboranes 

We next investigated the coordination chemistry of 4.1 and 4.2a. Addition of four 

equivalents of 4.1 to dimeric [UO2Cl2(THF)2]2 in deuterated dichloromethane (d2–DCM) 
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resulted in a light–yellow solution from which two new equivalent–intensity 31P singlets 

appeared at 38.8 and 38.4 ppm in the NMR spectrum downfield shifted from 4.1 (22.8 ppm). 

Additionally, the 1H NMR spectrum showed multiple new aromatic signals between 8.32 and 

7.01 ppm, as well as unresolved H–B resonances in the cluster, present as a broad signal in the 

baseline at ~2.5 ppm. The inequivalent P environments and multiple aromatic signals in the 1H 

NMR spectrum suggest either an octahedral geometry at U with two monodentate 4.1 ligands 

or a pentagonal bipyramidal geometry at U with two bidentate 4.1 and a chloride in the fifth 

equatorial site. While attempts to obtain single crystals for XRD studies failed, the NMR data 

suggests a 2:1 adduct is formed with a presumed formulation of UO2Cl2(4.1)2 (Scheme).  

It is important to note that the formation of UO2Cl2(4.1)2 can be perturbed when the 

solvent is changed from MeCN or DCM to THF. Addition of 1.0 equivalent of dimeric 

[UO2Cl2(THF)2]2 to a solution of 4.1 in THF resulted in a yellow solid, which could be isolated 

in a 65% yield. The 1H NMR spectrum of isolated material in d3–MeCN showed formation of 

six new aryl C–H resonances between 7.9 and 7.2 ppm, with a broad singlet at –1.7 ppm, which 

was attributed to a B–H–B resonance.49-51 The 11B{1H} NMR spectrum displayed resonances 

at 19.9, –9.7, –18.3, –31.6 and –34.4 ppm. The 31P{1H} NMR spectrum showed a significantly 

downfield–shifted singlet at 48.5 ppm. Single–crystals of complex 4.3 could be obtained by 

vapor diffusion in THF/hexanes, yielding light–yellow blocks suitable for XRD analysis, 

revealing decomposition of the [C2B10H10] cluster forming [UO2Cl(THF)2][nido–7,8–

(Ph2PO)2–7,8–C2B9H10] (4.3) (Figure 4.3). The uranium center in 4.3 features a trigonal 

prismatic geometry with the nido–[C2B9H10]1– cluster in an eclipsed conformation along the 

P–C atoms.50 The solid–state structure revealed the closo–C2B10H10 backbone was not 

preserved. In icosahedral carborane chemistry, it is well understood that partial degradation of 
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the closo–C2B10H10 cluster to a nido–[C2B9H10]1– system occurs by removal of B+ vertex, 

incorporating a negative charge throughout the ligand.51 The C–C bond length (1.622(1) Å) 

decreased in comparison to 4.1 (1.688(4)Å), which is expected for degradation to a nido–

[C2B9H10]1– cluster.33, 49 Some early examples have described nido–[C2B9H10]1– cluster 

formation by means of a reducing metal, such as Cu+, Ag+, and Au+, where the carborane 

backbone undergoes a “pseudo–reduction” with subsequent nucleophilic attack, eliminating 

B+ from the cluster.49-50  

 

Figure 4.3. The solid–state molecular structure of [UO2Cl(THF)2][nido–7,8–(Ph2PO)2–7,8–

C2B9H10] (4.3) with 50% probability elipsoids. All hydrogen atoms and C ellipsoids (not a part 

of the cluster) were omitted for clarity. 

 
Alternatively, it has been shown nido–[C2B9H10]1– can be formed without a reducing metal 

such as Rh3+ or Pd2+.50 Additionally, partial degradation of the cluster has been shown to occur 

by nucleophilic attack using nucleophiles such as alkoxides,52-53 amines,54 fluorides,55-56 and 

phosphanes57, indicating partial degradation can occur by multiple pathways and is not limited 

to the examples above. In our system, cluster degradation is proposed to occur primarily by 

solvent effects and nucleophilic attack of a chloride anion. 1.0 equivalent of chloride from 

UO2Cl2(THF)2 can act as a nucleophile to remove B+ from the cluster. Then, an additional 
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equivalent of UO2Cl2(THF)2 is required in order to promote formation of 4.3, most likely 

forming a reduced uranyl–containing by–product. This was determined by running 

simultaneous reactions where addition of 0.5 equivalent of [UO2Cl2(THF)2]2 to a d8–THF 

solution of 4.1 shows formation of an intermediate product (34.7 ppm) in the 31P{1H} NMR 

spectrum as well as unreacted starting material (4.1). Attempts to isolate the intermediate 

product were unsuccessful. Alternatively, the 31P{1H} NMR spectrum with 1.0 equivalent of 

[UO2Cl2(THF)2]2 in the presence of 4.1 in d8–THF, shows a new singlet at 47.5 ppm, which is 

shifted downfield compared to the intermediate product. Based on this, we propose nido–

[C2B9H10]1– cluster formation was promoted by an additional equivalent of UO2Cl2(THF)2 and 

is highly dependent on THF as the solvent. To confirm, we found 1.0 equiv of [UO2Cl2(THF)2]2 

with 4.1 in d3–MeCN shows formation of UO2Cl2(4.1)2, indicating degradation is solvent 

dependent. Although interesting, we determined the nido–[C2B19H10]1– cluster is an 

undesirable product and THF was avoided as a solvent.  

In contrast to 4.1, treatment of two equivalents of 4.2a to [UO2Cl2(THF)2]2 led to clean 

formation of a single new resonance at 51.1 ppm in the 31P{1H} NMR spectrum, consistent 

with a bidentate coordination mode. XRD studies confirmed the composition as the uranyl salt, 

[CoCp*2]2[UO2Cl2(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.4) (a, Figure 4.4).  
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Figure 4.4. Solid–state molecular structures of 4.4 (a) and 4.5 (b) obtained from XRD studies. 

H atoms, [CoCp*2]+ counter cations, and all co–crystallized solvent molecules are omitted for 

clarity. 

A disubstituted uranyl salt was also obtained by addition of four equivalents of 4.2a to 

[UO2Cl2(THF)2]2. Monitoring the reaction by 31P{1H} NMR spectroscopy revealed the clean 

conversion to a new product with a single peak at 52.0 ppm. The 1H NMR spectrum showed 

formation of three new aryl C–H resonances at 7.24, 7.38, and 8.13 ppm. At 1.68 ppm, there 

is a slight shift in the [CoCp*2]+ –CH3 resonances. The 11B{1H} NMR spectrum, due to poor 

solubility in d3–MeCN, becomes weak, yet shows two resonances at –17.15 and –22.66 ppm. 

XRD studies on single crystals confirmed the composition as the disubstituted complex, 

[CoCp*2]2[UO2(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] (4.5) (b, Figure 4.4). The bond metrics 

for 4.4 and 4.5 are similar. In 4.5, the distorted icosahedral cluster was preserved from 4.2a, 

and the C–C bond length was consistent 2.857 Å in comparison to 2.860 Å in 4.2a. The U–

Ooxo angle is 180.0°, which is completely linear,  consistent with complexes incorporating the 

UO22+ moiety,58-64 indicating the O–U–O bond is unchanged upon complexation. 
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Figure 4.5. (a) 31P{1H} NMR spectrum of 2.0 equiv of 4.1 with 1.0 equiv of UO2Cl2(TPO)2 

in DCM–d2. Relative integrations are shown in red. 

 
While 4.1 and 4.2a coordinate to UO22+, we postulated that a third ligand with a 

competitive binding affinity to 4.1, but weaker than 4.2a, could enable a pathway to UO22+ 

release. Competition experiments using 4.1, 4.2a, and triphenylphosphine oxide (TPO), as part 

of UO2Cl2(TPO)265, were performed and monitored by 31P{1H} NMR spectroscopy in DCM–

d2. Two equivalents of 4.1 were added to UO2Cl2(TPO)2 for a 1:1 molar ratio of 4.1:TPO. After 

an equilibration period, the 31P{1H} NMR spectrum revealed broadened resonances for 

UO2Cl2(TPO)2 and free TPO, as well as a set of sharp resonances for UO2Cl2(4.1)2 and free 

4.1. The ratio of UO2Cl2(4.1)2: 4.1 was determined to be approximately 1:3 suggesting an 

equilibrium favouring the adduct, UO2Cl2(TPO)2 (Figure 4.5).  

The binding affinity of TPO was next compared to 4.2a by addition of one equivalent 

of 4.2a to UO2Cl2(TPO)2. Rapid precipitation of products was observed. The 31P{1H} NMR 

spectrum of the DCM supernatant revealed complete conversion to the products 4.4 and 4.5, 

along with a sharp singlet for TPO, and a minor unknown singlet at 47 ppm (b, Figure 4.6). 
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Analysis of the precipitate dissolved in propylene carbonate (PC) by 31P{1H} NMR 

spectroscopy revealed the presence of 4.5 (a, Figure 4.6). These data are consistent with full 

dissociation of TPO from UO2Cl2(TPO)2 in the presence of 4.2a. The binding affinity of TPO 

was next tested against PC, a coordinating solvent.66 An initial 31P{1H} NMR spectrum of 

UO2Cl2(TPO)2 dissolved in DCM–d2 revealed two singlets in a 3:1 ratio at 48.09 and 47.97 

ppm, respectively, likely arising from trans:cis isomerism.67 While addition of two equivalents 

of PC led to negligible changes, addition of 20 and 40 equivalents led to increasing broadness 

of the aromatic peaks in the 1H NMR spectra and broadening of the singlets in the 31P{1H} 

NMR spectra. Together, these data suggest a weak equilibrium with PC that it is heavily shifted 

towards UO2Cl2(TPO)2. DFT calculations further supported these observations. Electron 

density surfaces with integrated electrostatic potentials for 4.1 and 4.2a clearly indicate 

increased electron density at the P=O bonds of 4.2a upon reduction, accounting for its 

experimentally observed increased Lewis basicity (Figure 4.2). This likely complements the 

increased bite angle (Figure 4.1) in rendering 4.2a a stronger chelating agent than 4.1. In silico 

isodesmic reactions of 4.2a/TPO, TPO/4.1, or 4.1/PC with proton as a model for the uranyl 

cation were also calculated (c,). Together with the experimental data, these data support a 

relative Lewis basicity trend of: 4.2a >> TPO > 4.1 >> PC.  
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Figure 4.6. 31P{1H} NMR spectra of in situ reactions of 1.0 equivalent of 4.2a with 1.0 

equivalent of UO2Cl2(TPO)2 in DCM–d2. Rapid precipitation of a yellow solid was observed. 

(a) 31P{1H} NMR spectrum of the filtrate dissolved in PC with a DCM–d2 capillary tube. (b) 

31P{1H} NMR spectrum of the DCM–d2 supernatant. An unknown by–product at 47 ppm is 

observed. 

 
4.2.3 Monophasic chemical capture and release 

We next investigated the in situ chemical capture and release of UO22+. For optimal 

solubility, we utilized a 3:1 PC:benzene solvent mixture with a MeCN–d3 capillary tube insert 

and Mes3P as the analytical standard. A relaxation delay of 30 s was used in order to obtain 

accurate integrations of all species (see general considerations; Table 4.2). A 2:4 solution of 

4.1:TPO was analysed by 31P{1H} NMR spectroscopy which revealed two sharp resonances 

(a, Figure 4.8). Addition of half an equivalent of [UO2Cl2(THF)2]2 (one equivalent of U) 

resulted in no appreciable change to the resonance for 4.1, but in significant broadening to the 

resonance for TPO (b, Figure 4.8). Only trace UO2Cl2(TPO)2 is observed and is likely due to 

a combination of rapid exchange with excess TPO and the excess (~2000x) PC used relative 

to U. To initiate chemical capture of UO22+, four equivalents of CoCp*2 were added (shown as 

“4 e–”) (Figure 4.7).  
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Figure 4.7. General chemical mono–phasic capture of uranyl from UO2Cl2L2 (L = Ph3PO) 

using the reduced cage “open” nido–carboranes (4.2a/4.2b) generated by reduction (CoCp*2, 

denoted as “4e–”) of the cage “closed” closo–carborane (4.1). Oxidation with [FeCp2][PF6] 

(denoted as “4e–”) of the captured product 4.5 leads to UO22+ release. Blue and red pathways 

represent UO22+ capture and release, respectively. 

 
Analysis by 31P{1H} NMR spectroscopy revealed the rapid and complete conversion of 4.1 to 

4.5 with concomitant release of TPO (c, Figure 4.8; Figure 4.7). To initiate UO22+ release, we 

first determined the oxidation potential of 4.5 by CV which revealed a quasi–reversible anodic 

event at –0.42 V relative to Fc/Fc+ (Figure 4.14, section 4.4.3). Thus, we exposed our in situ 

generated solution of 4.5 and TPO to four equivalents of [Fc][PF6] (Figure 4.7). Analysis by 

31P{1H} NMR spectroscopy revealed the full conversion of 4.5 back to 4.1 along with the re–

appearance of a broadened TPO resonance, similar to that of the pre–reduced solution (d, 

Figure 4.8). This capture and release could be performed in four cycles without degradation 

of products. Together, these results demonstrate the successful chemical capture and release of 

UO22+ in solution. 
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Figure 4.8. (a) 31P{1H} NMR spectrum of 4.0 equiv of TPO and 2.0 equiv of 4.1. (b) 31P{1H} 

NMR spectrum of 4.0 equiv of TPO and 2.0 equiv of 4.1 in the presence of 0.5 equiv 

[UO2Cl2(THF)2]2. (c) 31P{1H} NMR spectrum of 4.0 equiv of CoCp*2 added to reaction (b). 

(d) 31P{1H} NMR spectrum after addition of 4.0 equiv of [Fc][PF6] to reaction (c). 

 
4.2.4 Monophasic electrochemical capture and release 

We next targeted the electrochemical capture and release of UO22+ by galvanostatic 

bulk electrolysis (GBE). This was conducted using a divided H–cell with coiled Pt electrodes, 

an anion exchange membrane (AEM), and an excess of the Fc/Fc+ redox couple in the counter 

compartment (a, Figure 4.9). A 0.5:5:6 ratio of [UO2Cl2(THF)2]2:4.1:TPO was used in 

PC:benzene (3:1) with a MeCN–d3 capillary tube insert with [Ph3PNPPh3][PF6] as the 

analytical standard. A relaxation delay of 40 s was used in order to obtain accurate integrations 

of all species (see general considerations; Table 4.2).  
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Figure 4.9. (a) Depiction of the H–cell used incorporating excess Fc/Fc+ (left) and 4.1, TPO, 

and [UO2Cl2(THF)2]2 (right) in a 3:1 PC:benzene solvent mixture. Charging the cell (blue) 

leads to the capture of UO22+ converting 4.1 to 4.5N (major product) and 4.4N (minor product). 

(b) Bottom: applied galvanostatic potentials for charge (blue) and discharge (red) cycles. 

Dashed lines represent wait periods necessary for 31P{1H} NMR data acquisition. Each cycle 

is 24 hours. Top: instrumental measure of delivered charge (purple) versus charge used for 

reduction of 4.1 measured by quantification of total reduced products, 4.4N and 4.5N, by 

31P{1H} NMR spectroscopy (pink).  

 
PC was used to solubilize 4.5 and benzene was used to solubilize the TPO and CoCp*2 in 

solution. While the use of excess TPO is well reasoned (vide supra), the use of excess 4.1 was 

found to be necessary for optimal electrochemical performance. An excess of 4.1 was used to 

keep the applied current (Iapp) below the limiting current at any given time (Il(t)) for the 

presumed EC mechanism involving reduction of 4.1 followed by uranyl ligation. This allowed 

the use of a galvanostatic charge/discharge procedure operating close to the mass–transfer–

controlled plateau (similar to potentiostatic methods) but with the added benefit of not 
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requiring prior knowledge of the optimal applied voltage, which will be a function of both the 

onset of the reductive process and total cell impedance68. Attempts at GBE with stoichiometric 

equivalents of 4.1, revealed an earlier than expected onset of Iapp > Il(t), clearly indicating that 

additional and unwanted electrochemical processes were being accessed, perhaps indicating 

an initial degradation of 4.1 within the system. Therefore, an initial ratio of 0.5:6:8 for 

[UO2Cl2(THF)2]2:4.1:TPO reagents was utilized. An initial 31P{1H} NMR spectrum revealed 

a sharp signal for 4.1 and TPO (A, Figure 4.10). Upon addition of [UO2Cl2(THF)2]2, the signal 

for TPO becomes broadened, analogous to the chemical capture/release experiments (B, 

Figure 4.10). Electrochemical capture of UO22+ was initiated by galvanostatically charging the 

solution to a 75% theoretical state of charge (SOC) relative to the UO22+ concentration (b, 

Figure 4.9). Analysis of the reaction mixture by 31P{1H} NMR spectroscopy revealed the 

conversion of 4.1 to the captured products 4.4N (X = Cl) and 4.5N – the analogues of 4.4 and 

4.5 but with [Bu4N]+ cations (Figure 4.4) – with release of all TPO, as determined by 

integration vs. the internal standard (Figure 4.10, cycle 1 (blue)). To initiate the 

electrochemical release of UO22+, the cell was galvanostatically discharged to a final SOC of 

15% (b, Figure 4.9, red; SOC extrema of 0 and 100% were not used in order to avoid unwanted 

secondary electrochemical processes).68 

Analysis of the reaction mixture by 31P{1H} NMR spectroscopy revealed the full 

conversion of 4.4N and 4.5N back to 4.1, along with the presence of a broadened TPO 

resonance (Figure 4.10, cycle 1 (red)). The capture and release by GBE was carried out over 

the course of another five full cycles (b, Figure 4.9), with analyses of the reaction mixtures by 

31P{1H} NMR spectroscopy after each run (Figure 4.10). We observed that repeated cycling 

resulted in a loss of electrochemically generated 4.4N, which we attributed to chloride 
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migration to the counter compartment over time. The gradual appearance of a minor unknown 

product with a 31P{1H} resonance at 45 ppm was also observed after each charge cycle (Figure 

4.10). Analysis of the 31P{1H} NMR integrations revealed approximate average losses of: 

0.3%/cycle for TPO, 3.4%/cycle for 4.5N, and 7.2%/cycle for 4.1, perhaps attributable to 

electrochemical side reactions69-70. Lastly, analysis of measured instrumental charge 

transferred relative to total charge transferred for UO22+ capture (determined by 31P{1H} NMR 

integrations) revealed a plateauing trend over increasing cycle number with differences in 

charge attributed to Faradaic losses (b, Figure 4.9 top). Together, these results demonstrate the 

successful monophasic electrochemical capture and release of UO22+. 

 

Figure 4.10. (a) A; 31P{1H} NMR spectrum of 6.0 equiv of TPO and 5.0 equiv of 4.1 with 1.0 

equiv of [Ph3PNPPh3][PF6] as the analytical standard. B; 31P{1H} NMR spectrum of 6.0 equiv 

of TPO and 5.0 equiv of 4.1 in the presence of 0.5 equiv [UO2Cl2(THF)2]2. Cycles 1–6; 31P{1H} 

NMR spectra of charged (blue) and discharged (red) solutions. An unknown species at 45 ppm 
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begins to appear after multiple cycles. (b) Plot of integrated values for all 31P–containing 

species obtained from the charged spectra versus charge cycle number. The repeated cycling 

resulted in loss of electrochemically generated 4.4N (average loss of 15.6 %/cycle) due to 

presumed chloride migration over the anion exchange membrane. There was little change in 

yield of TPO (average loss of 0.3 %/cycle) with larger losses in 1 (average loss of 7.2 %/cycle) 

and 4.5N (average loss of 3.4 %/cycle). The %/cycle values were estimated from the calculated 

trendlines by taking the ratio of the slope vs. the y–intercept values. 

 
4.2.5 Biphasic electrochemical capture and release 

A biphasic extraction scheme involving dissolved UO22+ (from UO2(NO3)2(THF)2) in 

the aqueous phase and 4.1 in the organic phase was next explored as a model system (Figure 

4.11)71. We switched solvents from PC to water–immiscible 1,2–dichloroethane (DCE) 

primarily because of the solubility of 4.4N/4.5N in DCE. Additionally, we modified our H–

cell design to include a physical glass frit separator coupled with a heterogeneous carbon 

additive acting as a capacitive buffer, analogous to a previous report72, due to the 

incompatibility of DCE with the AEM. The capture and release of UO22+ was simultaneously 

monitored by 31P{1H} NMR and ultraviolet–visible absorption (UV/Vis) spectroscopies for 

the organic and aqueous layers, respectively. We note that the vibronic ligand–to–metal charge 

transfer (LMCT) absorption of UO22+ (425 nm) is pH–dependent, resulting in a variable 

extinction coefficient (e)73-74; therefore, a buffered solution of UO22+ was used.  

A DCE solution of 4.1 (1.0 equivalent) with [Bu4N][PF6] as supporting electrolyte was 

galvanostatically charged to a ~ 75% theoretical SOC. Analysis of the solution by 31P{1H} 

NMR spectroscopy revealed the clean conversion of most of 4.1 to 4.2b (aàb, Figure 4.11). 

A sodium acetate (NaOAc)–buffered (pH = 5.4) water solution containing 1.25 equivalents of 
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UO2(NO3)2(THF)2 was next added to the DCE layer with mixing. Approximately 0.9 

equivalent of UO22+ was captured from the aqueous phase as evidenced by comparing the 

before and after UV/Vis spectra (bàd, Figure 4.11). Analysis of the DCE solution by 31P{1H} 

NMR spectroscopy revealed the clean formation of a single resonance at 51.5 ppm (d, Figure 

4.11).  

Given the similar chemical shifts of isolated complexes 4.4 (51.1 ppm) and 4.5 (52.0 

ppm), as well as the quantity of UO22+ captured (0.9 equivalent), we reported that the uranyl is 

likely the mono–ligated 4.4N (X = OAc– due to the buffer); however, we have found in further 

experiments that upon isolation of the reaction mixture and recrystallization by vapor diffusion 

with DCE/Et2O leads to large yellow block crystals suitable for XRD analysis, isolating 

complex 4.5N. 31P{1H} analysis of the crystals in DCE shows a single resonance at a chemical 

shift (51.5 ppm) identical to the chemical shift in all biphasic experiments. We have yet been 

able to determine the reason for isolation of this product in high yield, as it is not the predicted 

stoichiometric product. Additionally, it is important to note that original experiments were 

conducted in a stoichiometry of 2:1 for 4.2b:UO2(NO3)2(THF)2. It was predicted that excess 

of ligand would promote formation of complex 4.5N in the biphasic capture scheme. We found 

that addition of excess ligand led to multiple unidentifiable side products that were we unable 

to isolate and characterize. We rationalized using an excess of UO22+ could decrease the 

formation of undesirable side products. We have since isolated and characterized the by–

product formed in these reactions, indicating formation of a protonated nido–carborane (5.5) 

(detailed in 5.2.1, Chapter 5). In the biphasic scheme, the aqueous phase was next removed 

and the cell was galvanostatically discharged to achieve a theoretical final SOC of ~ 0 %. 

Mixing a fresh NaOAc–buffered solution (pH = 5.4) to this solution led to the release of 
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approximately 0.5 equivalent of UO22+ from the DCE layer as confirmed by UV/Vis 

spectroscopy (eàf, Figure 4.11).  

 

Figure 4.11. For simplicity, only half of the H–cell is displayed here. (a) 31P{1H} NMR 

spectrum of DCE layer containing only 4.1 and [Bu4N][PF6] ([PF6]– resonance not shown) 

prior to charging. (b) (top) UV–Vis spectrum of aqueous phase containing 1.25 equiv of UO22+ 

(from UO2(NO3)2(THF)2) prior to mixing with DCE phase. (bottom) 31P{1H} NMR spectrum 

DCE 375 450 525
0.0

0.1

0.2

0.3

0.4

0.5

375 450 525
0.0

0.1

0.2

0.3

0.4

0.5

375 450 525
0.0

0.1

0.2

0.3

0.4

0.5

CAPTURE

UV-Vis

(nm)

(ppm)

ab
so
rb
an
ce

(4.2b)

DCE31P{1H} NMR

(ppm)

(4.1)
CHARGE

RELEASE

UV-Vis

(nm)

(ppm)

ab
so
rb
an
ce

(4.1)

(4.1)

LAYER AND MIX PHASES

(4.4N/4.5N)

REMOVE AQUEOUS PHASE
DISCHARGE

(ppm)

(4.1)
ADD BUFFERED

AQUEOUS LAYER

UV-Vis

(nm)

ab
so
rb
an
ce

(4.1)

*

*
#

#
ADDUCT 31P{1H} NMR

(ppm)

31P{1H} NMR

31P{1H} NMR

31P{1H} NMR

*

(from fresh buffer)

(residual UO22+)

DCE

Water pH 5.4

DCE

Water pH 5.4

DCE

Water pH 5.4

DCE

Water pH 5.4

U

U

U

PP
OO

Ph

Ph Ph

Ph

(4.1)

P

O

Ph
Ph

P

O

Ph
Ph

(4.2b)(Bu4N)2

P

O

Ph
Ph

P

O

Ph
Ph

(4.2b)(Bu4N)2

P

O

Ph
Ph

P

O

Ph
Ph

(4.4N/4.5N)(Bu4N)2

U

PP
OO

Ph

Ph Ph

Ph

(4.1)

P

O

Ph
Ph

P

O

Ph
Ph

(adduct)(Bu4N)2

U

(a) (b)

(c) (d)

(e) (f)



 140 

of DCE layer containing 4.2b (major) and 4.1 (minor) after charging 4.1 (from (a)) 

galvanostatically. (c) Mixing of phases from (b) for 2 hours. (d) (top) UV–Vis spectrum of 

aqueous phase after mixing with DCE phase and revealing approximately 0.35 equiv of UO22+ 

remaining. (bottom) 31P{1H} NMR spectrum of DCE layer after mixing with aqueous phase 

and showing captured product 4.4N/4.5N (major) and 4.1 (minor). (e) 31P{1H} NMR spectrum 

of DCE layer following phase separation and galvanostatic discharge. A broad peak is observed 

at 38 ppm which we attribute to an adduct of UO22+ with 4.1. This, together with broadened 

4.1, accounts for ~ 75 % of products. Unknown by–products marked with # or * are also shown 

and account for the rest. (f) (top) UV–Vis spectrum of aqueous phase after addition of fresh 

buffer to the discharged DCE solution (e) and mixing for 12 hours. The spectrum reveals the 

release of approximately 0.50 equiv of UO22+. (bottom) 31P{1H} NMR spectrum of DCE layer 

after mixing with fresh buffer and showing the free carborane 4.1 (major), as well as unknown 

by–products at 44 and 20 ppm, marked by * (~20 % total). 

 
Analysis of the DCE layer by 31P{1H} NMR spectroscopy revealed the near quantitative 

conversion to 4.1, as well as the formation of minor (~20 %) unknown byproducts (f, Figure 

4.11). We propose that the acetate ions likely act as the biphasic analog of the monophasic 

TPO ligands by competitively binding with 4.1 to UO22+. Control experiments revealed that 

negligible biphasic capture of UO22+ from the NaOAc buffered solution occurred in the 

presence or absence of 4.1. Together, these biphasic GBE experiments demonstrate the 

potential applicability of this redox–switchable capture and release chemistry. 

4.3 Conclusions 

In summary, this chapter has outlined a new approach to uranyl management involving 

its capture and most importantly, its release by controlled redox–switchable chelation using a 
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derivatized ortho–carborane in monophasic or biphasic (organic/aqueous) environments. We 

anticipate this fundamentally new direction in cluster carborane chemistry may have a 

significant impact on nuclear fuel extraction and waste sequestration activities and may spawn 

new research directions in related metal capture and release activities. 

4.4 Experimental Section 

4.4.1 General considerations 

All manipulations were performed under an atmosphere of dry, oxygen–free N2 or Ar by means 

of standard Schlenk or glovebox techniques (MBraun (equipped with a –38 °C freezer) or VAC 

gloveboxes). Hexanes, pentane, dichloromethane (DCM), and benzene were dried on an 

MBraun solvent purification system. Acetonitrile (–H3 and –D3) was dried over CaH2 for 

several days prior to distillation. THF was dried over sodium benzophenone and distilled. 

Propylene carbonate (PC) was degassed by freeze–pump–thaw and stored on activated 4 Å 

molecular sieves prior to use. 1,2–Dichloroethane (DCE) was initially distilled followed by 

drying over CaH2 for several days prior to a second distillation and subsequent storage on 

activated 4 Å molecular sieves. [FeCp2][PF6], [Bu4N][Cl], and triphenylphosphine oxide 

(TPO) were purchased from Fisher Scientific, trimesitylphosphine (Mes3P) was purchased 

from VWR International, nBuLi (1.6 M in hexanes) was purchased from Aldrich, and all were 

used without further purification. Ortho–carborane was purchased from Boron Specialties and 

sublimed before use. Ph2PCl was purchased from Aldrich and vacuum distilled prior to use. 

Decamethylcobaltocene (CoCp*2) was purchased from Aldrich and purified by filtration 

through Celite using pentane, followed by recrystallization from pentane at –38 °C over several 

days. [Bu4N][PF6] was purchased from Oakwood Chemicals and purified by twice 

recrystallizing from hot ethanol. The recrystallized product was then washed with cold water, 
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cold ethanol, and pentane prior to drying at 100 °C under vacuum for 24 h. Sodium acetate 

(NaOAc) buffer was prepared from a stock solution purchased from Aldrich (pH 4.9) and 

adjusted to pH 5.4 using NaOH. The pH value was confirmed using a pH meter. Ketjenblack® 

EC–600JD (KB) was purchased from a private supplier. UO2Cl2(TPO)2,65 [UO2Cl2(THF)2]2,59 

[UO2(NO3)2(THF)3],75 KC8,76 and bis(triphenyl–phosphoranylidene)ammonium 

hexafluorophosphate ([Ph3PNPPh3][PF6])77 were prepared by literature procedures.  

NMR spectra were obtained on a Varian Unity Inova 500 MHz or Agilent Technologies 400 

MHz spectrometer, and referenced to residual solvent resonances of acetonitrile (MeCN–d3) 

or dichloromethane (DCM–d2), or externally (11B: 85% (Et2O)BF3, 31P: 85% H3PO4,). 

Chemical shifts (δ) are recorded in ppm. All 11B and 11B{1H} NMR spectra were processed 

using MestReNova software in order to reduce background signal with a linewidth of 

approximately 3000 Hz from the Pyrex NMR tubes. The NMR time–domain data were first 

left–shifted to discard the first ~0.1 ms.  To correct the linear phase change, linear prediction 

(LP) is used to fill the initial discarded data before Fourier transform or an appropriate linear 

phase correction is applied to the frequency domain data after Fourier transform. T1 relaxation 

values for 31P nuclei were determined using the inversion–recovery method. The delay times 

after the 180–degree inversion pulse were varied up to the maximum of 5 times of the expected 

T1 values. T1’s were calculated using the following equation. 

Formula for calculating T1 values from inversion recovery method.  

I(t) = A ∗ exp <−
t
𝑇(
> + B 

The signal recovery curve was fit with an exponential function to extract the T1 values. 

Subsequent 1D spectra were acquired with 5 times the longest T1 value measured for accurate 

integrations (Figure 4.12).  



 143 

 

Figure 4.12. T1 relaxation values for 31P nuclei were determined using the inversion–recovery 

method. T1 values (s) were determined for TPO: 2.3; Mes3P: 5.1; [Ph3PNPPh3][PF6]: 7.1; 4.1: 

0.51; 4.4: 0.64; 4.5: 0.57 (Table 4.2). 

 
Table 4.2. Calculated T1 values.  

Compound T1 Value 
TPO 2.3 

Mes3P 5.1 
[Ph3PNPPh3][PF6] 7.1 

4.1 0.51 
4.4 0.64 
4.5 0.57 

 
UV/Vis absorption spectra were collected on a Shimadzu UV–2401PC spectrophotometer. The 

UO22+ extinction coefficient (Ɛ) was experimentally determined to be 7.715 L•mol–1•cm–1 (460 

nm) at pH 5.4.  

Elemental analyses (C, N, H) were recorded at the University of California, Berkeley using a 

Perkin Elmer 2400 Series II combustion analyser.  

Cyclic Voltammetry was performed on a CH Instruments Electrochemical Analysis 

potentiostat, equipped with a 3 mm diameter glassy carbon working electrode, a Ag wire 

pseudo–reference electrode, and a Pt wire counter electrode using a [Bu4N][PF6] (0.1 M) 

0 1 2 3 4 5 6 7

-60

-40

-20

0

20

40

60

 

 

In
te

ns
ity

Time (secs)

 TPO (T1 = 2.3)
 Mes3P (T1 = 5.1)
 PPN-PF6 (T1 = 7.1)
 (1) (T1 = 0.51)
 (3) (T1 = 0.64)
 (4) (T1 = 0.57)

[Ph3PNPPh3][PF6]
4.1

4.5
4.4



 144 

solution as supporting electrolyte. CVs were referenced to the ferrocene/ferrocenium (Fc/Fc+) 

redox couple. 

Galvanostatic Bulk Electrolysis cycling experiments were carried out using a Metrohm 

Autolab PGSTAT128N potentiostat/galvanostat and carried out inside an Ar glovebox.  The 

full experimental setup for both the mono– and biphasic cycling experiments are described 

below. 

X–ray crystallography data was collected on a Bruker KAPPA APEX II diffractometer 

equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Kα 

X–ray source (α = 0.71073 Å). The crystals were mounted on a cryoloop under Paratone–N 

oil, and all data were collected at 100(2) K using an Oxford nitrogen gas cryostream system. 

A hemisphere of data was collected using ω scans with 0.5° frame widths. Data collection and 

cell parameter determination were conducted using the SMART program. Integration of the 

data frames and final cell parameter refinement were performed using SAINT software. 

Absorption correction of the data was carried out using SADABS. Structure determination was 

done using direct or Patterson methods and difference Fourier techniques. All hydrogen atom 

positions were idealized and rode on the atom of attachment. Structure solution, refinement, 

graphics, and creation of publication materials were performed using SHELXTL or OLEX2. 

4.4.2 Synthesis of compounds 

Synthesis of closo–(1,2–(Ph2PO)2–1,2–C2B10H10) (4.1): The synthesis of compound 4.1 was 

accomplished in two steps by modifications to literature procedures.31, 78 

Step 1: A solution of nBuLi in hexane (1.6 M, 28.2 mL, 45 mmol) was added at –78 °C 

dropwise to a solution of ortho–carborane (3.1 g, 21.5 mmol) in dry diethyl ether (250 mL), 

resulting in the formation of a fine colourless precipitate. The reaction was slowly warmed to 
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room temperature, and after stirring for 30 mins at room temperature, the mixture was cooled 

to 0 oC and Ph2PCl (7.7 mL, 41.7 mmol) was added dropwise, resulting in a pale orange 

solution with a colourless precipitate. The mixture was stirred for 30 mins at 0 oC. The solution 

was brought to room temperature and stirred for 30 mins and was subsequently warmed to 

reflux and stirred for an additional 30 mins. The solution was cooled to 0 °C and water (30 

mL) was slowly added to the mixture. The mixture was allowed to stir for 20 mins and was 

filtered over a glass frit, where the resulting solid was washed with additional water (30 mL) 

and diethyl ether (20 mL). The solid was dried under vacuum at 100 oC for 2 h. The product 

was recrystallized from a mixture of hexane/toluene and was obtained in 81% yield (8.6 g, 16.7 

mmol.) 1H NMR (400 MHz, CDCl3): δ 7.06–7.47 (m, 20H); 0.98–2.66 (broad, 10H). 11B NMR 

(400 MHz, CDCl3): δ –0.40; –9.42. 11B{1H} NMR (400 MHz, CDCl3): δ –0.40; –7.21; –9.42. 

31P{1H} NMR (400 MHz, CDCl3): δ 7.88.  

Step 2: A solution of H2O2 (30% in water, 1.8 mL, 58.7 mmol) was added dropwise to a 

solution of [closo–(1,2–(Ph2P)2–1,2–C2B10H10)] (from step 1) (2.1 g, 4.1 mmol) in THF (50 

mL). The reaction was stirred for 3 h at room temperature. The reaction was monitored by 31P 

NMR spectroscopy for formation of an unwanted side–product at 49 ppm. Once this product 

formed, the reaction was discontinued by addition of chloroform. The mixture was washed 

with water and brine, the phases separated, and the organic layer dried with Na2SO4. The 

solvent was removed, and the solid was slowly recrystallized from acetonitrile to yield a 

colourless crystalline solid. The solid was dried under vacuum at 80 °C for several hours. (1.4 

g, 2.6 mmol, 60% yield). Single crystals suitable for X–ray crystallography were obtained by 

vapour diffusion of pentane in a saturated THF solution of 4.1. 1H NMR (400 MHz, MeCN–

d3): δ 7.99 (m, 8H); 7.63 (m, 4H); 7.54 (m, 8H); 2.5 (broad s, 10H). 11B and 11B{1H} NMR 
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(400 MHZ, MeCN–d3): δ 0.66; –8.75. 31P{1H} NMR (400 MHz, MeCN–d3): δ 22.8.  Anal. 

Calcd. for C26H30B10O2P2: C, 57.35; H, 5.55. Found: C, 57.33; H, 5.66. Selected interatomic 

distances for 4.1 where C∙∙∙C: 1.688(4) Å; P∙∙∙P: 3.537 Å.  

Synthesis of UO2Cl2(4.1)2: A 20 mL vial equipped with a magnetic stirbar was charged with 

4.1 (54.4 mg, 0.1 mmol) and 2 mL of DCM. In a separate vial, [UO2Cl2(THF)2]2 (24.2 mg, 

0.025 mmol) was dissolved in 2 mL of DCM and added to the stirring solution of 4.1, resulting 

in the formation of a light–yellow suspension. After 1 h, the reaction mixture became 

homogeneous. This was stirred for an additional 24 h at room temperature. The solvent was 

removed, yielding a yellow solid (62.5 mg). Multiple attempts were made to obtain single 

crystals suitable for XRD studies but failed. 1H NMR (400 MHz, DCM–d2): δ 8.32–6.29 (m, 

20H); 2.5 (broad s, 10H). 11B and 11B{1H} NMR (400 MHz, DCM–d2): δ 5.84; –8.46. 31P{1H} 

NMR (400 MHz, DCM–d2): δ 38.8 (s); 38.4 (s).  Anal. Calcd. for 

C52H60B20Cl2O6P4U•1/2CH2Cl2: C, 43.05; H, 4.16. Found: C, 42.76; H, 4.32.  

Synthesis of [CoCp*2]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.2a): A 20 mL vial equipped 

with a magnetic stirbar was charged with 4.1 (54.4 mg, 0.1 mmol) and 6 mL of benzene. In a 

separate vial, CoCp*2 (69.1 mg, 0.2 mmol, 2.0 equiv) was dissolved in 4 mL of benzene and 

added dropwise to the stirring solution of 4.1. Upon addition, a yellow solid immediately 

precipitated from the reaction mixture and the mixture was stirred for an additional 4 h at room 

temperature. Stirring was discontinued and the solid was allowed to settle to the bottom of the 

vial. The supernatant was decanted and filtered on a plug of Celite. The solids were washed 

with benzene (3 x 6 mL) and each washing was filtered over the same Celite plug. The 

remaining solids were then dissolved in a minimal amount of MeCN (2 mL) and filtered on 

the same Celite plug into a new vial. The MeCN filtrate was collected and the volatiles were 
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removed in vacuo, yielding a shiny golden–yellow solid (114.3 mg, 0.95 mmol, 95% yield). 

Single crystals suitable for X–ray crystallography were obtained by vapour diffusion of Et2O 

in a saturated MeCN solution of 4.2a at –38 °C. 1H NMR (400 MHz, MeCN–d3): δ 8.05 (broad 

m, 8H); 7.24 (broad s, 12H); 1.62 (s, 60H). Note: Carborane B–H resonances are too broad to 

be observed. 11B and 11B{1H} NMR (400 MHZ, MeCN–d3): δ 20.24; –0.62; –18.46; –22.06. 

31P{1H} NMR (400 MHz, MeCN–d3): δ 29.8. Anal. Calcd. for C66H90B10Co2O2P2: C, 65.88; 

H, 7.54. Found: C, 65.57; H, 7.67. Selected interatomic distances for 4.2a where C∙∙∙C: 2.860 

Å; P∙∙∙P: 5.036 Å. 

Synthesis of [Bu4N]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.2b): The synthesis of 

compound 4.2b was accomplished in two steps. 

Step 1: In the glovebox, a 250 mL round bottom equipped with a magnetic stirbar was charged 

with 4.1 (272.2 mg, 0.5 mmol), 20 mL of THF, and cooled to –78 °C. In a separate vial, KC8 

(182.4 mg, 1.35 mmol, 2.7 equiv) was suspended in 20 mL of THF and added slowly dropwise 

to the stirring solution of 4.1. Upon addition, the KC8 suspension began to turn grey in colour 

and was stirred for 30 mins at room temperature. Stirring was discontinued and the mixture 

was filtered over a pad of Celite on a fine glass frit. The graphite pad was washed additionally 

with MeCN (3 x 5 mL). The filtrate was collected and the volatiles were removed in vacuo, 

yielding a pale–yellow oil. The oil was redissolved in THF (5 mL) and layered with 5 mL of 

pentane and was recrystallized at –38 °C, yielding a white solid (234.1 mg, 0.38 mmol, 75% 

yield). 1H NMR (400 MHz, MeCN–d3): δ 7.81 (broad m, 8H); 7.28 (broad m, 12H). Note: 

Carborane B–H resonances are too broad to be observed. 11B and 11B{1H} NMR (400 MHZ, 

MeCN–d3): δ 20.24; –0.62; –18.46; –22.06. 31P{1H} NMR (400 MHz, MeCN–d3): δ 31.8. 

Anal. Calcd. for C26H30B10K2O2P2•THF: C, 51.86; H, 5.51. Found: C, 51.09; H, 5.47. 
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Step 2: A 20 mL vial equipped with a magnetic stirbar was charged with [K]2[(nido–1,2–

(Ph2PO)2–1,2–C2B10H10)•THF] (655.4 mg, 0.94 mmol) (Step 1), 15 mL of DCM, and was 

cooled to –78 °C. In a separate vial, [Bu4N][Cl] (528 mg, 1.88 mmol, 2.0 equiv) was dissolved 

in 10 mL of DCM and added dropwise to the stirring carborane suspension. Upon addition, the 

reaction mixture became homogenous and after 1 h, a white precipitate began to crash out. 

This mixture was stirred for 2 h at room temperature. Stirring was discontinued and all volatiles 

were removed, yielding a pale–yellow solid. A minimal amount of DCM (3 mL) was added 

and the mixture was filtered on a plug of Celite. The solids were washed with chilled DCM (3 

x 2 mL) and each washing was filtered over the same Celite plug. The DCM filtrate was 

collected and the volatiles were removed in vacuo, yielding a pale–yellow residue which was 

triturated with pentane (10 mL) and dried in vacuo to yield an off–white solid which was 

recrystallized from DCM and pentane (690.4 mg, 0.67 mmol, 71 % yield). 1H NMR (400 

MHz, MeCN–d3): δ 8.03 (m, 8H); 7.25 (broad s, 12H); 3.08 (m, 16H); 1.59 (m, 16H); 1.35 (m, 

16H); 0.96 (t, 24H). Note: Carborane B–H resonances are too broad to be observed. 11B and 

11B{1H} NMR (400 MHZ, MeCN–d3): δ 20.25; –0.65; –18.42; –22.05. 31P{1H }NMR (400 

MHz, MeCN–d3): δ 30.1. Anal. Calcd. for C58H102B10N2O2P2: C, 67.67; H, 9.99. Found: C, 

66.81; H, 10.29.  

Synthesis of [UO2Cl(THF)2][nido–7,8–(Ph2PO)2–7,8–C2B9H10] (4.3): A 20 ml vial equipped 

with a magnetic stirbar was charged with 4.1 (65.2 mg, 0.12 mmol) and 4 ml of THF. In a 

separate vial, [UO2Cl2(THF)2]2 (24.2 mg, 0.025 mmol) was dissolved in 4 ml of THF and 

added to the stirring solution of 4.1. Upon addition, the solution became yellow in color. The 

solution stirred overnight (20 hrs) at room temperature. The solvent was removed yielding a 

shiny yellow solid. The product was recrystallized from THF/hexanes yielding yellow crystals 
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(63.7 mg, 0.065 mmol, 65% yield). 1H NMR (400 MHz, d3–MeCN): δ 7.9–7.2 (m, 20H). 

31P{1H} NMR (400 MHz, d3–MeCN): δ 48.5 ppm. 11B{1H} NMR (400 MHZ, d3–MeCN): δ 

19.9; –9.7; –18.3; –31.6; –34.4. Anal. Calcd. for C34H44B9O6P2U: C, 41.61; H, 4.52. Found: C, 

42.05; H, 4.95. 

Synthesis of [CoCp*2]2[UO2Cl2(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.4): A 20 mL vial 

equipped with a magnetic stirbar was charged with [UO2Cl2(THF)2]2 (16.9 mg, 0.018 mmol) 

and 4 mL of MeCN. In a separate vial, 4.2a (42.2 mg, 0.035 mmol) was dissolved in 4 mL of 

MeCN and then added dropwise to the stirring solution of [UO2Cl2(THF)2]2, turning dark 

yellow in colour. After stirring for 5 mins, a yellow solid began to precipitate from the reaction 

mixture and this was stirred at room temperature for 4 h. Stirring was discontinued and the 

mixture was passed over a plug of Celite, collecting a yellow solid and a yellow filtrate. The 

solvent was removed from the yellow filtrate yielding a yellow solid which was washed with 

THF (3 x 2 mL) and passed over another plug of Celite. The filtrate was collected and the 

volatiles were removed in vacuo, yielding a yellow powder. Residual [CoCp*2][Cl] was 

removed by selectively recrystallizing the mixture by vapor diffusion of pyridine/Et2O at –38 

°C. The supernatant was transferred and volatiles removed collecting a yellow solid (36.3 mg, 

0.024 mmol, 69 % yield). Single crystals suitable for XRD studies were grown by vapour 

diffusion of Et2O into a saturated MeCN solution of 4.4 at room temperature. 1H NMR (400 

MHz, MeCN–d3): δ 8.13 (m, 10H); 7.35 (m, 10H); 1.66 (s, 60H). Note: Carborane B–H 

resonances are too broad to be observed. 11B and 11B{1H} NMR (400 MHZ, MeCN–d3): δ 

0.27; –16.90; –19.69. 31P{1H} NMR (400 MHz, MeCN–d3): δ 51.12. Anal. Calcd. for 

C66H90B10Cl2Co2O4P2U•2MeCN: C, 51.70; H, 5.95; N, 1.72. Found: C, 51.91; H, 5.88; N, 1.74. 
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Selected interatomic distances (Å) and angles (º) for 4.4 where C∙∙∙C: 2.855 Å; P∙∙∙P: 4.697 Å; 

O1–U–O2: 86.5(3)º. 

Synthesis of [CoCp*2]2[UO2(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] (4.5): A 20 mL vial 

equipped with a magnetic stirbar was charged with 4.2a (26.6 mg, 0.022 mmol) and 1.5 mL of 

MeCN. In a separate vial, [UO2Cl2(THF)2]2 (5.3 mg, 0.0055 mmol) was dissolved in 1.5 mL 

of MeCN and then added dropwise to the stirring solution of 4.2a. After stirring for 5 mins, a 

yellow solid began to precipitate from the reaction mixture and this was stirred at room 

temperature for 24 h. Stirring was discontinued and the solid was allowed to settle to the bottom 

of the vial. The supernatant was decanted and filtered on a plug of Celite. The solids were 

washed with MeCN (3 x 2 mL) and each washing was filtered over the same Celite plug. The 

remaining solids were then dissolved in a minimal amount of pyridine and filtered on the same 

Celite plug into a new vial. The pyridine filtrate was collected and the volatiles removed in 

vacuo, yielding a light–yellow powder (35.5mg, 0.018 mmol, 80% yield). Single crystals 

suitable for XRD analysis were grown from a small–scale reaction in a J–young NMR tube 

which was charged with a solution of 4.2a (12.0 mg, 0.01 mmol) in MeCN–d3 (0.25 mL). A 

solution of [UO2Cl2(THF)2]2 (2.4 mg, 0.0025 mmol) in MeCN–d3 (0.25 mL) was added to this 

whereupon crystals suitable for XRD analysis slowly formed on the walls of the NMR tube. 

1H NMR (400 MHz, MeCN–d3): δ 8.13 (m, 15H); 7.38 (m, 10H); 7.24 (m, 15H); 1.68 (s, 60H). 

Note: Carborane B–H resonances are too broad to be observed. 11B and 11B{1H} NMR (400 

MHZ, MeCN–d3): δ 0.26; –17.15; –20.66. 31P{1H} NMR (400 MHz, MeCN–d3): δ 52.0. Anal. 

Calcd. for C92H120B20Co2O6P4U: C, 54.76; H, 5.99. Found: C, 55.22; H, 6.36. Selected 

interatomic distances (Å) and angles (º) for 4 where C∙∙∙C: 2.857 Å; P∙∙∙P: 4.806 Å; O1–U–O2: 

89.7(17)º. 
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4.4.3 Cyclic voltammograms 

 

Figure 4.13. CV of 4.1 (0.5 mM) in a 0.1 M [Bu4N][PF6] THF solution using a 3 mm diameter 

glassy–carbon working electrode and platinum–wire counter electrode, referenced to the 

Fc+/Fc redox couple (scan rate = 100 mV/s). The quasi–reversible redox event exhibits two 

cathodic waves at –0.93 and –1.11 V. 

 

Figure 4.14. CV of 4.5 (1.0 mM) in a 0.1 M [Bu4N][PF6] PC solution using a 3 mm diameter 

glassy–carbon working electrode and platinum–wire counter electrode, referenced to the 

Fc+/Fc couple (scan rate = 100 mV/s). The quasi–reversible redox event exhibits one anodic 

wave at –0.42 V.   
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4.4.4 Monophasic chemical capture and release of UO22+ 

Formation of in–situ generated [(UO2)(TPO)2Cl2]:  A 20 mL vial equipped with a magnetic 

stirbar was charged with 4.1 (2.0 equiv, 5.4 mg, 0.01 mmol), TPO (4.0 equiv, 5.6 mg, 0.02 

mmol), and Mes3P (4.0 equiv, 7.7 mg, 0.02 mmol) and dissolved in a 3:1 PC:benzene (3 mL) 

solvent system. A 500 μL aliquot was taken from this mixture and placed in an NMR tube 

equipped with a MeCN–d3 capillary tube. A 31P{1H} NMR spectrum was collected and the 

relative integrations recorded (a, Figure 4.8). The NMR solution was returned to the vial and 

[UO2Cl2(THF)2]2 (0.5 equiv, 2.4 mg, 0.0025 mmol) was added. The mixture was stirred 

vigorously until all the solids were dissolved (~20 mins), resulting in a light–yellow coloured 

solution. After 1 h, a 500 μL aliquot was taken from the reaction mixture and placed in an 

NMR tube equipped with a MeCN–d3 capillary tube. A 31P{1H} NMR spectrum was obtained 

(b, Figure 4.8). After the spectrum was recorded, the NMR sample was transferred back into 

the reaction mixture.  

Reduction: To the solution generated above, CoCp*2 (4.0 equiv, 6.6 mg, 0.02 mmol) in 100 μL 

of benzene was added to the solution dropwise. Upon addition, the solution turned golden in 

colour and was stirred for 1 h at room temperature. A 500 μL aliquot was then taken from the 

reaction mixture and placed in an NMR tube equipped with a MeCN–d3 capillary tube. A 

31P{1H} NMR spectrum was obtained (c, Figure 4.8). After the spectrum was obtained, the 

NMR solution was transferred back into the reaction mixture.  

Oxidation: To the reduced solution above, [Fc][PF6] (4.0 equiv, 6.6 mg, 0.02 mmol) was 

added. Upon addition, the solution turned green in colour, and then turned a golden colour. 

This was stirred for 1 h at room temperature after which a 500 μL aliquot was taken from the 

reaction mixture and placed in an NMR tube equipped with a MeCN–d3 capillary tube. A 
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331P{1H} NMR spectrum was obtained (d, Figure 4.8). After the spectrum was obtained, the 

NMR sample was transferred back into the reaction mixture.  

4.4.5 Monophasic electrochemical capture and release of UO22+ 

4.4.5.1 Experimental Conditions  

Galvanostatic bulk electrolysis experiments were carried out in a divided glass H–cell (a and 

b, Figure 4.15). The physical barrier between each component of the cell, and the respective 

two Bio–Logic high–surface coiled Pt electrodes, was an anion exchange membrane 

(Membranes International, AMI–7001) held in place by two FEP–encapsulated silicon o–rings 

with a metal clamp. The electrodes were cleaned by rinsing with distilled water and acetone 

and then heating white–hot with a butane torch prior to use. The anion exchange membrane 

was soaked in a 0.1 M [Bu4N][PF6] solution of PC/benzene (3:1) over 3 Å molecular sieves 

for 24 hours prior to use.   

 

Figure 4.15. (a) Schematic of the divided H–cell used for the monophasic galvanostatic bulk 

electrolysis cycling experiments with UO22+. (b) Picture of the divided H–cell for the 

monophasic galvanostatic bulk electrolysis cycling experiments with UO22+. 

 
The left compartment, containing the counter electrode, consisted of Fc (41.9 mg, 0.225 mmol) 

and [Fc][PF6] (74.5 mg, 0.225 mmol) in 7.0 mL of a 0.1 M [Bu4N][PF6] PC:benzene solution. 

The right compartment, containing the working electrode, contained 4.1 (5 equiv, 40.8 mg, 
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0.075 mmol), TPO (6 equiv, 25.0 mg, 0.09 mmol), [UO2Cl2(THF)2]2 (0.5 equiv, 7.3 mg, 0.0075 

mmol of dimer (1.0 equiv of U monomer)), and [Ph3PNPPh3][PF6] (1.0 equiv, 10.2 mg, 0.015 

mmol) in a 0.1 M [Bu4N][PF6] PC:benzene solution (7.0 mL).  

4.4.5.2 Experimental Parameters  

Reduction (UO22+ capture): to initiate UO22+ capture, the first cycle was charged with an 

applied current of –201.0 μA over the course of 6 h to a 75 % state of charge (SOC) relative to 

the [UO2Cl2(THF)2]2 concentration. After the cell was charged, a wait period of 2 h was 

incorporated in between charge/discharge cycling (Figure 4.9).  

Oxidation (UO22+ release): UO22+ release was achieved by discharging the cell 

galvanostatically at an applied current of 68.94 μA over the course of 13 h, utilizing voltage 

cutoffs (0.0 V), to a final SOC of approximately 15 % relative to the initial [UO2Cl2(THF)2]2 

concentration. After each cell discharge, a wait period ranging between 4–5 h was incorporated 

(depending on when the voltage cutoffs were applied) in between discharging/charging cycles 

(Figure 4.9).  

Cycling (capture and release): the cell was charged/discharged over the course of six cycles. 

Each additional cycle thereafter was charged and discharged galvanostatically at currents of –

160.87 μA and 68.94 μA, respectively. This resulted in charging cycles from ~15 to ~75% 

SOC, and between ~75 to ~15% SOC, respectively. Between each charge/discharge a 31P{1H} 

NMR spectrum was obtained (Figure 4.10) using a 40 s relaxation delay (see NMR details 

above, Figure 4.12) with [Ph3PNPPh3][PF6] as the standard. We note that an excess of 4.1 was 

used to keep the applied current (Iapp) below the limiting current at any given time (Il(t)) for 

the presumed EC mechanism involving reduction of 4.1 followed by uranyl ligation. This 

allows the use of a galvanostatic charge/discharge procedure operating close to the mass–
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transfer–controlled plateau (similar to potentiostatic methods) but with the added benefit of not 

requiring prior knowledge of the optimal applied voltage, which will be a function of both the 

onset of the reductive process and total cell impedance68. Attempts at GBE with stoichiometric 

equivalents of 4.1, revealed an earlier than expected onset of Iapp > Il(t), clearly indicating that 

additional and unwanted electrochemical processes were being accessed, perhaps indicating 

an initial degradation of 4.1 within the system. Therefore, an initial ratio of 0.5:6:8 for 

[UO2Cl2(THF)2]2:4.1:TPO reagents was utilized. 

4.4.6 Biphasic electrochemical capture and release of UO22+ 

4.4.6.1 Experimental Conditions  

 

Figure 4.16. (a) Schematic of the two–compartment H–cell used for the biphasic 

electrochemical capture and release of UO22+. (b) Picture of the two–compartment H–cell used 

for the biphasic electrochemical capture and release of UO22+. 

 
A complete, stepwise, half–cell figure of the experiments conducted in this section, along with 

spectroscopic data is shown in Figure 4.11. Two–electrode galvanostatic bulk electrolysis was 

performed in an argon glovebox utilizing a two compartment H–cell with a glass frit separator, 

a stir bar in each compartment, and reticulated vitreous carbon (RVC) foam electrodes for both 

(a) (b)



 156 

the working and counter electrodes (a and b, Figure 4.16). The RVC foam electrodes consisted 

of a ~5 cm steel rod inserted into 100 PPI Duocel® RVC foam core (length ~2.5 cm; diameter 

~3 mm), with a tap bore (length ~5 mm; diameter ~2 mm), which was filled with molten 

gallium to fuse the steel connector to the RVC foam. Each electrode has an end–to–tip 

resistance of < 5 Ω. The RVC electrodes were rinsed with methanol and dried under reduced 

pressure overnight prior to use. The Ketjenblack used was dried for 48 h in a 175 oC oven and 

ground in a glass mortar and pestle under inert atmosphere prior to use. 

4.4.6.2 Experimental Parameters 

Reduction (charging): The counter compartment consisted of 400 mg of Ketjenblack 

suspended in 6 mL of a 0.1 M solution of [Bu4N][PF6] in DCE. The working compartment 

consisted of 4.1 (34 mg, 0.0625 mmol, 1.0 equiv) dissolved in 6 mL of a 0.1 M solution of 

[Bu4N][PF6] in DCE. A charging current of –107.1 μA with a –9.25 C charge cutoff was 

utilized, resulting in a ~ 75% SOC after 24 h assuming 100% columbic efficiency. Upon 

completion, the working compartment solution was analysed by 31P{1H} NMR spectroscopy 

to reveal the formation of 4.2b (aàb, Figure 4.11; a, Figure 4.17). The working compartment 

solution was then removed from the H–cell and placed in a 20 mL vial for subsequent capture 

chemistry. 
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Figure 4.17. (a) 31P{1H} NMR spectrum in DCE of electrochemically reduced 4.1 to produce 

4.2b. (b) 31P{1H} NMR spectrum of DCE layer following UO22+ capture from the aqueous 

layer containing UO2(NO3)2(THF)2 in 0.1 M sodium acetate buffer. (c) 31P{1H} NMR 

spectrum of electrochemically oxidized DCE layer containing 4.4N/4.5N following extraction 

of UO22+ into 0.1 M sodium acetate buffer. Minor unknown by–products (*) are also observed.  

 
UO22+ capture: A 5 mL vial was charged with excess UO2(NO3)2(THF)2 (42 mg, 0.078 mmol, 

1.25 equiv), and dissolved in 3 mL of a 0.1 M sodium acetate buffer adjusted to pH 5.4 (0.026 

M UO22+). An aliquot of the resulting pale–yellow solution was used to record an initial UV–

Vis spectrum (b, Figure 4.11; blue, Figure 4.18). The aliquot was transferred back to the 5 

mL vial and this solution was added slowly dropwise without stirring to the DCE solution 

containing the electrochemically reduced 4.1 (forming 4.2b). After addition, the mixture was 

allowed to stir for 2 hours, resulting in a bright yellow organic phase and a very pale–yellow 

aqueous phase. Stirring was discontinued and the organic and aqueous phases were separated 

using a small separatory funnel. An aliquot of the aqueous phase was used to record a UV–Vis 
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spectrum (d, Figure 4.11; red, Figure 4.18), indicating that 0.022 mmol of UO22+ remained, 

which is equivalent to the capture of 0.056 mmol (~0.9 equiv) to the organic phase. A 1 mL 

aliquot was taken from the pale yellow dichloroethane layer and transferred to an NMR tube. 

An unlocked 31P{1H} NMR spectrum was collected indicating the formation of 4.4N/4.5N (d, 

Figure 4.11; b, Figure 4.17). The NMR solution was returned to the 20 mL vial. 

 

Figure 4.18. (a) (blue) Initial UV–Vis spectrum of UO2(NO3)2(THF)2 (0.042 g, 0.078 mmol, 

0.026 M, 1.25 equiv) in 3 mL of 0.1 M sodium acetate buffer at pH 5.4. (red) UV–Vis spectrum 

taken after mixing the aqueous layer with the DCE layer of electrochemically reduced 4.1 (to 

generate 4.2b) in a 0.1 M [Bu4N][PF6] DCE solution for 2 hours indicating a residual 

concentration of 0.0073 M consistent with a total quantity of captured UO22+ to the DCE layer 

of 0.056 mmol. (b) UV–Vis spectrum of 0.1 M aqueous sodium acetate buffer layer at pH 5.4 

after mixing for 12 hours with electrochemically oxidized 4.4N/4.5N in DCE. The 

concentration of UO22+ was calculated to be 0.010 M consistent with a total quantity of released 

UO22+ from the DCE layer to the aqueous phase of 0.031 mmol. 

 
Oxidation (discharging): Two–electrode galvanostatic bulk electrolysis (discharging) of the 

captured DCE solution was performed using the same cell utilized for charging. A discharging 

current of 107.1 μA was applied until 9.49 C of charge was transferred resulting in a final SOC 

of ~ 0 % (assuming 100% columbic efficiency and no loss of material during the biphasic 
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capture). Upon completion, the working compartment solution was removed and placed in a 

20 mL vial for subsequent release chemistry. 

UO22+ release: The 20 mL vial containing the electrochemically oxidized 4.4N/4.5N yellow 

DCE solution was equipped with a stirbar and a solution of 0.1 M sodium acetate buffer 

adjusted to pH 5.4 (3 mL) was added dropwise to it. The mixture was allowed to stir for 12 

hours, resulting in a pale–yellow aqueous phase and a colourless organic layer. The organic 

and aqueous phases were separated using a small separatory funnel, and an aliquot of the 

aqueous layer was used to take a UV–Vis spectrum indicating the presence of released UO22+ 

(0.031 mmol, ~0.5 equiv) (f, Figure 4.11; b, Figure 4.18). A 1 mL aliquot was taken from the 

yellow DCE layer and transferred to an NMR tube. An unlocked 31P{1H} NMR spectrum was 

collected indicating the clean formation of 4.1 and a small unknown by–product at 20.1 ppm. 

(f, Figure 4.11; c, Figure 4.17).  

4.4.6.3 Biphasic control experiments 

UO22+ migration from water to DCE in the absence of carborane (4.1 or 4.2a/b): A 5 mL 

vial was charged with UO2(NO3)2(THF)2 (14.0 mg, 0.026 mmol), and dissolved in 1.5 mL of 

0.1 M sodium acetate buffer adjusted to pH 5.4 (0.017 M UO22+). An aliquot of the resulting 

pale–yellow solution was used to record an initial UV–Vis spectrum (a, blue, Figure 4.19). 

The aliquot was transferred back to the 5 mL vial. A separate 20 mL vial charged with a stirbar, 

and [Bu4N][PF6] (0.2324 g, 0.1 M) dissolved in DCE (6.0 mL). To the clear DCE solution, the 

pale–yellow aqueous solution was added slowly dropwise over the course of two minutes 

without stirring. After addition, the mixture was allowed to stir for 4 hours and the organic 

phase remained clear. Stirring was discontinued and the organic and aqueous phases were 

separated using a small separatory funnel. Small aliquots of the aqueous (a, red, Figure 4.19) 
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and organic (b, Figure 4.19) phases were used to record UV–Vis spectra which together clearly 

indicated that the UO22+ had remained in the aqueous phase. 

 

Figure 4.19. (a) Control for UO22+ migration from water to DCE in the absence of carborane 

(4.1 or 4.2a/b). (blue) Initial UV–Vis spectrum of UO22+ in 0.1 M sodium acetate buffered 

solution at pH 5.4. (red) UV–Vis spectrum of aqueous layer after mixing for 4 h with DCE 

solution containing [Bu4N][PF6] (0.1 M). (b) Corresponding UV–Vis spectrum of DCE layer 

after mixing for 4 h with the aqueous layer containing UO22+ in (a). 

 
UO22+ migration from water to DCE in the presence of 4.1: A 5 mL vial was charged with 

UO2(NO3)2(THF)2 (14.0 mg, 0.026 mmol, 1.0 equiv), and dissolved in 1.5 mL of 0.1 M sodium 

acetate buffer adjusted to pH 5.4 (0.017 M UO22+). An aliquot of the resulting pale–yellow 

solution was used to record an initial UV–Vis spectrum (a, blue, Figure 4.20). The aliquot was 

transferred back to the 5 mL vial. A separate 20 mL vial was charged with a stirbar, 4.1 (14.1 

mg, 0.026 mmol, 1.0 equiv), [Bu4N][PF6] (0.2324 g, 0.1 M), and DCE (6.0 mL). To the clear 

DCE solution, the pale–yellow aqueous solution was added slowly dropwise over the course 

of two minutes without stirring. After addition, the mixture was allowed to stir for 3 hours and 

the organic phase remained clear. Stirring was discontinued and the organic and aqueous 

phases were separated using a small separatory funnel. Small aliquots of the aqueous (a, red, 
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Figure 4.20) and organic (b, Figure 4.20) phases were used to record UV–Vis spectra which 

together clearly indicated negligible transfer of UO22+ from the aqueous to the organic phase. 

 

Figure 4.20. (a) Control for UO22+ migration from water to DCE in the presence of neutral 

carborane (4.1). (blue) Initial UV–Vis spectrum of UO22+ (1.0 equiv) in 0.1 M sodium acetate 

buffered solution at pH 5.4. (red) UV–Vis spectrum of aqueous layer after mixing for 3 h with 

DCE solution containing [Bu4N][PF6] (0.1 M) and 4.1 (1.0 equiv). (b) Corresponding UV–Vis 

spectrum of DCE layer containing 4.1 after mixing for 3 h with the aqueous layer containing 

UO22+ in (a). The UO22+ extinction coefficient was experimentally determined to be 7.715 

L•mol–1•cm–1 (460 nm) at pH 5.4.  

 
4.4.7 DFT calculations and parameters 

To get a theoretical support for the relative basicity of 4.1, 4.2, TPO and PC, we performed the 

density functional theory (DFT) calculation on isodesmic reactions of proton transfer between 

these molecules at B3LYP/def2–SVP79-80 level of theory in DCM using conductor–like 

polarizable continuum model (CPCM).81  
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Scheme 4.1. DFT calculated isodesmic proton transfer reactions (a) from 4.2∙H+ to two TPOs 

(b) from 2TPO∙H+ to 4.1 (c) from 4.1∙H+ to two PCs. ΔH and ΔG are given in kcal∙mol−1. 

 
Since 4.1 and 4.1 have two P=O units the comparison was made versus two TPO and two PC 

molecules. The calculations have the same trend obtained from competition experiments, 

where 4.2 is much more basic than 2TPOs with the calculated equilibrium constant (Keq) for 

the proton transfer from 4.2∙H+ to two TPOs of 1.21E−25 (a, Scheme 4.1; Figure 4.21). The 

Keq for the proton transfer from 2TPO∙H+ to 4.1 is 5.96E−5, making 2TPOs more basic than 4.1 

(b, Scheme 4.1). Finally, 4.1 is more basic than 2PCs with Keq = 9.20E−12 for proton transfer 

from 4.1∙H+ to two PCs molecules (c, Scheme 4.1). Overall the calculated relative basicity is 

similar to the experimental one with 4.2 > 2TPOs > 4.1 > 2PCs.   

4.2·H+ + 2TPO 4.2 + TPO2·H+

TPO2·H+ + 4.1 2TPO + 4.1·H+

4.1·H+ + 2PC 4.1 + PC2H+

ΔH = 21.89; ΔG = 33.99; Keq = 1.21E-25

ΔH = 16.45; ΔG = 5.76; Keq = 5.96E-25

ΔH = 5.49; ΔG = 15.06; Keq = 9.20E-25

(a)

(b)

(c)
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Figure 4.21. Physical computational representation of various compounds and H+ transfer 

reactions to determine relative basicity’s.  

 
The electron density (ED) surface with electrostatic potentials (ESP) was extracted from 

optimized 4.1 and 4.1 and clearly shows that 4.2 has a significantly larger negative electron 

density located at the oxygen atoms of the P=O moieties (Figure 4.2). DFT calculations were 

performed using Gaussian 09.2. Geometry optimization of all the molecules was carried out 

using the B3LYP/def2–SVP basis sets in dichloromethane using the conductor–like 

polarizable continuum model (CPCM)81-83 implemented in the Gaussian 09 software.  

Thermal energy corrections were extracted from the results of frequency analysis performed 

at the same level of theory (Figure 4.21). Frequency analysis of all the molecules and 

intermediates contained no imaginary frequency showing that these are energy minima. The 
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equilibrium constants were calculated from Gibbs free energy values for the proton transfer 

reactions (Keq = e(−ΔG/RT)) (Scheme 4.1; Table 4.3). 

 
Table 4.3. Calculated values for the H+ transfer reactions. 

Compound 
Sum of electronic 

and zero–point 
Energies 

Sum of electronic 
and thermal 

Energies 

Sum of electronic 
and thermal 
Enthalpies 

Sum of electronic 
and thermal Free 

Energies 
4.1 –2088.959472 –2088.926555 –2088.925611 –2089.023300 

4.1∙H+ –2089.712218 –2089.678373 –2089.677429 –2089.779778 
4.2 –2089.226219 –2089.192596 –2089.191652 –2089.291386 

4.2∙H+ –2089.712218 –2089.678373 –2089.677429 –2089.779778 
TPO –1110.637439 –1110.620695 –1110.619751 –1110.684532 

TPO2∙H+ –2221.726815 –2221.691121 –2221.690177 –2221.802940 
PC –381.346082 –381.339865 –381.338921 –381.376432 

PC2∙H+ –763.108811 –763.094497 –763.093553 –763.153562 
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Chapter 5 – Selective UO22+ Sequestration and Recovery from Aqueous Mixtures 

Utilizing o–carboranes 

5.1 Introduction 

5.1.1 Selective UO22+ sequestration for nuclear waste remediation and reprocessing 

Nuclear waste remediation and spent fuel reprocessing is one of the most important 

issues in nuclear science today. Nuclear power has been shown to be a reliable source of 

electricity and has been argued to be a crucial energy source in reducing CO2 emissions and 

battling the global climate crisis.1 One barrier in the proliferation of nuclear energy as a primary 

energy currency includes the management and disposal of spent nuclear waste. Closed and 

open fuel cycles present many advantages and disadvantages, but it has been shown that 

nuclear fuel cycles where the actinides are recycled through closed fuel cycles offer substantial 

benefits. For example, France is one of the major world leaders in providing power to 

consumers generated nuclear energy, making up roughly 87% of their energy currency.2  The 

UK, France, India, and Russia have been reprocessing their spent fuel on industrial scales for 

decades through use of the PUREX process, recovering U and Pu for reuse in nuclear fuels; 

MOX fuel or reprocessed U fuel.3-8 Removing more than 96% of the recyclable materials also 

reduces the long–term radiotoxicity and quantity of nuclear waste stored in geological 

repositories.9 Additionally, due to U being a finite resource on terrestrial surfaces – in which 

U ores have been projected to be depleted within the next century10-11 – extraction and reuse 

of U from spent fuel can reduce the mining of U ore, increasing the longevity of this natural 

resource.5  

Civil reprocessing plants for nuclear fuel in the US have been non–operational since 

1977 under the US Non–Proliferation Policy. The primary reason for foregoing reprocessing 
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and utilizing open fuel cycles, involves the ease of extraction and isolation of pure Pu waste 

streams from the PUREX process. This has caused national security concerns with fear that 

pure Pu recovered could be diverted from civil use and into nuclear weapon manufacturing 

(not technologically likely without advanced facilities) or through a dispersal device (more 

likely due to radiological toxicity), thereby increasing proliferation resistance for closed fuel 

cycles.8 In 2006, the US government announced the Global Nuclear Partnership (GNEP) in 

which it would “work with other nations possessing advanced nuclear technologies to develop 

new proliferation–resistant recycling technologies in order to produce more energy, reduce 

waste and minimize proliferation concerns”.12  

Between 2006–2008, the GNEP (now known as International Framework for Nuclear 

Energy – IFNEC) had focused on developing new reprocessing strategies which center around 

selectively separating uranium from all other TRU elements and fission products in waste. The 

central feature of these extraction schemes was to ease resistance by eliminating pure Pu 

streams and separating the Pu with U or Pu with all other TRU elements and fission products 

– which could then be transmutated and destroyed in fast neutron reactors. Various iterations 

of UREX processes (URanium EXtraction) had been developed, but safety issues surrounding 

the extraction scheme and defunding from political entities caused the project to be abandoned 

in 2008.12-13 A few examples of the more relevant technologies include NUEX (similar to 

UREX+1a; separates U, then TRUs, without carrying fission products through), COEX 

(separates U and Pu; can be modified for Np together from minor An’s and fission products) 

and GANEX (separates U and Pu as in COEX, then An’s and Ln’s from fission products). All 

these systems have shown promise, but unlike the PUREX process, none are industrially 

viable, suffering due to complexity and lack of understanding.7, 9, 14-17 The most promising 
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technique such as COEX, which co–extracts U and Pu together, limits the recycled material to 

usage in MOX fuels, which presents its own additional complications due to reactor 

modifications (i.e. going from a U fuel to a MOX fuel).18 Additionally, the theft of separated 

Pu is still considered a great national security concern at reprocessing and fabrication facilities, 

specifically in the US If stolen, the threat corresponding to the non–civil usage of Pu 

contributes largely to the barrier impeding us from remediating and reprocessing our nuclear 

waste. Therefore, means of improving reprocessing techniques for selective UO22+ 

sequestration and generating pure U streams from wastes, need to be realized to improve 

technological and proliferation concerns.  

5.1.2 Progress toward selective UO22+ recovery from seawater 

The recovery of uranium from seawater has received considerable attention recently 

due to the size of this yet untapped source for nuclear fuels.19 Uranyl (UO22+, UVI oxidation 

state), the most common form of uranium, is found both in terrestrial ores and is dissolved in 

our oceans, containing 4.5 billion tons, roughly a thousand times more than the known 

terrestrial supply. Although plentiful, the concentration of UO22+ in the ocean is low (3.3 ppb 

or 3.3 g/mL), with seawater containing trace amounts of almost every naturally occurring 

element, making systems selective for UO22+ necessary for efficient extraction.20 Uranium 

extraction from seawater has been extensively studied and developed over the past several 

decades, but most systems present low selectivity toward UO22+ over other metals, meaning 

practical application is far from being realized. Currently, the most developed system, an 

amidioxime–based sorbent, shows selectivity toward vanadium (VV) (14.9%) >> iron (FeIII) 

(1.6%) > uranyl (UVI) (1.0%),21 with vanadium occupying almost 15 times as many sites as 

uranyl, even though the concentrations of each ion are comparable in solution.20-25 Multiple 
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structural and speciation studies have been utilized in order to better understand the ligand–

uranyl, –V, and –Fe binding processes of amidoxime–based ligands in order to design selective 

ligands and sorbents for U.26-31  

Historically, the design of selective sorbents for UO22+ capture are based on soft–hard 

acid–base properties of metal ions and their geometric preferences. Generally, strong and 

selective coordination requires hard–donor atoms with planar geometries that can occupy the 

equatorial open coordination sites of UO22+, which has been widely shown with amidoxime 

ligands.30-34 In 2018, Kabanos and Keramidas reported a structurally similar framework to 

amidioximes, H2bihyat (2,6–bis[hydroxy(methyl)amino]–4–morpholino–1,3,5–triazine) 

ligand, that has two hard deprotonated hydroxylamine oxygens and a negatively charged 

heterocyclic nitrogen donor atom with a planar coordination geometry. Utilizing this 

framework, they demonstrated the strongest and most selective binding of UO22+ in both 

UO22+/FeIII or UO22+/VVO43– aqueous solutions at alkaline pHs.35 Although this is significant 

progress for capture and selectivity chemistry, the controlled release remains challenging with 

these materials and the recyclability is generally poor. In this present study, they did not study 

release of UO22+ from the ligand, but in most of the amidioxime–based systems, coordination 

tends to be very strong and dissociation from the ligand becomes challenging for not only 

UO22+, but also other metal ions that complex with the materials – which tend to be in higher 

concentrations. For example, the stripping conditions required to elute adsorbed VV from 

sorbent systems for reuse requires harsh conditions that ultimately destroy the sorbent.23, 36 

Developing systems that are capable of performing the selective capture and release of UO22+ 

with regeneration of all materials is of great interest in extraction chemistry today.  
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5.1.3 Scope of Chapter 5 

First, we were curious if we could employ our previously developed system, outlined 

in Chapter 4, by exploiting the redox–switchable capabilities of our o–carborane ligand for the 

selective capture and release in terms of nuclear waste remediation or seawater extraction. 

Previously, we found by harnessing the redox–switchable properties of substituted ortho–1,2–

(Ph2PO)2–carboranes (4.1) (Scheme 5.1), we could promote the controlled chemical or 

electrochemical capture and release of UO22+ in monophasic (organic) or biphasic 

(organic/aqueous) solvents systems. This was accomplished by exploiting the increase in the 

ligand bite (θ1à θ2; Scheme 5.1) angle when closo–carborane is reduced to nido–carborane, 

resulting in C–C bond rupture with cage opening, capturing UO22+ (4.1à4.4N/4.5N; Scheme 

5.1).  

 

Scheme 5.1. Redox–controlled capture and release of UO22+ by exploiting differences in bite 

angle (θ1 and θ2).  

 
Subsequent release of UO22+ occurs by re–oxidation of nido–carborane, restoring the C–C 

bond, and closing the cage to the closo conformation (4.1). Building on these results, we have 

investigated UO22+ selectivity and recovery for nuclear waste remediation and selective 

seawater extraction of UO22+ over problematic ions found in seawater such as V and Fe. 
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5.2 Results and Discussion 

5.2.1 Selective separation and recovery of UO22+ from an aqueous mixture of 

actinides(IV), lanthanides(III), and alkali metals for nuclear waste remediation 

Aqueous waste generated in nuclear fission contains more than 40 elements of the 

periodic table, including but not limited to lanthanides (Ln), actinides (An), and alkali metals.37 

Developing systems for the selective sequestration of UO22+ from the minor actinides and 

fission products found in nuclear raffinate are crucial for nuclear waste reprocessing and 

remediation. One of the biggest concerns in waste remediation and reprocessing sciences today 

is proliferation concerns by generating pure Pu waste streams. Within recent years, there have 

been systems developed in order to mitigate these concerns by co–extracting U and Pu – 

eliminating separation of pure Pu – to then be used in MOX fuels, but this limits the fuel to 

technologically developed MOX reactors.18 Instead, it would be beneficial to develop an 

extraction scheme that is capable of selectively extracting UO22+, keeping the PuIV and other 

fission products in the nuclear raffinate, which could then further separate the minor actinides 

and fission products to be transmutated to reduce the long–lived actinide radiotoxicity found 

in HLW. From a chemical point of view, UO22+ and PuIV are hard acids and tend to exhibit an 

affinity toward hard bases such as deprotonated carboxylic and phosphoric acids.38-40 In the 

PUREX process, the UO22+ and PuIV nitrates exhibit almost identical chemistry and there is no 

selectivity between them in these oxidation states. In selectivity chemistry, most alternative 

systems have been investigated in terms of chelation from blood due to adverse human 

exposure,40 where several methods are known for U separation from aqueous mixtures,41-48 but 

few systems have been investigated in terms of UO22+ selectivity in the presence of fission 

products found in waste.45, 49-55 Ultimately, this presents an interesting opportunity to 
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investigate the selectivity of UO22+ in the presence of fission products commonly found in 

nuclear waste.  

 Building on our previous report for biphasic electrochemical UO22+ capture and release 

utilizing redox–switchable o–carboranes (4.1à4.2a/b),56 we sought to investigate the selective 

extraction of UO22+ in aqueous mixtures containing An (ThIV), Ln (NdIII and SmIII), and alkali 

(CsI) metals (Scheme 5.2). Due to the difficulty in handling Pu, Th will instead be used as an 

analogue, as previously done,33, 40, 57-59 but caution must be taken as ThIV reactivity is not 

always analogues to PuIV. With this in mind, Th is considered a good preliminary step for this 

first study, with hopes of performing selectivity chemistry with Pu in the future. From an array 

of lanthanides, NdIII and SmIII were chosen due to being two of the most prevalent lanthanides 

in nuclear waste raffinate in a UO2 fuel and are the lanthanide analogues of U and Pu 

respectively.37  

 

Scheme 5.2. Redox–controlled selective sequestration and recovery of UO22+ in aqueous 

mixtures of ThIV, NdIII, SmIII, CsI. 

 
Lastly, Cs was of interest because it is an alkali metal and presents a different bonding scheme 

in comparison to ThIV and the LnIII ions. Additionally, from a nuclear waste perspective, 137Cs 

(one of the many isotopes of Cs in waste) is one of the most prevalent and radiotoxic alkali 
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metals, which is partially responsible for the long-lasting radioactivity of spent fuel. There 

have been many systems developed in order to separate Cs (and in some cases with Sr) from 

other fission products and minor actinides in waste to reduce radiotoxicity for storage. Most 

systems for Cs or Sr separation (CSEX, SREX, CCD–PEG)60-61 have been developed assuming 

U has already been separated from the raffinate through previously proposed UREX schemes. 

Therefore, if pure UO22+ could be selectively separated and recovered in these complicated 

waste streams, it can help reduce the quantity of waste (U comprises >96% of spent fuel) for 

further remediation of the long–lived actinides. Additionally, recovered U can be recycled for 

fuel, mitigating depletion of natural U resources.5 Thus, selective UO22+ sequestration from 

aqueous mixtures with these elements is desirable. Herein, we describe our investigation for 

the selective sequestration and recovery of UO22+ in aqueous mixtures of metal ions commonly 

found in nuclear waste  

5.2.1.1 Coordination chemistry of redox–active o–carboranes 

We first investigated the coordination chemistry of 4.2a with nitrate complexes of ThIV, 

NdIII, SmIII, and CsI. Addition of three equivalents of 4.2a to Th(NO3)4•H2O in MeCN resulted 

in a bright yellow solution with consumption of 4.2a and formation of a diamagnetic product 

with a single resonance at 51.2 ppm in the 31P{1H} NMR spectrum.62 The 1H NMR spectrum 

displayed multiple new C–H aryl resonances and the –CH3 resonances of [CoCp*2]+ counter 

ion. After separation of [CoCp*2][NO3], , the diamagnetic product was isolated and 

recrystallized by diffusion of Et2O into a concentrated MeCN solution at room temperature to 

give large block, yellow single crystals suitable for XRD analysis. The solid–state structure 

revealed coordination of three equivalents of 4.2a with subsequent loss of four [CoCp*2]+ 

counterions, isolating the diamagnetic ThIV complex, [CoCp*2]2[Th(nido–1,2–(Ph2PO)2–1,2–
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C2B10H10)3] (5.1) in a 44% yield (a, Figure 5.1). The C1···C2 (2.854 Å) and P1···P2 (4.858 

Å) bond distances are consistent with our previous report for complexes 4.4 and 4.5.  

Similar to 5.1, addition of three equivalents of 4.2a to individual solutions of 

Nd(NO3)3THF3 and Sm(NO3)3THF3 in MeCN resulted in consumption of 4.2a, with formation 

of single resonances in the 31P{1H} NMR spectra, displaying signals at 140.6 ppm and 27.9 

ppm, respectively.63-64 The markedly shifted resonances are likely due to the paramagnetic 

nature of these metals. After separation of [CoCp*2][NO3], the following Ln products were 

isolated by diffusion of Et2O into concentrated MeCN solutions at room temperature. Large 

block, yellow single crystals suitable for XRD analysis were obtained isolating 

[CoCp*2]3[Nd(nido–1,2–(Ph2PO)2–1,2–C2B10H10)3] (5.2) and [CoCp*2]3[Sm(nido–1,2–

(Ph2PO)2–1,2–C2B10H10)3] (5.3) in 66 and 66% yields, respectively (b and c, Figure 5.1).  
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Figure 5.1. Solid–state molecular structures of 5.1 (a), 5.2 (b), 5.3 (c), 5.4 (d) obtained from 

X–ray diffraction studies. H atoms, [CoCp*2]+ counter cations, phenyl C–H linkages, and all 

co–crystallized solvent molecules are omitted for clarity.  

 
The C1···C2 (2.853 Å) and P1···P2 (4.785 Å) bond distances for 5.2 and C1···C2 (2.810 Å) 
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C2B10H10)] (5.4), was isolated as a yellow crystalline solid in 51 % yield. Single crystals 

suitable for XRD analysis were grown by evaporation of Et2O into a saturated MeCN solution 

of 5.4 (d, Figure 5.1). The solid–state molecular structure reveals 5.4 is dimeric with C1···C2 

(2.862 Å) and P1···P2 (5.089 Å) bond distances similar to complexes 4.5 (UO22+), 5.1 (ThIV), 

5.2 (NdIII), and 5.3 (SmIII).  

5.2.1.2 Model system for UO22+ sequestration from aqueous mixtures 

Building on our previous report for the biphasic capture and release of UO22+ by 

galvanostatic bulk electrolysis (GBE), we next targeted the selective sequestration and 

recovery of UO22+ in aqueous mixtures containing ThIV, NdIII, SmIII, and CsI. This was 

accomplished in a biphasic (organic/aqueous) extraction scheme utilizing the analogous salt of 

4.2a, [Bu4N]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.2b), as the extractant, which is relevant 

for the electrochemical experiments described below. To probe 4.2b as a selective extractant, 

we first developed a model biphasic extraction system by dissolving UO22+, ThIV, NdIII, SmIII, 

and CsI in an aqueous sodium acetate buffered solution and layering with the organic DCE 

phase containing the independently synthesized extractant 4.2b (aàb, Figure 5.2). As seen in 

our previous report, we note the vibronic ligand–to–metal charge transfer (LMCT) absorption 

of UO22+ (425 nm) is pH–dependent, resulting in a variable extinction coefficient (e)65-66; 

therefore, a buffered solution was used. Additionally, absorptions for NdIII (797, 746, 538, and 

525 nm) and SmIII (404 nm) were also monitored by UV–Vis spectroscopy (Figure 5.25).67 

ThIV and CsI do not exhibit optical absorption in the visible region,68 instead complex 

formation was monitored by 31P{1H} NMR spectroscopy upon analysis of the organic layer.  

1.0 equivalent of 4.2b was dissolved in DCE and an initial unlocked 31P{1H} NMR 

spectrum was obtained (a, bottom inset, Figure 5.2; a, Figure 5.17). Next, a sodium acetate 
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(NaOAc)–buffered (0.5 M, pH = 5.4) water solution containing equimolar amounts (1.5 

equivalents relative to 4.2b; 0.02 M for each ion; 0.1 M total ion concentration) of 

UO2(NO3)2THF2, Th(NO3)4•H2O, Nd(NO3)3THF3, Sm(NO3)3THF3, and CsNO3 (a, top inset, 

Figure 5.2; blue, Figure 5.16) were next added to the DCE layer with mixing (aàb, Figure 

5.2). 

 

Figure 5.2. Model biphasic extraction scheme for selective sequestration of UO22+ in an 

aqueous mixture of ThVI, NdIII, SmIII, and CsI. (a) Top inset, UV–Vis spectrum of aqueous 

phase (NaOAc buffer 0.5 M, pH 5.4) containing 1.5 equiv. UO2(NO3)2(THF)2 (*), 

Th(NO3)4•H2O, Nd(NO3)3THF3 (*), Sm(NO3)3THF3 (*), and CsNO3 before mixing with the 

DCE phase. Bottom inset, 31P{1H} NMR spectrum of DCE layer containing 4.2b. (b) Mixing 

of the phases in a for 1.5 hours. Top inset, UV–Vis spectrum of aqueous phase after mixing 

with the DCE phase, revealing approximately ~0.95 equiv. of UO22+
 were selectively extracted. 
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Bottom inset, 31P{1H} NMR spectrum of the DCE layer after mixing with aqueous phase, 

showing captured products 4.4N/4.5N (major), with 5.5 (denoted *) and 4.1 as minor products. 

 
Monitoring the biphasic extraction by UV–vis and 31P{1H} NMR spectroscopy 

indicated the selective sequestration of UO22+, forming our previously reported 4.4N/4.5N (b, 

bottom inset, Figure 5.2; b, Figure 5.17),56 suggesting ThIV, NdIII, SmIII, and CsI remained in 

the aqueous phase (a, top inset, Figure 5.2). Approximately 0.95 equivalents of UO22+ (relative 

to 4.2b) was selectively separated from the aqueous mixture as evidenced by the UV–vis 

spectra over 1.5 hours (b, top inset, Figure 5.2; red, Figure 5.16). The NdIII concentration is 

unchanged, with the overlapping SmIII absorbance becoming more prevalent as UO22+ 

concentration decreases during sequestration. The reaction was monitored by 31P{1H} NMR 

spectroscopy and compared to the known chemical shift values for independently synthesized 

ThIV (5.1), NdIII (5.2), SmIII (5.3), and CsI (5.4) complexes detailed above. Analysis of the DCE 

solution by 31P NMR spectroscopy revealed formation of the resonance at 51.5 ppm 

corresponding to 4.4N/4.5N, with two smaller–intensity resonances at 27.1 and 24.7 ppm, 4.1. 

No apparent formation of additional complexes (b, bottom inset, Figure 5.2; b, Figure 5.17) 

were seen and were further supported by control experiments in the absence of UO22+ (see 

below).  

The two smaller–intensity resonances were observed with the increased concentration 

of NaOAc buffer (0.5 M) in the aqueous layer compared to our previous system (0.1 M). A 

higher concentration was used due to the increased concentration of ions in solution (0.1 M 

total ion concentration), as the buffer was no longer able to maintain a consistent pH at this 

increased concentration. We were able to independently synthesize and characterize this 

byproduct by dissolving 4.2b in DCE and layering the organic phase with the aqueous NaOAc 
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buffer solution (0.5 M). After 2.5 hours, the DCE layer was separated and a 31P{1H} NMR 

spectrum was obtained showing the two resonances at 27.1 and 24.7 ppm, and 4.1 (Figure 

5.13). The unknown product can be selectivity isolated through recrystallization by diffusion 

of pentane into a concentrated THF solution of the reaction mixture at room temperature. 

Removal and characterization of the THF supernatant reveals isolation of 4.1 (a, Figure 5.12). 

Alternatively, a 31P{1H} NMR spectrum of the crystals reveals the unknown resonances at 27.1 

and 24.7 ppm (b, Figure 5.12). Analysis of the colorless crystals by XRD studies reveals 

formation of a by–product of 4.2a, mono–anionic protonated complex in a 60 % yield (5.5; 

Figure 5.3). Mono–anionic carboranes are exceedingly rare,69-76 with no current examples 

reported for mono–anionic ortho–[C2B10H10]– clusters.  

 

Figure 5.3. Solid–state molecule structure of the mono–anionic [Bu4N][(nido–1,2–(Ph2PO)2–

1,2–C2B10H10)H] (5.5). H atoms on the phenyl rings and the [NBu4]+ counter ion are omitted 

for clarity. Pertinent bond distances; C1···C2 (2.791Å); P1···P2 (5.627 Å); O2–P2 (1.497(6) 

Å); O1–P1 (1.474(5) Å); C2–P2 (1.810(8) Å); C1–P1 (1.817(8) Å).  

 
Therefore, complex 5.5 is to the best of our knowledge, the first example of an isolated mono–

anionic ortho–[C2B10H10] cluster. The solid–state molecular structure of 5.5 displays a basket–

O2
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P1

C1
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cage structure with C1 puckering out of the plane, resulting in an asymmetric cluster. This is 

consistent with the 31P{1H} NMR spectrum which displays two asymmetric resonances in a 

1:1 ratio. The C1–H1 was further probed by obtaining 1H–13C heteronuclear single quantum 

coherence (HSQC) and 1H–13C heteronuclear multiple bond correlation (HMBC) NMR 

spectra. The 1H–13C HSQC spectrum displayed a correlation between a H–signal at 4.3 ppm 

(assignment to 1H by integration) and a very broad C–signal at 80 ppm (Figure 5.4). Analysis 

of the 13C NMR spectrum displayed a broadened C–signal at 80 ppm, most likely 

corresponding to the C1 carbon in the cluster (inset, Figure 5.4). The broadening in the 13C 

NMR spectrum is most likely due to the coupling to the quadrapolar (S = 3/2) 11B nuclei in the 

carborane cage.77 

 

Figure 5.4. 1H–13C heteronuclear single quantum coherence (HSQC) spectrum for complex 

5.5. 
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Additionally, a 1H–13C HMBC spectrum was obtained (Figure 5.5). The spectrum does not 

display multiple–bond correlation between the assigned H–signal and other H– or C–signals 

in the molecule, further supporting the following assignment. 

Further control experiments for the extraction of ThIV, NdIII, SmIII, and CsI in the 

absence of UO22+ were carried out revealing no biphasic sequestration of the following ions in 

NaOAc buffer solution in the presence of 4.2b (Figure 5.14). Analysis of the DCE layer by 

31P{1H} NMR spectroscopy after 1.5 hours indicated the formation of major by–products 5.5 

and 4.1 (Figure 5.15), suggesting ThIV, NdIII, SmIII, and CsI were not extracted into the DCE 

layer. 

 

Figure 5.5. 1H–13C heteronuclear multiple bond correlation (HMBC) spectrum for complex 

5.5. 
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5.2.1.3 Biphasic electrochemical selective sequestration and recovery of UO22+ 

Lastly, we wanted to employ our previously reported biphasic electrochemical GBE 

system (Figure 5.18) for selective sequestration and recovery of UO22+.56 A DCE solution of 

4.1 (1.0 equivalent) with [Bu4N][PF6] as supporting electrolyte was galvanostatically charged 

to a ~75% theoretical SOC (Figure 5.19). Analysis of the solution by 31P{1H} NMR 

spectroscopy revealed the clean conversion of most of 4.1 to 4.2b (aàb, Figure 5.20 and 

Figure 5.24). A sodium acetate (NaOAc)–buffered (pH = 5.4) water solution containing 1.25 

equivalents (relative to 4.1) of UO2(NO3)2(THF)2, Th(NO3)4•H2O, Nd(NO3)3THF3, 

Sm(NO3)3THF3, and CsNO3 (0.1 M total concentration) was next added to the DCE layer with 

mixing (bàc, Figure 5.24). Approximately 0.9 equivalent of UO22+ (relative to 4.2b formed 

at 75 % SOC) was selectivity separated from the aqueous phase as evidenced by comparing 

the before and after UV–Vis spectra (bàd, top insets, Figure 5.24; Figure 5.21). Analysis of 

the DCE solution by 31P{1H} NMR spectroscopy revealed the clean formation of a single 

resonance at 51.5 ppm corresponding to 4.4N/4.5N, with minor product formation of 5.5 and 

4.1 (bàd, bottom insets, Figure 5.24; c, Figure 5.20). The aqueous phase was next removed, 

and the cell was galvanostatically discharged to achieve a theoretical final SOC of ~0 % 

(Figure 5.22). Mixing a fresh NaOAc–buffered solution (0.1 M, pH = 5.4) to this solution led 

to the release of approximately 0.03 mmol of UO22+ (77 % recovery based on extraction of 

4.4N/4.5N) from the DCE layer as confirmed by UV–Vis spectroscopy (eàf, Figure 5.24; 

Figure 5.23). Analysis of the DCE layer by 31P{1H} NMR spectroscopy revealed conversion 

to 4.1, as well as the formation of a minor unknown byproduct at 20 ppm (f, bottom inset, 

Figure 5.24; e, Figure 5.20). Together, these biphasic extraction schemes demonstrate the 
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potential applicability of this redox–switchable selective UO22+ sequestration and recovery in 

aqueous mixtures of ions commonly found in nuclear waste raffinate. 

5.2.2 Targeting selective UO22+ extraction and recovery in aqueous mixtures of 

vanadium (V) for seawater extraction 

Currently, amidoxime–based sorbents are considered to be the most promising 

materials for UO22+ extraction from seawater.20, 26-27, 78-81 However, amidoximes lack 

selectivity for uranyl in the presence of vanadium and iron.24, 26 Building on our previous 

results in section 5.2.1, we sought to further probe our previously reported biphasic system by 

utilizing [Bu4N]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.2b) for the selective extraction and 

recovery of UO22+ in aqueous mixtures containing vanadium(V) for seawater extraction 

chemistry. First, we investigated the coordination chemistry of 4.2b with sodium 

orthovanadate (Na3VO4) – which is the most common VV starting reagent in most selectivity 

experiments.26, 35, 82-83 Addition of 1.0 equivalent of Na3VO4 to a solution of 4.2b in d3–MeCN 

or CDCl3 resulted in an insoluble Na3VO4 suspension. Monitoring the reaction by 1H, 31P{1H}, 

and 51V NMR spectroscopies indicated unreacted 4.2b with no signal in the 51V spectrum – 

indicating the V–salt was not soluble in the following solvents. Additionally, we attempted 

reacting 1.0 equivalent of Na3VO4 dissolved in D2O with a suspension of 4.2b in D2O. An 

initial 51V NMR spectrum was obtained for the Na3VO4 showing an upfield shifted signal at –

533.7 ppm, corresponding to a VV center. Monitoring the reaction mixture by NMR indicated 

the VO43– was unreacted and 4.2b was completely insoluble in D2O. Based on these results, 

we were curious if we could perform a biphasic extraction scheme for selective UO22+ (similar 

to the bisphasic chemistry in section 5.2.1). First, we performed control experiments in which 

we added 1.5 equivalents of Na3VO4 to 3 ml of a NaOAc buffer solution to a 5 ml vial (0.1 M, 
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pH was adjusted to 5.4). An initial unlocked 51V NMR spectrum indicated the VV species in 

solution (a, Figure 5.6).  

In separate 20 ml vial, 4.2b was added and dissolved in 6 ml of DCE where a 31P{1H} 

and 51V NMR spectrum (c, Figure 5.6) was obtained. The aqueous solution of VO43– was 

layered over the DCE solution over the course of 2 minutes without stirring or agitating the 

mixture. Upon addition, the biphasic solution was allowed to stir at low speed and the aqueous 

and DCE layer were monitored by 51V and 31P{1H} NMR spectroscopies. The 51V NMR 

spectra of the aqueous solution shows the presence of VO43– (b, Figure 5.6). The 31P{1H} and 

51V NMR spectra for the DCE solution indicate the decomposition of 4.2b (which had been 

previously seen in biphasic experiments with absence of UO22+) displaying two signals 

consistent with complex 5.5 (b, Figure 5.12) and formation of the neutral ligand (4.1) and no 

signal for a VV species in the DCE solution and (d, Figure 5.6), respectively. 

 

Figure 5.6.51V NMR spectra for (a) initial spectrum for Na3VO4 in NaOAc buffer solution, 

(b) 12 hour biphasic reaction for Na3VO4 in NaOAc buffer solution, (c) initial spectrum in 

DCE solution; no 51V signal, (d) 12 hour biphasic reaction in DCE solution; no 51V signal.  

 
It is important to note that no display of new signals in the following spectrum do not exclude 

formation of a new V–containing product. For example, VV could be reduced to a VIV under ����������������������������������������
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aqueous conditions,20 and could be paramagnetic and not spectroscopically observable by 

NMR spectroscopy. For future experiments, it would be useful to utilize EPR spectroscopy to 

exclude extraction with formation of a new VIV–containing species.  

Based on these strong preliminary results, we wanted to probe selective UO22+ 

extraction in the presence of VO43– in an aqueous mixture. Addition of 1.5 equivalents of 

UO2(NO3)2(THF)2 in 1.5 ml of NaOAc buffer (0.1M adjusted to pH of 5.4) was added to a 

solution of Na3VO4 (1.5 equivalent in 1.5 ml of NaOAc buffer). It is important to note that 

Ca(UO2)(CO3)3 is the known primary UO22+ species under seawater conditions,84-86 but was 

not utilized in these preliminary experiments. Upon addition of UO22+ to VO43–, a bright yellow 

solid immediately crashed out of solution and was identified to be previously published uranyl 

vanadate, (UO2)3(VO4)2.87  

 
Table 5.1. Solubility of (UO2)3(VO4)2·4H2O in aqueous solutions of HClO4 or NaOH.  

pH (HClO4 or 
NaOH) 

Solubility (M) Prominent Species (not balanced) 

< 2.0 –– V2O5 (s) + UO22+ 
2.39–2.84 8.8–1.5x10–4 –– 
3.39–3.78 3.6–1.0x10–5 –– 
4.21–4.35 4.0–3.4x10–6 –– 

5.50 6.1x10–7 –– 
>7 –– UO3 (s) + NaVUO6 (s) 
>12 –– Na2U2O7 (s) + VO43– 

 
Uranyl vanadate is the favoured product formed when UO22+ and VO43– are reacted. The neutral 

complex has been previously shown to have very poor solubility at standard working 

concentrations (ie. 10–3 to 10–5 M) and in most solvents, including water, in which solubility is 

determined primarily by pH. Studies carried out in perchloric acid (HClO4 and NaOH) 

indicated the species at various pH’s indicated various types of prominent species in aqueous 
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solutions (Table 5.1).87 To achieve monomeric forms of the ions, the optimal pH < 6 with 

concentrations around 6 x 10–7 M. Correlating this to our system, we found the working 

concentration of ions in solution must not exceed concentrations of (10–3 M) due to the 

increased rate in decomposition of 4.2b to byproducts 5.5 and 4.1 (section 5.2.1). Instead, we 

focused our attention toward lowering the pH in order to establish monomeric forms for UO22+ 

separation. Table 5.2 shows the qualitative solubility experiments performed with various 

acids (pH = 3.0) and buffers in order to attempt to solubilize the uranyl vanadate solid that 

forms in situ.  

First, we attempted solubilizing uranyl vanadate by using known buffers that can access 

the desired pH range < 6. Citrate buffer was the only buffer capable of fully solubilizing the 

uranyl product that forms, but unfortunately, the solubility was too great and UO22+ extraction 

did not occur. This is most likely because the ligand has a comparable basicity to 4.2b, due to 

the negatively charged oxygen donors – causing it to selectively remain in the aqueous layer.  

 
Table 5.2. Qualitative solubility experiments for mixtures of UO2

2+ and VO4
3– in aqueous 

solutions of various acids and buffers. 

Buffer (2 ml) pH UO22+ (7.5x10–3 M) 
soluble? Extraction? 

VO43– (7.5x10–3 M) 
soluble? Extraction? 

(UO2)3(VO4)2 

soluble? 

UO22+ 

capture from 
mixture? 

Citrate 2.60 Yes/no Yes/no Yes No 
Phosphate 2.66 No/no88-89 Yes/no Forms suspension No 

NaOAc 5.8 Yes/yes Yes/no Forms suspension No 

Acid (2 ml) pH UO22+ (7.5x10–3 M) 
soluble? Extraction? 

VO43– (7.5x10–3 M) 
soluble? Extraction? 

(UO2)3(VO4)2 

soluble? 

UO22+ 

capture from 
mixture? 

HOAc 3.0 Yes/yes Yes/no Forms suspension 
Small 

quantity 
HNO3 3.0 Yes/yes Yes/no Forms suspension No 
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HCl 3.0 Yes/yes Yes/no Forms suspension No 
HClO487 2.5 Yes/yes Yes/no Forms suspension No 
 

Alternatively, phosphate buffer led to completely insoluble UO22+ species, which is known to 

occur in aqueous solutions at this pH range.88-90 Shifting our focus toward primarily acid 

solutions, we found 1.5 equivalents of UO22+ to 1.5 equivalents of VO43– in acetic acid (HOAc) 

resulted in a fully soluble solution, but after sitting for 1 hour at room temperature or by 

agitating the acidic solution over a layer of DCE with 4.2b for 15 mins resulted in formation 

of a bright yellow suspension. In the biphasic sequestration experiments, we found that in some 

instances we were able to achieve a small amount of UO22+ sequestration by forming complex 

4.4N/4.5N and monitoring by 31P{1H} NMR spectroscopy (Chapter 4 and section 5.2.1), 

resulted in the most promising results (Table 5.2).  

In order to try and prevent formation of a suspension, we attempted to alter the 

solubility by slightly changing the amount of aqueous acid solution added (pH = 3.0; 2–4 ml). 

We found that by slightly varying the concentration of the aqueous layer (7.5x10–3 to 3.8x10–

3 M) dramatically affected the UO22+ extraction. At higher concentrations there was a small 

amount of UO22+ sequestration from the mixture (4.4N/4.5N), with subsequent formation of 

by–products 5.5 and 4.1 (section 5.2.1) (a, Figure 5.7), while at lower concentrations there 

was none with subsequent increased formation of the by–products 5.5 and 4.1. Additionally, 

at these highly acidic conditions (pH = 3.0), we found that the UO22+ sequestrated product, 

4.4N/4.5N, decomposes in the biphasic mixture over the course of 3 hours to form a large 

quantities of 4.1 (b, Figure 5.7).  
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Figure 5.7. 31P{1H} NMR spectrum for biphasic UO22+ sequestration in the presence of VO43– 

after (a) 15mins and (b) 3 hours.  

 
Unfortunately, due to the difficultly in solubilizing uranyl vanadate in the desired pH 

range and concentrations of ions in the aqueous solution, we were unable to further carry out 

or optimize this chemistry in the time allotted of the PhD award date. For future work, we have 

postulated alternating the counterions present in the aqueous layer. For example, previous 

reports have indicated uranyl vanadate can be solubilized with carbonate (CO32–),85-86 which is 

correlated to the chemical composition present in seawater. Additionally, tuning the ligand in 

order to make a more robust ligand toward acidic solutions is of upmost importance in 

performing this chemistry. We found highly acidic aqueous solutions and higher 

concentrations of OAc– led to the decomposition of the mono–anionic complex 5.5 (section 

5.2.1) and 4.1. We are still unsure of why increased concentrations of OAc– causes the rate in 

decomposition but should be carried out in further work in order to optimize these conditions. 
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5.2.3 Supplementary reactivity of various derivatized o–carboranes  

5.2.3.1 Reactivity of [CoCp*2]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] with FeII and CoII  

In our investigations into selective nuclear waste remediation and seawater extraction 

chemistry, we were also interested in probing alternative transition metals complexes for 

reactivity. Iron(II) and cobalt(II) initially were investigated as the preliminary reactions due to 

the readily available starting materials in the lab. Interestingly, iron is extremely relevant in 

terms of both seawater and nuclear waste sequestration chemistry. For example, amidoximes 

– the most widely used UO22+ sequestration – lack selectivity for uranyl in the presence of 

vanadium and iron.24, 26 Additionally, in nuclear waste, there are high concentrations of iron in 

the waste streams due to the corrosion of the steel over time. Due to the high content of iron 

compared to fission products, it adds an extra level of difficulty to selectively remove the 

desired ions for remediation. This presented an opportunity to investigate iron coordination to 

our derivatized o–carborane system. Alternatively, cobalt does not represent any specific 

relevance to this sequestration chemistry but was originally synthesized and characterized for 

potential small molecule activation – which has not since been probed further. Addition of 2.0 

equivalent of [CoCp*2]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.2a) to a suspension of 

FeII(OAc)2 resulted in a heterogenous solution which over the course of 1 hour became 

homogenous. The 1H NMR spectrum in d3–MeCN exhibits paramagnetically shifted signals at 

32.1 and 10.2 ppm for the aryl C–H resonances compared to 4.2a, at 7.24 and 8.05 ppm. The 

31P{1H} NMR spectrum no longer displays a signal for 4.2a at 29.8 ppm and is silent, most 

likely resulting for the paramagnetic FeII center. Recrystallization from a concentrated MeCN 

solution at room temperature resulted in large block yellow crystals suitable for XRD analysis, 
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affording [CoCp*2]2[Fe(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] (5.6) in a 62% yield (a, Figure 

5.8).  

 

Figure 5.8. Solid–state molecular structures of complexes 5.6 (a) and 5.7 (b). H atoms, 

[CoCp*2]+ counter cations, and all co–crystallized solvent molecules are omitted for clarity.  

 
The solid–state molecular structure revealed coordination of two bidentate direduced nido–

carborane ligands with a tetrahedral core about the FeII center. The nido–carborane displays a 

cleaved C‧‧‧C bond (2.830 Å) and a slightly contracted P‧‧‧P distance (4.667 Å) relative to the 

direduced ligand, 4.2a (Table 5.3). Biphasic sequestration chemistry has not yet been 

performed with 5.5, but this could be an interesting structure to probe in building on the work 

outlined in sections 5.2.1 and 5.2.2. Next, we sought reactivity with cobalt(II). Addition of 2.0 

equivalents of a gold solution of 4.2a in MeCN to a blue solution of CoCl2 in MeCN resulted 

in a seafoam green homogenous solution in which the diamagnetic starting material 4.2a was 

consumed and two new broad aryl C–H resonances appeared at 8.8 and 7.4 ppm with additional 

broad paramagnetically shifted signals at 186, 16.8, and 9.3 ppm. The 31P{1H} NMR spectrum 

was silent at the starting material was fully consumed, with the 11B NMR spectrum displaying 
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broadened signals at 1.1, –15.0 and –17.7 ppm. Single crystals suitable for XRD analysis of 

[CoCp*2]2[Co(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] (5.7) (b, Figure 5.8) were obtained by 

vapor diffusion of Et2O into a concentrated MeCN solution at –38 ºC in a 77% yield. Similar 

to 5.6, the solid–state molecular structure of 5.7 revealed coordination of two bidentate 

direduced nido–carborane ligands with a tetrahedral core about the CoII center. The nido–

carborane displays a cleaved C–C bond of 2.879 Å and a slightly contracted P‧‧‧P distance 

(4.822 Å) relative to the direduced ligand, 4.2a (Table 5.3).  

 
Table 5.3. Selected interatomic distances (Å) for 4.2a, 5.6, and 5.7. 

 4.2a 5.6 5.7 
P‧‧‧P 5.036Å 4.667Å 4.822Å 
C‧‧‧C 2.860Å  2.830Å  2.879Å 

 
5.2.3.2 Reactivity of [Me3Si]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)]   

In developing systems for selective capture and release chemistry we sought to 

investigate alternative ligand frameworks to perform the desired transformations. In all our 

current chemistry, we have utilized the starting materials, [CoCp*2]2[(nido–1,2–(Ph2PO)2–1,2–

C2B10H10)] (4.2a) or [Bu4N]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (4.2b) for the synthesis of 

UO22+–containing complexes. Due to the relatively high reduction potential of at –0.91 and –

1.11 V, these complexes were synthesized by reacting neutral derivatized o–carborane (4.1) 

with known strong reducing agents, such as CoCp*2 and KC8. Further reactivity of these 

compounds with various d– and f–block metal salts such as [UO2Cl2(THF)2]2, 

Nd(NO3)3(THF)2, CoCl2, and Fe(OAc)2 have shown to undergo transmetallation with 

subsequent release of either [CoCp*2][Cl], [CoCp*2][NO3], [CoCp*2][OAc], or [Bu4N][Cl] as 

byproducts. Removal of these byproducts from a synthetic perspective has proven difficult and 

either requires selective bulk recrystallization of material or multiple solvent purification steps 
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to remove the salts, which lowers yield due to similar solubility of the products. Metal–free, 

organic–based reductants have gained considerable attention within recent years for isolation 

of low–valent metal complexes with easy removal of the organic byproducts with washes or 

evaporation under high vacuum.91-93 Saito et. al. in 2014 reported a series of organosilicon 

compounds that are capable of undergoing controlled 1e– reduction of TiIV to various TiIII 

complexes, with subsequent elimination of Me3SiCl and pyrazine–derivatized byproducts.  

The benefits in utilizing these organic reductants stems from ease of workup and 

removal of the byproducts formed as a result of the reduction. Expanding on this chemistry, 

our group has previously shown use of these organosilicon compounds, 1,4–

bis(trimethylsilyl)–1–aza–2,5–cyclohexadiene (TMS2–pyz), for PCET chemistry, probing 

HAT at a PV=O using Me3Si• as a “bulky hydrogen atom” surrogate, with elimination of 

pyrazine as a byproduct.94 Taking a similar approach in this chemistry, we were curious if we 

could utilize an organosilicon reductant, TMS2–pyr, to generate an analogous direduced 

“capped” o–carborane species as 4.2a/b, which could then undergo subsequent 

transmetallation reactions, generating byproducts that were simple to remove by solvent 

washes or evaporation by high vacuum.  

Reduction of 4.1 using 1.1 equivalents of TMS2–pyr in benzene afforded a white 

suspension from which the direduced nido–carborane, [Me3Si2]2[(nido–1,2–(Ph2PO)2–1,2–

C2B10H10)] (5.8) could be isolated as a diamagnetic, white crystalline solid in 87% yield 

(Figure 5.9).  
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Figure 5.9. Solid–state molecular structures of complexes 5.8. H atoms and all co–crystallized 

solvent molecules are omitted for clarity.  

 
The 1H NMR spectrum of 5.8 in d3–MeCN exhibits a sharp singlet at 0.91 ppm, corresponding 

the the –SiMe3 resonances, with two aryl C–H resonances at 7.37 and 7.51 ppm, compared to 

three distinct aromatic signals seen in 4.1. The 31P{1H} NMR spectrum displays a down–

shifted singlet at 57.2 ppm, compared to 4.1 and 4.2a/b, corresponding to a single P–containing 

species.  

 
Table 5.4. Selected interatomic distances (Å), angles (°), and torsion angles (°) for 4.1, 4.42a, 

and 5.8. 

 4.1 4.2a 5.8 
P‧‧‧P 3.537 Å 5.036 Å 5.348 Å 
C–C 1.688(4) Å 2.860 Å 2.853 Å 

P1–O1 1.469(2) Å 1.487(3) Å 1.558(1) Å 
C1–P1 1.871(6) Å 1.745(2) Å 1.710(5) Å 

C1–P1–O1 109.98° 118.05° 111.57° 
C2–C1–P1 119.57° 135.01° 136.42° 

P1–C1–C2–P2 10.03° –19.24° 14.07° 
    

 
The solid state structure of 5.8 revealed the [C2B10H10] cluster was preserved, similar to 

reduction of 4.1 to form complexes 4.2a/b, as an open–cage nido–carborane with a cleaved C–
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C bond (2.853 Å) and elongated P‧‧‧P distance (5.348 Å) relative to 4.1. The bond metrics are 

comparable relative to the direduced compound 4.2a, with a slightly more elongated P‧‧‧P 

distance and consistent C–C distance (Table 5.4).  

5.2.3.2.1 Reactivity with UO22+ salts 

We next investigated the coordination chemistry of 5.8. In probing reactivity, we 

hypothesized that reactivity with various metal–halides could promote elimination of 

organosilicon halides, with subsequent coordination of the direduced ligand to the metal center. 

In hopes of probing this ligand for selective UO22+ sequestration and recovery, addition of 0.5 

equivalent of [UO2Cl2(THF)2]2 in deuterated chloroform (CDCl3) or dichloromethane (d2–

DCM) resulted in no change in the spectrum of 5.8, monitored by 1H NMR spectroscopy. The 

reaction was also monitored at various temperatures (30–50 °C) but found that 5.8 is a 

thermally unstable compound, where over the course of two weeks, 5.8 decomposes at room 

temperature. Additionally, when heated above room temperature, there is immediate 

decomposition to unidentifiable products. Due to the unreactive nature of 5.8 with 

[UO2Cl2(THF)2]2, we postulated the formation of Me3SiCl, the theoretical driving force of the 

reaction, was most likely not as strong as the Me3Si–O–P bond. In order to promote elimination 

of –SiMe3, we turned to UO2(OTf)2(THF)2, where we postulated formation of a new Si–OTf 

bond could promote reactivity. Addition of 1.0 equivalent of UO2(OTf)2(THF)2 to a d3–MeCN 

solution of 5.8 at room temperature resulted in large yellow block crystals of [U(nido–7,8–

(Ph2PO)2–7,8–C2B9H10)(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2][Li] (5.9, Figure 5.10). The 

following was isolated in 22% yield by slow evaporation of a concentrated MeCN solution 

where crystals were suitable for XRD analysis were obtained. The following solid–state 

molecular structure revealed activation of the O–U–O moiety with preservation of two of the 
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three clusters, with elimination of a B+ from one of the three clusters in the system, as seen in 

one of our previous examples (4.3, Chapter 4). Li+ is incorporated into the structure and is most 

likely from advantageous Li+ that was carried through from the original starting materials. O–

U–O activation was an unexpected result and has been previously shown extensively through 

reductive sialylation with organosilicon reagents or metal cation coordination to form activated 

O–U–O bonds.95-103 Additionally, Hayton et. al. has shown functionalization by use of 

reducing agents to form UVI with elimination of RSi–O–SiR compounds.104  

 

Figure 5.10. Solid–state molecular structure of [U(nido–7,8–(Ph2PO)2–7,8–C2B9H10)(nido–

1,2–(Ph2PO)2–1,2–C2B10H10)2][Li] (5.9) obtained fro X–Ray diffraction studies. H atoms, 

[CoCp*2]+ counter cations, phenyl C–H linkages, and all co–crystallized solvent molecules are 

omitted for clarity. (a) Full depiction of structure with labeled individual carborane clusters 

(A–C). (b) Individual carborane clusters (A–C) with pertinent C–C bond distances.  

Based on relative bond lengths and distortion of the clusters, oxidation state 

determination of the U–center is difficult. The U is most likely either UIV or UVI, dependent on 
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the oxidation state of the carborane clusters. For example, the C–C bond length for the nido–

[B9] cluster is 1.667 Å (C), which is consistent with the C–C bond length found in 4.3 (1.622 

Å), consistent with a (1–) formal charge. As for the other two clusters, the C–C bond lengths 

are 2.262 Å and 2.589 Å (A and C, respectively; Figure 5.10). The C–C bond lengths in both 

clusters [B10] are significantly different, suggesting they may be different oxidation states. 

Neither C–C bond length suggests a formal charge of (2–) within the clusters when compared 

to direduced complexes 4.4 and 4.5, where the C–C bond lengths average 2.85 Å.  

Attempts to reproduce this product with the corresponding synthesis proved to be 

unsuccessful, seeming that clean 5.8 was resynthesized and Li+ contamination was thoroughly 

monitored by 7Li NMR spectroscopy. We attempted to reproduce the previous reactions 

conditions by addition of a Li salt, Li(OTf). Addition of 1.0 equivalent of UO2(OTf)2(THF)2 

with varying quantities of Li(OTf) (1.0–4.0 equivalents) to d3–MeCN solutions containing 3.0 

equivalents of 5.8 were monitored by 1H, 19F, 11B, and 31P{1H} NMR spectroscopies. The 1H 

NMR spectrum displayed formation of HMDSO which is expected for elimination of the –

SiMe3 moiety on the ligand, although it is important to note, this was commonly seen upon 

decomposition of 5.8 with heating or advantageous water present in the solvent. The 31P{1H} 

NMR spectrum, monitored over the course of 24 hours, displayed formation of 2 new signals 

at 40 and 41 ppm, with small shifts in the 19F and 11B spectra. After multiple attempts of 

recrystallization, we were unsuccessful in ascertaining a full chemical structure. In one trial, 

we were able to obtain needle crystals that had poor diffraction and extreme disorder. The 

complex displayed hexagonal symmetry and displayed a similar core structure to 5.9, but we 

were unable to obtain a full structure. Additionally, we were curious if we could independently 

synthesize a similar structure to 5.9 through use of UVI(OtBu)6105 in order to gain a synthetic 
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and spectroscopic handle. Addition of 3.0 equivalents of 5.8 to 1.0 equivalent of UVI(OtBu)6 

in d3–MeCN or d4–THF resulted in no change by 1H, 31P{1H}, or 11B NMR spectra. Lastly, 

although these reactions were proving unsuccessful, we were interested in probing the role of 

–SiMe3 in the activation chemistry. Unfortunately, in the time of the allotted of the awarded 

PhD, we were unsuccessful in further probing this reactivity, but is an interesting direction for 

suture work. 

5.2.3.2.2 Reactivity with transition metal salts (CoF2 and VOF3) 

In addition to develop systems for UO22+ salt reactivity with 5.8, we were curious if we 

could harness –SiMe3 elimination by use of fluoride salts. The driving force behind F–SiMe3 

bond formation is significant compared to other halide–Si (ie. Cl–) and O–Si bonds. Known 

soluble fluoride salts of the f–block (UO2F2) are difficult to obtain (ie. reactivity from HF or 

UF6),106-109 so we turned our attention toward commercially available fluoride transition metal 

salts. Soluble fluoride salts within the d–block are very limited, but we first tested the reactivity 

of CoF2 with 5.8 as we had previously sought reactivity of Co–based o–

carboranes.Unfortunately, after many attempts in various solvents (MeCN, THF, DCM, 

CHCl3, PC, and pyridine) we found the CoF2 was completely insoluble and unable to react 

with 5.8. Based on how insoluble these salts generally are, we turned out attention toward 

VOF3 which is a relatively soluble fluoride salt. Addition of 1.0 equivalent of a bright orange 

suspension of VOF3 to a colorless solution of 5.8 in DCM led to formation of dark green–teal 

solution with formation of a green crystalline solid. Characterization by 1H and 31P{1H} NMR 

spectroscopies indicated formation of neutral o–carborane (4.1) and unreacted 5.8. Increasing 

the amount of ligand compared to VOF3 changed the amount of starting material (5.8) that was 

present in the reaction mixture and was never fully consumed. Instead, we found addition of 
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2.0 equivalents of VOF3 to 5.8 at room temperature led to the formation of a bright teal solution 

with formation of dark green–teal crystalline solid. Analysis of an aliquot from the reaction 

mixture indicated formation of 4.1 with complete consumption of starting material (5.8) seen 

by the 1H, 11B, and 31P{1H} NMR spectra. Additionally, the 19F NMR spectrum indicated 

formation of F–SiMe3 and the 51V NMR spectrum displayed no signal, indicating the species 

was most likely a paramagnetic species. Slow evaporation of a concentrated DCM solution of 

5.8 led to crystals suitable for X–ray analysis isolating, [VIVO(nido–1,2–(Ph2PO)2–1,2–

C2B10H10)2] (5.10) in 52% yield (Figure 5.11).  

 

Figure 5.11. Solid–state molecular structure of [VIVO(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] 

(5.10) obtained from XRD analysis. H atoms and all co–crystallized solvent molecules are 

omitted for clarity. 

 
The solid–state structure indicates the metal is a VIV–center with mono–reduced o–carborane 

clusters, indicative of the paramagnetic NMR spectra, with a cage C–C bond length of 2.420 

Å) and interatomic P‧‧‧P distance of 4.396 Å. While closo and nido carboranes are widely 
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known, carboranes with odd numbers of skeletal electrons are rare due to the decreased 

stability compared to their even–numbered electron counterparts.70, 72-74, 110-119  The decrease 

in relative bond length of the C–C bond in the cage is consistent with singly–reduced organic–

based o–carborane species (Table 5.5),69-76 yet not consistent with our isolated mono–anionic 

structure (5.5) – as this complex has a Ccluster atom puckered out of the plane and is asymmetric 

(Figure 5.3).  

 
Table 5.5. Selected interatomic distances (Å), angles (°), and torsion angles (°) for 5.8 and 

5.10. 

 5.8 5.10 
P‧‧‧P 5.348 Å 4.396 Å 
C–C 2.853 Å 2.420 Å 

P1–O1 1.558(1) Å 1.512(5) Å 
C1–P1 1.710(5) Å 1.787(7) Å 

C1–P1–O1 111.57° 110.02° 
C2–P2–O2 111.19° 109.97° 
C2–C1–P1 136.42° 123.21° 
C1–C2–P2 136.22° 123.81° 

P1–C1–C2–P2 14.07° –0.66° 
 
The stoichiometry for this reaction is imbalanced and the mechanism in which the product is 

formed cleanly with subsequent oxidation of the ligand, 5.8, is most likely very complicated. 

VOF3 has been previously shown to act as a oxidizing–mediator in organic coupling 

reactions,120-121 which could be capable of oxidizing the ligand to form the mono–reduced form 

or undergo 2e– reduction back to neutral o–carborane (4.1). As for the –SiMe3 elimination, 

reactivity could occur by PCET elimination of •SiMe3 or as “deprotonation” as a “bulky 

hydrogen”, +SiMe3. Ultimately, more experiments need to be performed in order to elucidate 

this chemistry and will provide an interesting for further work.  
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5.3 Conclusions 

In summary, this chapter has outlined methods for selective uranyl separation and 

recovery by controlled redox–switchable chelation using a derivatized ortho–carborane in 

biphasic (organic/aqueous) environments. We anticipate this fundamentally new direction in 

cluster carborane chemistry may have a significant impact on nuclear fuel extraction and waste 

sequestration activities. 

5.4 Experimental Section 

5.5.1 General Considerations 

All manipulations were performed under an atmosphere of dry, oxygen–free N2 or Ar by means 

of standard Schlenk or glovebox techniques (MBraun (equipped with a –38 °C freezer) or VAC 

gloveboxes). Hexanes, pentane, dichloromethane (DCM), and benzene were dried on an 

MBraun solvent purification system. Acetonitrile (–H3 and –D3) was dried over CaH2 for 

several days prior to distillation. THF was dried over sodium benzophenone and distilled. 1,2–

Dichloroethane (DCE) was initially distilled followed by drying over CaH2 for several days 

prior to a second distillation and subsequent storage on activated 4 Å molecular sieves. VOF3, 

Na3VO4, CoCl2, FeCl2, [Bu4N][Cl] was purchased from Fisher Scientific. [Th(NO3)4•H2O] was 

purchased from Stream Chemicals. Ortho–carborane was purchased from Boron Specialties 

and sublimed before use. Ph2PCl was purchased from Aldrich and vacuum distilled prior to 

use. CsNO3 and decamethylcobaltocene (CoCp*2) and was purchased from Aldrich; CoCp*2 was 

purified by filtration through Celite using pentane, followed by recrystallization from pentane 

at –38 °C over several days. [Bu4N][PF6] was purchased from Oakwood Chemicals and 

purified by twice recrystallizing from hot ethanol. The recrystallized product was then washed 

with cold water, cold ethanol, and pentane prior to drying at 100 °C under vacuum for 24 h. 
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Sodium acetate (NaOAc) buffer’s (0.1 and 0.5 M) were prepared from a stock solution 

purchased from Aldrich (pH 4.9) and adjusted to pH 5.4 using NaOH. The pH value was 

confirmed using a pH meter. Ketjenblack® EC–600JD (KB) was purchased from a private 

supplier. [UO2(NO3)2(THF)3],122 [Nd(NO3)3(THF)3],123 KC8,124 bis(triphenyl–

phosphoranylidene)ammonium hexafluorophosphate ([Ph3PNPPh3][PF6])125, and complexes 

(4.1), (4.2a/b), (4.4), and (4.5)56 were prepared by literature procedures. [Sm(NO3)3(THF)3] 

synthesis was adapted from the synthesis of [Nd(NO3)3(THF)3].123 

NMR spectra were obtained on a Varian Unity Inova 500 MHz or Agilent Technologies 400 

MHz spectrometer, and referenced to residual solvent resonances of acetonitrile (MeCN–d3) 

or externally (11B: 85% (Et2O)BF3, 31P: 85% H3PO4,). Unlocked spectra were collected with 

the 2H lock turned off. Gradient shimming including Z1 to Z5 was done with the strong 1H 

signal in the samples using a shim map generated with the same or similar sample with equal 

sample volume. Chemical shifts (δ) are recorded in ppm. All 11B NMR spectra were processed 

using MestReNova software in order to reduce background signal with a linewidth of 

approximately 3000 Hz from the Pyrex NMR tubes. The NMR time–domain data were first 

left–shifted to discard the first ~0.1 ms.  To correct the linear phase change, linear prediction 

(LP) is used to fill the initial discarded data before Fourier transform or an appropriate linear 

phase correction is applied to the frequency domain data after Fourier transform. T1 relaxation 

values for 31P nuclei were determined using the inversion–recovery method. The delay times 

after the 180–degree inversion pulse were varied up to the maximum of 5 times of the expected 

T1 values. T1’s for complexes 4.1, 4.2a/b, 4.4, 4.5, and [Ph3PNPPh3][PF6] were determined in 

our previous report.56 
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UV/Vis absorption spectra were collected on a Shimadzu UV–2401PC spectrophotometer. The 

UO22+ extinction coefficient (Ɛ) was experimentally determined to be 7.715 L•mol–1•cm–1 (460 

nm) at pH 5.4. Nd(NO3)3THF3 (797, 746, 583, and 525 nm) and Sm(NO3)3THF3 (404 nm) 

display multiple absorbances  at pH 5.4. CsNO3 and Th(NO3)4•H2O do not display optical 

absorbances in the visible region.  

Elemental analyses (C, N, H) were recorded at the University of California, Berkeley using a 

Perkin Elmer 2400 Series II combustion analyser.  

Galvanostatic Bulk Electrolysis cycling experiments were carried out using a Metrohm 

Autolab PGSTAT128N potentiostat/galvanostat and carried out inside an Ar glovebox.  The 

full experimental setup for both the mono– and biphasic cycling experiments are described 

below. 

X–ray crystallography data for complexes 5.1, 5.2, 5.3, 5.6, 5.7, 5.8, 5.9, and 5.10 were 

collected at University of California, Santa Barbara on a Bruker KAPPA APEX II 

diffractometer equipped with an APEX II CCD detector using a TRIUMPH monochromator 

with a Mo Kα X–ray source (α = 0.71073 Å). The crystals were mounted on a cryoloop under 

Paratone–N oil, and all data were collected at 100(2) K using an Oxford nitrogen gas 

cryostream system. A hemisphere of data was collected using ω scans with 0.5° frame widths. 

Data collection and cell parameter determination were conducted using the SMART program. 

Integration of the data frames and final cell parameter refinement were performed using 

SAINT software. Absorption correction of the data was carried out using SADABS. Structure 

determination was done using direct or Patterson methods and difference Fourier techniques. 

All hydrogen atom positions were idealized and rode on the atom of attachment. Structure 

solution, refinement, graphics, and creation of publication materials were performed using 
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SHELXTL or OLEX.2 X–ray studies for complexes 5.3 and 5.5 were carried out at Harvard 

University and the data was collected at 298 K.  The intensities of the reflections were collected 

by means of a Bruker D8 Venture diffractometer (MoKa radiation, l=0.71073 Å), and 

equipped with an Oxford Cryosystems nitrogen flow apparatus.  The collection method 

involved 0.5° scans in w at 0, and 29° in 2q with a Photon100 detector distance at 10 cm.  Data 

integration down to 0.84 Å resolution was carried out using SAINT V8.37A with reflection 

spot size optimization.  Absorption corrections were made with the program SADABS.  The 

structure was solved by the Intrinsic Phasing methods and refined by least–squares methods 

again F2 using SHELXT–2014 and SHELXL–2014126-127 with OLEX 2 interface128.  Non–

hydrogen atoms were refined anisotropically, and hydrogen atoms were allowed to ride on the 

respective atoms.  The Ortep plots produced with SHELXL–2014 program. 

5.5.2 Synthesis of Compounds 

Synthesis of [CoCp*2]2[Th(nido–1,2–(Ph2PO)2–1,2–C2B10H10)3] (5.1): A 20 mL vial 

equipped with a magnetic stirbar was charged with 4.2a (24.0 mg, 0.02 mmol) and 2 mL of 

MeCN. In a separate vial, [Th(NO3)4•H2O] (3.4 mg, 0.0066 mmol) was dissolved in 1 mL of 

MeCN and then added dropwise to the stirring solution of 4.2a, where the solution went from 

golden to bright yellow. After stirring for 5 mins, a yellow solid began to precipitate from the 

reaction mixture and this was stirred at room temperature for 2 hours. Stirring was discontinued 

and the mixture was passed over a plug of Celite, collecting a yellow solid and a yellow filtrate. 

The solvent was removed from the yellow filtrate yielding a yellow solid. Residual 

[CoCp*2][NO3] was removed by selectively recrystallizing the mixture by vapor diffusion of 

pyridine/Et2O at –38 °C in 2–3 crops. The supernatant was transferred and volatiles removed 

collecting a yellow solid (7.1 mg, 0.0029 mmol, 44 % yield). Single crystals suitable for XRD 
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studies were grown by vapour diffusion of Et2O into a saturated MeCN solution of 5.1 at room 

temperature. 1H NMR (400 MHz, MeCN–d3): δ 7.95 (m, 12H); 7.84 (m, 12H); 7.09 (m, 18H); 

6.87 (t, 6H); 6.15 (m, 12H); 1.69 (s, 60H). Note: Carborane B–H resonances are too broad to 

be observed. 11B and 11B{1H} NMR (400 MHZ, MeCN–d3): δ 0.85; –17.57. 31P{1H} NMR 

(400 MHz, MeCN–d3): δ 51.32.  

Synthesis of [CoCp*2]3[Nd(nido–1,2–(Ph2PO)2–1,2–C2B10H10)3] (5.2): A 20 mL vial 

equipped with a magnetic stirbar was charged with 4.2a (36.0 mg, 0.03 mmol) and 2 mL of 

MeCN. In a separate vial, [Nd(NO3)3(THF)3] (5.4 mg, 0.01 mmol) was dissolved in 2 mL of 

MeCN and then added dropwise to the stirring solution of 4.2a, where the solution went from 

golden to bright yellow. The solution remained homogenous and the reaction was stirred at 

room temperature for 2 hours. The volatiles were removed in vacuo, yielding a yellow powder. 

THF (8 mL) were added and the solids were allowed to settle to the bottom where the filtrate 

was passed over a plug of Celite. The yellow solid was washed with THF (3 x 2mL) and passed 

over the same plug of Celite. The remaining solids were then dissolved in MeCN and filtered 

on the same Celite plug into a new vial. The MeCN filtrate was collected and the volatiles 

removed in vacuo, yielding a yellow powder. Residual [CoCp*2][NO3] was removed by 

selectively recrystallizing the mixture by vapor diffusion of pyridine/Et2O at –38 °C in two 

crops. The supernatant was transferred and volatiles removed collecting a yellow solid (18.2 

mg, 0.0066 mmol, 66 % yield). Single crystals suitable for XRD studies were grown by vapour 

diffusion of Et2O into a saturated MeCN solution of 5.2 at room temperature. 1H NMR (400 

MHz, MeCN–d3): δ 9.82 (broad m, 14H); 7.64 (m, 15H); 7.34 (m, 8H); 5.42 (s, 8H); 4.13 (s, 

15H); 1.68 (s, 90H). Note: Carborane B–H resonances are too broad to be observed. 11B and 
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11B{1H} NMR (400 MHZ, MeCN–d3): δ 0.17; –17.57. 31P{1H} NMR (400 MHz, MeCN–d3): 

δ 140.6.  

Synthesis of [CoCp*2]3[Sm(nido–1,2–(Ph2PO)2–1,2–C2B10H10)3] (5.3): A 20 mL vial 

equipped with a magnetic stirbar was charged with 4.2a (24.0 mg, 0.02 mmol) and X mL of 

MeCN. In a separate vial, [Sm(NO3)3(THF)3] (3.6 mg, 0.0066 mmol) was dissolved in 2 mL 

of MeCN and then added dropwise to the stirring solution of 4.2a, where the solution went 

from golden to bright yellow. The solution remained homogenous and the reaction was stirred 

at room temperature for 2 hours. The volatiles were removed in vacuo, yielding a yellow 

powder. THF (8 mL) were added and the solids were allowed to settle to the bottom where the 

filtrate was passed over a plug of Celite. The yellow solid was washed with THF (3 x 2mL) 

and passed over the same plug of Celite. The remaining solids were then dissolved in MeCN 

and filtered on the same Celite plug into a new vial. The MeCN filtrate was collected and the 

volatiles removed in vacuo, yielding a yellow powder. Residual [CoCp*2][NO3] was removed 

by selectively recrystallizing the mixture by vapor diffusion of pyridine/Et2O at –38 °C in two 

crops. The supernatant was transferred and volatiles removed collecting a yellow solid (12.1 

mg, 0.0044 mmol, 66 % yield). Single crystals suitable for XRD studies were grown by vapour 

diffusion of Et2O into a saturated MeCN solution of 5.3 at room temperature. 1H NMR (400 

MHz, MeCN–d3): δ 8.86 (t, 12H); 7.24 (t, 12H); 7.12 (t, 8H); 6.25 (t, 6H); 5.84 (t, 12H); 5.35 

(t, 12H); 1.69 (s, 90H). Note: Carborane B–H resonances are too broad to be observed. 11B and 

11B{1H} NMR (400 MHZ, MeCN–d3): δ 0.04; –17.00; –18.15. 31P{1H} NMR (400 MHz, 

MeCN–d3): δ 27.87.  

Synthesis of [CoCp*2][Cs(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (5.4): A 20 mL vial equipped 

with a magnetic stirbar was charged with CsNO3 (4.0 mg, 0.02 mmol) and 1 mL of MeCN. In 
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a separate vial, 4.2a (24.0 mg, 0.02 mmol) was dissolved in 2 mL of MeCN and then added 

dropwise to the stirring solution of CsNO3, where the solution went from golden to bright 

yellow. The solution remained homogenous and the reaction was stirred at room temperature 

for 2 hours. The solution was filtered over a plug of Celite and the volatiles were removed in 

vacuo, yielding a shiny golden solid. [CoCp*2][NO3] was removed by selectively recrystallizing 

the mixture by vapor diffusion of pyridine/Et2O at –38 °C in two crops. The supernatant was 

transferred and volatiles removed collecting a yellow solid (10.3 mg, 0.010 mmol, 51 % yield). 

Single crystals suitable for XRD studies were grown by vapour diffusion of Et2O into a 

saturated MeCN solution of 5.4 at room temperature yielding golden large blocks. 1H NMR 

(400 MHz, MeCN–d3): δ 7.88 (m, 8H); 7.26 (m, 12H); 1.69 (s, 30H). Note: Carborane B–H 

resonances are too broad to be observed. 11B and 11B{1H} NMR (400 MHZ, MeCN–d3): δ –

0.49; –18.91; –21.60. 31P{1H} NMR (400 MHz, MeCN–d3): δ 31.66.  

Synthesis of [Bu4N][(nido–1,2–(Ph2PO)2–1,2–C2B10H10)H] (5.5): A 1.5 mL NaOAc buffer 

solution (0.5 M, pH 5.4) was added slowly dropwise without stirring to the DCE solution (4 

mL) containing independently synthesized 4.2a (20.5 mg, 0.02 mmol). After addition, the 

mixture was allowed to stir for 2.5 hours, where stirring was discontinued and the organic and 

aqueous phases were separated using a small separatory funnel. The DCE fraction was 

collected and volatiles removed in vacuo, yielding a colorless oil. The product was selectively 

recrystallized by diffusion of pentane into a saturated THF solution containing a mixture of 5.5 

and 4.1 at room temperature.  The filtrate, containing 4.1, was removed (a, Figure 5.12) and 

the colorless crystalline solid was collected, obtaining 9 (9.4 mg, 0.012 mmol, 60 % yield) (b, 

Figure 5.12). Crystals suitable for X–ray diffraction studies were obtained in a second crop by 

diffusion of pentane into a saturated solution of 9 in THF at room temperature. 1H NMR (400 
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MHz, CDCl3): δ 8.05 (m, 4H); 7.56 (m, 4H); 7.35 (m, 8H); 7.24 (m, 4H); 4.27 (m, 1H); 3.19 

(broad m, 8H); 1.58 (broad m, 8H);  1.38 (broad m, 8H); 0.94 (m, 12H). Note: Carborane B–

H resonances are too broad to be observed. 11B and 11B{1H} NMR (400 MHZ, CDCl3): δ 

16.58; 2.18; -5.29; -14.79, -20.64. 31P{1H} NMR (400 MHz, CDCl3): δ 27.08 (s, 1P); 24.75 (s, 

1P).  

 

Figure 5.12. 31P{1H} NMR Spectra for Purification of Complex 5.5. (a) 31P{1H} NMR 

spectrum of the supernatant from purification containing 4.1 in CDCl3. (b) 31P{1H} NMR 

spectrum of the crystals isolated from the selective recrystallization of complex 5.5 in CDCl3.  

 
Synthesis of [CoCp*2]2[Fe(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] (5.6): A 20 mL vial equipped 

with a magnetic stirbar was charged with Fe(OAc)2 (1 equiv.) and 1 mL of MeCN. In a separate 

vial, 4.2a (24.0 mg, 0.02 mmol) was dissolved in 2 mL of MeCN and then added dropwise to 

the stirring solution of Fe(OAc)2, where the solution went to bright yellow. The solution went 

from a suspension to homogenous and the reaction was stirred at room temperature for 2 hours. 

The solution was filtered over a plug of Celite and the volatiles were removed in vacuo, 
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yielding a golden solid. [CoCp*2][OAc] was removed by selectively recrystallizing the mixture 

by vapor diffusion of pyridine/Et2O at –38 °C in two crops. The supernatant was transferred 

and volatiles removed collecting a yellow solid (62 % yield). Single crystals suitable for XRD 

studies were grown by vapour diffusion of Et2O into a saturated MeCN solution of 5.6 at room 

temperature yielding golden large blocks. 1H NMR (400 MHz, MeCN–d3): δ 32.1; 10.2; 1.69 

ppm. Note: Carborane B–H resonances are too broad to be observed. 11B and 11B{1H }NMR 

(400 MHZ, MeCN–d3): δ –0.49; –18.91; –21.60. 

Synthesis of [CoCp*2]2[Co(nido–1,2–(Ph2PO)2–1,2–C2B10H10)2] (5.7): A 20 mL vial 

equipped with a magnetic stirbar was charged with CoCl2 (1 mmol, 1 equiv.) and 1 mL of 

MeCN. In a separate vial, 4.2a (24.0 mg, 0.02 mmol) was dissolved in 2 mL of MeCN and 

then added dropwise to the stirring solution of CoCl2, where the solution went from blue to 

seafoam green. The solution remained homogenous and the reaction was stirred at room 

temperature for 2 hours. The solution was filtered over a plug of Celite and the volatiles were 

removed in vacuo, yielding a seafoam green powder. [CoCp*2][Cl] was removed by selectively 

recrystallizing the mixture by vapor diffusion of pyridine/Et2O at –38 °C in two crops. The 

supernatant was transferred and volatiles removed collecting a seafoam green solid (77 % 

yield). Single crystals suitable for XRD studies were grown by vapour diffusion of Et2O into 

a saturated MeCN solution of 5.7 at room temperature yielding large blue blocks. 1H NMR 

(400 MHz, MeCN–d3): δ 186; 16.8, 9.3 ppm. Note: Carborane B–H resonances are too broad 

to be observed. 11B and 11B{1H} NMR (400 MHZ, MeCN–d3): δ 1.1; –15.0; –17.7.  

Synthesis of [Me3Si2]2[(nido–1,2–(Ph2PO)2–1,2–C2B10H10)] (5.8): A 250 mL round bottom 

flask equipped with a magnetic stirbar was charged with 4.1 (54.5 mg, 1 mmol) and 40 mL of 

benzene. In a separate vial, TMS2–pyz (22.6 mg, 1 mmol, 1.0 equiv) was dissolved in 5 mL of 
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benzene and added dropwise to the stirring solution of 4.1. Upon addition, a white solid 

immediately precipitated from the reaction mixture and the mixture was stirred for 4 hours at 

room temperature. Stirring was discontinued and the solid was allowed to settle to the bottom 

of the flask. The supernatant was decanted and filtered over a fritted glass filter with a layer of 

Celite (0.5 inch). The solids were washed with benzene (3 x 6 mL) and each washing was 

filtered over the same Celite plug. The remaining solids were then dissolved in a minimal 

amount of DCM (5 mL) and filtered on the same Celite plug into a flask. The volatiles were 

removed in vacuo, yielding a white solid (95% yield). Single crystals suitable for X–ray 

crystallography were obtained by vapour diffusion of pentane in a saturated DCM solution of 

5.8 at room temperature. 1H NMR (400 MHz, CDCl3): δ 7.51 (m, 12H); 7.30 (m, 8H); 0.11 (s, 

18H). Note: Carborane B–H resonances are too broad to be observed. 11B and 11B{1H} NMR 

(400 MHZ, CDCl3): δ 23.4; 3.66; –17.3. 31P{1H} NMR (400 MHz, CDCl3): δ 57.7. Selected 

interatomic distances for 5.8 where C∙∙∙C: 2.853 Å; P∙∙∙P: 5.348 Å. 

5.5.3 Supplemental Figures and Methods for Selective Separation and Recovery of 

UO22+ from an Aqueous Mixture of Actinides(IV), Lanthanides(III), and Alkali metals(I) 

for Nuclear Waste Remediation 

5.5.3.1 Biphasic Control Reaction of 2b with NaOAc buffer solution (0.5 M) 

A 1.5 mL NaOAc buffer solution (0.5 M, pH 5.4) was added slowly dropwise without stirring 

to the DCE solution (4 mL) containing independently synthesized 4.2b (20.5 mg, 0.02 mmol). 

After addition, the mixture was allowed to stir for 1.5 hours, resulting in a colorless organic 

phase and a colorless aqueous phase. A 1mL aliquot was removed from the organic layer and 

transferred to an NMR tube. An unlocked 31P{1H} NMR spectrum was collected indicating the 

formation of 4.1 and 5.5, with formation of an unknown intermediate at 45 ppm (a, Figure 
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5.13). The sample was transferred back to the biphasic reaction and stirred for an additional 

hour. After 2.5 hours, stirring was discontinued and the organic and aqueous phases were 

separated using a small separatory funnel. A 1 mL aliquot was taken again from the colorless 

dichloroethane layer and transferred to an NMR tube. An unlocked 31P{1H} NMR spectrum 

was collected indicating the formation of 4.1 and 5.5 with disappearance of the intermediate at 

45 ppm (b, Figure 5.13).  

 

Figure 5.13. 31P{1H} NMR Spectra for Biphasic Control Reaction of 2b with NaOAc 

Buffer Solution (0.5 M, pH 5.4). 31P{1H} NMR spectrum of DCE layer after mixing 1.5 mL 

of 0.5 M sodium acetate buffer (pH 5.4) with 4.2b in DCE (4 mL). (a) After 1.5 hours, 

indicating the formation of 4.1, 5.5 (denoted as *), and unknown at 45 ppm as by–products and 

(b) After 2.5 hours, indicating the formation of 4.1 and 5.5 (denoted as *) with disappearance 

of unknown at 45 ppm.  

 
5.5.3.2 Selectivity Control Experiments with ThIV, NdIII, SmIII, and CsI 

A 5 mL vial was charged with Th(NO3)4•H2O (14.4 mg, 0.03 mmol, 1.5 equiv), Nd(NO3)3THF3 

(16.3 mg, 0.03 mmol, 1.5 equiv), Sm(NO3)3THF3 (16.5 mg, 0.03 mmol, 1.5 equiv), and CsNO3 

(5.8 mg, 0.03 mmol, 1.5 equiv) and dissolved in 1.5 mL of a 0.5 M sodium acetate buffer (pH 
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5.4), resulting in a very pale green solution (0.8 M total concentration). An aliquot of the 

resulting solution was used to record an initial UV–Vis spectrum (a and b, blue; Figure 5.14), 

indicating prominent absorbances for NdIII, SmIII, and overlapping ThIV and CsI (Figure 5.25). 

The aliquot was transferred back to the 5 mL vial and this solution was added slowly dropwise 

without stirring to the DCE solution (4 mL) containing independently synthesized 4.2b (20.5 

mg, 0.02 mmol) and [Ph3PNPPh3][PF6] (6.8 mg, 0.01 mmol) as an analytical standard (a, 

Figure 5.15). After addition, the mixture was allowed to stir for 1.5 hours, resulting in a 

colorless organic phase and a very pale green aqueous phase. Stirring was discontinued and 

the organic and aqueous phases were separated using a small separatory funnel. An aliquot of 

the aqueous phase was used to record a UV–Vis spectrum (a and b, red; Figure 5.14), 

indicating all metal ion concentrations remained the same, with no apparent extraction into the 

DCE phase. A 1 mL aliquot was taken from the colorless dichloroethane layer and transferred 

to an NMR tube. An unlocked 31P{1H} NMR spectrum was collected indicating the formation 

of 4.1 and 5.5 as by–products with absence of the known ThIV, NdIII, SmIII, or CsI products (b, 

Figure 5.15) 
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Figure 5.14. UV–Vis Spectra for Selectivity Control Experiments with ThIV, NdIII, SmIII, 

and CsI. (a) (blue) Initial UV–Vis spectrum of the aqueous layer containing an equimolar 

mixture of Th(NO3)4•H2O, Nd(NO3)3THF3 (797, 746, 583, and 525 nm*), Sm(NO3)3THF3 (404 

nm*), and CsNO3 all dissolved in 1.5 mL of a 0.5 M sodium acetate buffer (pH 5.4; 0.08 M 

total concentration) (Figure 5.25). Th(NO3)4•H2O and CsNO3 do not display optical 

absorbances in the visible region and an absorbance for the NO3– anion is observed at 304 

nm.129 (red) UV–Vis spectrum taken after mixing the aqueous layer with the DCE (4 mL) layer 

of independently synthesized 4.2b for 1.5 hours indicating NdIII*, SmIII*, and NO3– 

concentrations remained unchanged in solution with no migration to the DCE layer. (b) 

Zoomed–in plot of (a), displaying the spectral range used for all further experiments.  
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Figure 5.15. 31P{1H} NMR Spectra for Selectivity Control Experiments with ThIV, NdIII, 

SmIII, and CsI. (a) 31P{1H} NMR spectrum in DCE of independently synthesized 4.2b and 

[Ph3PNPPh3][PF6] as the analytical standard. (b) 31P{1H} NMR spectrum of DCE layer after 

mixing the aqueous layer containing Th(NO3)4•H2O, Nd(NO3)3THF3, Sm(NO3)3THF3, and 

CsNO3 in 1.5 mL of 0.5 M sodium acetate buffer (pH 5.4), indicating the formation of 4.1 and 

5.5 (denoted as *) as by–products, with absence of any known ThIV, NdIII, SmIII, or CsI 

products. 

 
5.5.3.3 Model Extraction Scheme for UO22+ Selectivity in Equimolar Aqueous Mixtures 

of ThIV, NdIII, SmIII, and CsI 

A 5 mL vial was charged with Th(NO3)4•H2O (14.4 mg, 0.03 mmol, 1.5 equiv), Nd(NO3)3THF3 

(16.3 mg, 0.03 mmol, 1.5 equiv), Sm(NO3)3THF3 (16.5 mg, 0.03 mmol, 1.5 equiv), and CsNO3 

(5.8 mg, 0.03 mmol, 1.5 equiv) and dissolved in 1.5 mL of a 0.5 M sodium acetate buffer (pH 

5.4). This solution was then added to crystalline UO2(NO3)2(THF)2 (16.1 mg, 0.03 mmol, 1.5 

equiv), (0.02 M UO22+; 0.1 M total ion concentration), resulting in a bright yellow–green 

solution. An aliquot of the resulting solution was used to record an initial UV–Vis spectrum 

(a, Figure 5.16), indicating UO22+ and NdIII – with the other absorbances overlapping with 
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UO22+ (304 and 400 nm). The aliquot was transferred back to the 5 mL vial and this solution 

was added slowly dropwise without stirring to the DCE solution (4 mL) containing the 

independently synthesized 4.2b (20.5 mg, 0.02 mmol) and [Ph3PNPPh3][PF6] (6.8 mg, 0.01 

mmol) as an analytical standard (a, Figure 5.17). After addition, the mixture was allowed to 

stir for 1.5 hours, resulting in a bright yellow organic phase and a pale yellow–green aqueous 

phase. Stirring was discontinued and the organic and aqueous phases were separated using a 

small separatory funnel. An aliquot of the aqueous phase was used to record a UV–Vis 

spectrum (b, Figure 5.16), indicating the NdIII concentration remained the same and 0.011 

mmol of UO22+ remained, which is equivalent to the capture of 0.019 mmol (~0.95 equiv) to 

the organic phase, based on the amount of 4.2b (0.02 mmol). The UO22+ concentration was 

determined by calibration curve (Figure 5.26). A 1 mL aliquot was taken from the yellow 

dichloroethane layer and transferred to an NMR tube. An unlocked 31P{1H} NMR spectrum 

was collected indicating the formation of 4.4N/4.5N (b, Figure 5.17), with formation of 5.5 

and 4.1 as by–products with the absence of known ThIV, NdIII, SmIII, or CsI products.  

 

Figure 5.16. (a) (blue) Initial UV–Vis spectrum of the aqueous layer containing an equimolar 

mixture of UO2(NO3)2(THF)2 (*), Th(NO3)4•H2O, Nd(NO3)3THF3 (*), Sm(NO3)3THF3 (*), and 
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CsNO3 all dissolved in 1.5 mL of a 0.5 M sodium acetate buffer (pH 5.4). (red) UV–Vis 

spectrum taken after mixing the aqueous layer with the DCE (4 mL) layer of independently 

synthesized 4.2b for 1.5 hours indicating the NdIII remained in solution with a residual UO22+ 

concentration of 0.0072 M consistent with a total quantity of 0.019 mmol separated from the 

aqueous layer (~0.95 equiv).  

 

Figure 5.17. (a) 31P{1H} NMR spectrum in DCE of independently synthesized 4.2b and 

[Ph3PNPPh3][PF6] as the analytical standard. (b) 31P{1H} NMR spectrum of DCE layer 

following UO22+ separation from the aqueous layer containing UO2(NO3)2(THF)2, 

Th(NO3)4•H2O, Nd(NO3)3THF3, Sm(NO3)3THF3, and CsNO3 in 0.5 M sodium acetate buffer 

(pH = 5.4), indicating the formation of 4.4N/4.5N, with formation of 5.5 (denoted as *) and 

4.1 as by–products 

 
5.5.3.4 Methods for the Electrochemical Biphasic Separation and Recovery of UO22+ 

5.5.3.4.1 Experimental Conditions 

A complete, stepwise, half–cell figure of the experiments conducted in this section, along with 

spectroscopic data is shown in Figure 5.24. Two–electrode galvanostatic bulk electrolysis was 
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performed in an argon glovebox utilizing a two compartment H–cell with a glass frit separator, 

a stir bar in each compartment, and reticulated vitreous carbon (RVC) foam electrodes for both 

the working and counter electrodes (a, b, and c; Figure 5.18). The RVC foam electrodes 

consisted of a ~5 cm steel rod inserted into 100 PPI Duocel® RVC foam core (length ~2.5 cm; 

diameter ~3 mm), with a tap bore (length ~5 mm; diameter ~2 mm), which was filled with 

molten gallium to fuse the steel connector to the RVC foam. Each electrode has an end–to–tip 

resistance of < 5 Ω. The RVC electrodes were rinsed with methanol and dried under reduced 

pressure overnight prior to use. The Ketjenblack used was dried for 48 h in a 175 oC oven and 

ground in a glass mortar and pestle under inert atmosphere prior to use.56 

 

Figure 5.18. (a) Schematic of the two–compartment H–cell used for the biphasic 

electrochemical separation and recovery of UO22+. (b) Picture of the two–compartment H–cell 

used for the biphasic electrochemical separation and recovery of UO22+. (c) Experimental setup 

of H–cell (before charging) used for the biphasic separation and recovery.   

 
5.5.3.4.1 Experimental Methods 

Reduction (charging): The counter compartment consisted of 400 mg of Ketjenblack 

suspended in 8 mL of a 0.1 M solution of [Bu4N][PF6] in DCE. The working compartment 

(a) (b) (c)
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consisted of 4.1 (34.0 mg, 0.0625 mmol, 1.0 equiv) and [Ph3PNPPh3][PF6] (21.2 mg, 0.031 

mmol, 0.5 equiv) dissolved in 6 mL of a 0.1 M solution of [Bu4N][PF6] in DCE. An initial 

31P{1H} NMR spectrum was obtained of the DCE layer (a, Figure 5.20). A charging current 

of –107.1 μA with a –9.25 C charge cutoff was utilized, resulting in a ~75% SOC after 24 h 

assuming 100% columbic efficiency (Figure 5.19). Upon completion, the working 

compartment solution was analysed by 31P{1H} NMR spectroscopy to reveal the formation of 

4.2b with remaining 4.1 (b, Figure 5.20). Based on [Ph3PNPPh3][PF6], the amount of 4.2b was 

determined to be 0.047 mmol (75% yield), corresponding to the SOC of ~75%. The working 

compartment solution was then removed from the H–cell and placed in a 15 mL vial for 

subsequent selective UO22+ sequestration chemistry. 

 

Figure 5.19. Charging curve for the biphasic electrochemical selective seperation of 

UO2
2+. A charging current of –107.1 μA with –9.25 C of charge transferred, resulting in a 75% 

SOC after 24 h assuming 100% columbic efficiency.  
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Figure 5.20. 31P{1H} NMR Spectra for the Electrochemical Biphasic Separation and 

Recovery of UO22+. (a) Initial unlocked 31P{1H} NMR spectrum of 4.1 and [Ph3PNPPh3][PF6] 

in DCE. (b) 31P{1H} NMR spectrum in DCE of electrochemically reduced 4.1 to produce 4.2b. 

(c) 31P{1H} NMR spectrum of DCE layer following UO22+ separation from the aqueous layer 

containing UO2(NO3)2(THF)2, Th(NO3)4•H2O, Nd(NO3)3THF3, Sm(NO3)3THF3, and CsNO3 

in 0.5 M sodium acetate buffer (pH = 5.4), indicating formation of 4.4N/4.5N, 4.1, and 5.5. (d) 

331P{1H} NMR spectrum of the electrochemically oxidized DCE layer containing 4.4N/4.5N, 

following galvanostatic discharge. A very broad signal is observed between 35–40 ppm which 

we attribute to an adduct of UO22+ with 4.1. (e) 31P{1H} NMR spectrum of DCE layer after 

mixing with fresh NaOAc buffer (0.1 M, pH 5.4) after 15 hours and showing the free carborane 

4.1 (major), as well as unknown by–products at 20 ppm, marked by *. 
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Selective UO22+ separation: A 10 mL vial was charged with Th(NO3)4•H2O (37.4 mg, 0.078 

mmol, 1.25 equiv), Nd(NO3)3THF3 (42.3 mg, 0.078 mmol, 1.25 equiv), Sm(NO3)3THF3 (42.9 

mg, 0.078 mmol, 1.25 equiv), and CsNO3 (15.2 mg, 0.078 mmol, 1.25 equiv) and dissolved in 

3.9 mL of a 0.5 M sodium acetate buffer (pH 5.4). This solution was then added to crystalline 

UO2(NO3)2(THF)2 (42.0 mg, 0.078 mmol, 1.25 equiv), (0.02 M UO22+; 0.1 M total ion 

concentration), resulting in a bright yellow–green solution. An aliquot of the resulting solution 

was used to record an initial UV–Vis spectrum (blue, Figure 5.21), indicating UO22+ and NdIII, 

where the absorbances for the other ions are buried under the large UO22+ signal. The aliquot 

was transferred back to the 10 mL vial and this solution was added slowly dropwise without 

stirring to the DCE solution containing the electrochemically reduced 4.1. After addition, the 

mixture was allowed to stir for 1.5 hours, resulting in a bright yellow organic phase and a pale 

yellow–green aqueous phase. Stirring was discontinued and the organic and aqueous phases 

were separated using a small separatory funnel. An aliquot of the aqueous phase was used to 

record a UV–Vis spectrum (red, Figure 5.21), indicating the NdIII concentration remained the 

same and 0.034 mmol of UO22+ remained, which is equivalent to the capture of 0.043 mmol 

(~0.9 equiv) to the organic phase, based on the amount of 4.2b that was generated (0.047 

mmol). The UO22+ concentration was determined by calibration curve (Figure 5.26). A 1 mL 

aliquot was taken from the pale yellow dichloroethane layer and transferred to an NMR tube. 

An unlocked 31P{1H} NMR spectrum was collected indicating the formation of 4.4N/4.5N (c, 

Figure 5.20), with formation of 5.5 and 4.1 as by–products and absence of known ThIV, NdIII, 

SmIII, or CsI products. The NMR solution was returned to the 15 mL vial. 
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Figure 5.21. UV–Vis for Selective Electrochemical Separation of UO22+ from an Aqueous 

Mixture of ThIV, NdIII, SmIII, and CsI. (blue) Initial UV–Vis spectrum of the aqueous layer 

containing an equimolar mixture of UO2(NO3)2(THF)2 (*), Th(NO3)4•H2O, Nd(NO3)3THF3 (*), 

Sm(NO3)3THF3 (*), and CsNO3 and dissolved in 3.9 mL of a 0.5 M sodium acetate buffer (pH 

5.4). (red) UV–Vis spectrum taken after mixing the aqueous layer with the DCE layer of 

electrochemically reduced 4.1 (to generate 4.2b) in a 0.1 M [Bu4N][PF6] DCE solution for 1.5 

hours indicating the NdIII remained in solution with a residual UO22+ concentration of 0.0088 

M consistent with a total quantity of selectively separated UO22+ to the DCE layer of 

0.043 mmol (~0.9 equiv).  

Oxidation (discharging): Two–electrode galvanostatic bulk electrolysis (discharging) of the 

captured DCE solution was performed using the same cell utilized for charging. A discharging 

current of 107.1 μA was applied until 9.49 C of charge was transferred or the voltage cut–off 

was achieved (2.0 V) resulting in a final SOC of ~0 % (Figure 5.22; assuming 100% columbic 

efficiency and no loss of material during the biphasic capture). Upon completion, a 1 mL 

aliquot was taken from the pale yellow dichloroethane layer and transferred to an NMR tube. 

An unlocked 31P{1H} NMR spectrum was collected indicating a very broad signal between 
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35–40 ppm which we attribute to an adduct of UO22+ with 4.1 (d, Figure 5.20). The NMR 

sample was transferred back into the working compartment solution and placed in a 15 mL 

vial for subsequent release chemistry. 

 

Figure 5.22. Discharging curve for the biphasic electrochemical release of UO2
2+. A 

discharging current of 107.1 μA until 9.45 C of charge transferred or until 2.0 V cut–off was 

reached, resulting in a ~0% SOC after ~20 h assuming 100% columbic efficiency. 

 
UO22+ recovery: The 20 mL vial containing the electrochemically oxidized 4.4N/4.5N yellow 

DCE solution was equipped with a stirbar and a solution of 0.1 M sodium acetate buffer 

adjusted to pH 5.4 (3 mL) was added dropwise to it. The mixture was allowed to stir for 15 

hours, resulting in a bright–yellow aqueous phase and a colourless organic layer. The organic 

and aqueous phases were separated using a small separatory funnel, and an aliquot of the 

aqueous layer was used to take a UV–Vis spectrum indicating the presence of released UO22+ 

(0.033 mmol, ~0.76 equiv) (Figure 5.23). A 1 mL aliquot was taken from the colorless DCE 

layer and transferred to an NMR tube. An unlocked 31P{1H} NMR spectrum was collected 

indicating the clean formation of 4.1, [Ph3PNPPh3][PF6], and a small unknown by–product at 

20.1 ppm (denoted as *) (e, Figure 5.20).  
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Figure 5.23. UV–Vis Spectrum for Biphasic Electrochemical Recovery of UO22+. 0.1 M 

aqueous sodium acetate buffer layer at pH 5.4 after mixing for 12 hours with electrochemically 

oxidized 4.4N/4.5N in DCE. The concentration of UO22+ was calculated to be 0.011 M 

consistent with a total quantity of UO22+ recovered from the DCE layer to the aqueous phase 

of 0.03 mmol (~0.76 equiv). 
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5.5.3.5 Half–Cell Depiction of Electrochemical UO22+ Sequestration in Aqueous Mixtures  

 

Figure 5.24. Stepwise procedure for the biphasic electrochemical sequestration of UO22+ 

in an aqueous mixture of ThIV, NdIII, SmIII, and CsI. For simplicity, only half of the H–cell 

is displayed here. For the full cell design, see Figure 5.18. (a) 31P{1H} NMR spectrum of DCE 

layer containing 4.1, [Ph3PNPPh3][PF6], and [Bu4N][PF6] ([PF6]− resonance not shown) before 

charging. (b) Top inset, UV–Vis spectrum of aqueous phase (NaOAc buffer 0.5 M, pH 5.4) 

containing 1.25 equiv. UO2(NO3)2(THF)2 (*), Th(NO3)4•H2O, Nd(NO3)3THF3 (*), 

Sm(NO3)3THF3 (*), and CsNO3 before mixing with the DCE phase. Bottom inset, 31P{1H} 

DCE

Water
pH 5.4

CHARGE

UTh

Nd

Cs

Sm

DCE

DCE

Water
pH 5.4

UTh

Nd

Cs

Sm

LAYER AND
MIX PHASES

UO22+ 

SEPARATION

DCE

Water
pH 5.4

Th

Nd

Cs

Sm

DISCHARGE

REMOVE 
AQUEOUS 

LAYER

DCE

DCE

Water
pH 5.4

U

GENERATION OF 
EXTRACTANT

ADD FRESH BUFFER 
AND MIX PHASES

(a) (b)

(c)

(d)(e)

(f)

PP
OO

Ph
Ph Ph

Ph

(4.1)

P
O

Ph
Ph

P
O

Ph
Ph

(4.2b)(Bu4N)2

P
O

Ph
Ph

P
O

Ph
Ph

(4.2b)(Bu4N)2

P
O

Ph
Ph

P
O

Ph
Ph

(4.4N/4.5N)(Bu4N)2

U

P
O

Ph
Ph

P
O

Ph
Ph

(adduct)(Bu4N)2

U

PP
OO

Ph
Ph Ph

Ph

(4.1)

����������������������������	�
���������������������

��


����������	�
���
�����������������
���������
 !�
 !�"��
����
�
��

����������������������������	�
���������������������

��


����������	�
���
�����������������
���������
� �
� �!��
����
�
��

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

(4.1)

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

(adduct)

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

(4.1)

*

31P{1H} NMR

31P{1H} NMR

31P{1H} NMR

UV-Vis (NaOAC buffer, 0.1M)

PPN

PPN

PPN

ab
so
rb
an
ce

nm

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

400 500 600 700 800
0.0

0.1

0.2

0.3

 

 

400 500 600 700 800
0.0

0.1

0.2

0.3

 

 

�������������������������	�
���������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

����������������������������	�
���������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

(4.1)

(4.2b)

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

�������������������������	�
������������������

��


������������	�
��
����������������
����
��
�	� �	� �!��	���������

(4.1)

**
(5.5)

(4.4N/4.5N)

31P{1H} NMR

31P{1H} NMR

UV-Vis (NaOAC buffer, 0.5M)

UV-Vis (NaOAC buffer, 0.5M)

*

*

*

*
*
*

*

*
*
**

PPN

PPN

nm

ab
so
rb
an
ce

ab
so
rb
an
ce

nm

400 500 600 700 800
0.0

0.1

0.2

0.3

 

Recovery (200)

*



 233 

NMR spectrum of DCE layer containing 4.2b (major) and 4.1 (minor) after charging 4.1 

galvanostatically. (c) Mixing of the phases in b for 1.5 hours. (d) Top inset, UV–Vis spectrum 

of aqueous phase after mixing with the DCE phase, revealing approximately ~0.63 equiv. of 

UO22+
 were selectively extracted. Bottom inset, 31P{1H} NMR spectrum of the DCE layer after 

mixing with aqueous phase, showing captured products 4.4N/4.5N (major), with 5.5 (denoted 

*) and 4.1 as minor products. (e) 31P{1H} NMR spectrum of the DCE layer following phase 

separation and galvanostatic discharge. A broad peak is observed at 38 ppm, which we attribute 

to an adduct of UO22+ with 4.1. (f) Top inset, UV–Vis spectrum of aqueous phase after addition 

of fresh buffer (0.1 M, pH 5.4) to the discharged DCE solution (in e) and mixing for 15 hours. 

The spectrum reveals the release of approximately ~0.76 equiv. of UO22+. Bottom inset, 

31P{1H} NMR spectrum of the DCE layer after mixing with fresh buffer, showing the free 

carborane 4.1 (major), as well as unknown byproducts at 20 ppm marked by *.  
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5.5.3.6 Supplementary Figures for UV–Vis Spectroscopy  

 

Figure 5.25. UV–Vis Spectra of Individual Solutions of ThIV, NdIII, SmIII, and CsI in 

NaOAc buffer. All solutions were prepared at concentrations of 0.02 M in 1.5 mL of NaOAc 

buffer (0.5 M, pH 5.4) with (a) Th(NO3)4•H2O, (b) Nd(NO3)3THF3, (c) Sm(NO3)3THF3, and 

(d) CsNO3. (a) and (d) do not display any optical absorptions in the visible region. All spectra 

display an absorbance at 304 nm consistent with NO3– anion.129 
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Figure 5.26. Calibration Curve for Varying Concentrations of UO22+ in an Equimolar 

Mixtures of ThIV, NdIII, SmIII, and CsI. The concentrations of ThIV, NdIII, SmIII, and CsI were 

kept constant (0.2 M for each ion and 0.08 M total). Varying concentrations of UO22+ were 

used (0.0025–0.02 M) and all calibration solutions were prepared in NaOAc buffer (0.5 M at 

pH 5.4). 
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