
UC Santa Barbara
UC Santa Barbara Electronic Theses and Dissertations

Title
N–H Hydrogen Atom Abstractions at Fe Complexes and Selective Capture and Release of 
Lithium Using Redox-Active Carborane Crown Ethers

Permalink
https://escholarship.org/uc/item/05p8z8m4

Author
Wang, Zongheng

Publication Date
2022
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/05p8z8m4
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Santa Barbara 

 

 

N–H Hydrogen Atom Abstractions at Fe Complexes and Selective Capture and Release of 

Lithium Using Redox-Active Carborane Crown Ethers 

 

A dissertation submitted in partial satisfaction of the 

requirements for the degree Doctor of Philosophy 

in Chemistry 

 

by 

 

Zongheng Wang 

 

Committee in charge: 

Professor Gabriel Ménard, Chair 

Professor Trevor Hayton 

Professor Mahdi Abu-Omar 

Professor Armen Zakarian 

 

 

September 2022



 

The dissertation of Zongheng Wang is approved. 

 

 _____________________________________________ 

 Trevor Hayton 

 

 _____________________________________________ 

 Mahdi Abu-Omar 

 

 _____________________________________________ 

 Armen Zakarian 

 

 _____________________________________________ 

 Gabriel Ménard, Committee Chair 

 

 

August 2022 

 

 

 

 

 

 

 



 

 
iii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N–H Hydrogen Atom Abstractions at Fe Complexes and Selective Capture and Release of 

Lithium Using Redox-Active Carborane Crown Ethers 

 

Copyright © 2022 

by 

Zongheng Wang  



 

 
iv 

ACKNOWLEDGEMENTS 

 

First, I would like to thank my supervisor Professor Gabriel Menard. Gab, thank you for 

letting me join the group and I learned so much from during my PhD study. Thank you for 

guiding me when I am lost in research and gave me all the freedom to follow my own research 

directions. Your tips on presentation were very helpful and I have become much more 

confident and comfortable when I give a talk. I am really appreciating all the funding you 

provided for me, so I didn’t have to teach last two and half years and have a better work-time 

balance. Thank you for being patient with me. 

Next, I would like to thank my past and current group members for help me adjust in grad 

school when I was just fresh out of undergrad and did not have a clue on what was going on. I 

really appreciate you guys being very patient with me, especially Dr. Jiaxiang Chu and Dr. 

Camden Hunt for guiding me through my first research project back then. I also enjoyed some 

late-night working with Dr. Sam Jacob and Dr. Anthony Wong. Later, as I understand more of 

the grad school and started my own research, I received so many useful advice from you guys 

and applied to my work. Your advice and feedbacks from practice talk also helped a lot on my 

research and getting better at presenting. As I became more senior member of the group, I also 

got chances to gain some mentorship experience from guiding new group members. Outside 

the lab, I was really enjoying all group social activities that helped me felt more relaxed. I am 

glad I get to know all your guys better, thank you! 

I would also like to thank all the people I have made friends with in Santa Barbara. 

Socialization can be challenging for an international PhD student like me but knowing and 

hanging out with your guys have made my life in UCSB much more interesting. I got a nice 



 

 
v 

crew to play basketball with and participated the intramural league. Thanks to my friend and 

lab mate Dr. Sam Jacob, I also discovered my passion in playing volleyball and met more 

people in SB. I also started a team in one of the UCSB intramural volleyball leagues and won 

the tile (still mad that we could not get T-shirt prize)! I also had great times to play bowling, 

pool and tennis with many incredible friends. Other than sports, thank you for inviting me to 

many social activities that enriched my life outside of work. I also appreciate my friends from 

my home country China for many Mahjong and Karaoke nights, which helped me experience 

some of my lifestyle back home. I got to experience many cool events in SB because of my 

friends, thank you! 

 I would also like to thank my friends form undergrad, especially the ‘CSF’ crew of Luke, 

Lee, Maddy, Noreen and Lindy. We had a lot of fun in college from taking classes to hanging 

out! Although after undergrad we scattered across the country, we keep in touch and had some 

fun online activity. I really liked those times when we had the chance to gather in person!   

Finally, I would like to thank my family back in China. Thank you for all the support for 

me to pursue my career in PhD study. Your life advice was incredibly valuable to me. Last 

couple years were hard for international travel and hopefully it will get easier for visiting!  



 

 
vi 

Zongheng Wang 

515-817-3991 |  zongheng@ucsb.edu |  linkedin.com/in/wang-zongheng-a38625206 

EDUCATION         .  

Ph.D. Inorganic Chemistry, University of California, Santa Barbara     

Expected August 2022 

Research advisor: Professor Gabriel Ménard 

Award: 2021 Outstanding Service to the Department 

B.S Chemistry, Minor in Mathematics, Iowa State University  

Aug 2013 – May 2017  

Research advisor: Professor Levi Stanley, Professor William Jenks 

Award: 2016 Hudson Research Stipend       

SKILLS            

Technical  

 

• Air free technique 

(Glove Box and 

Schlenk Line) 

• Purification/separation 

techniques  

• Cyclic Voltammetry 

• Single-crystal X-ray 

Diffraction 

• Mössbauer 

spectroscopy  

• 1H, heteronuclear 

(7Li/11B/13C/14N/ 
31P/19F/23Na/39K) and 

2D NMR Spectroscopy 

• GCMS, ESI and 

MALDI  

• ICP-OES 

• Organic and inorganic 

synthesis  

• Thermogravimetric 

analysis 

• Column 

Chromatography 

• UV-Visible 

Spectroscopy 

• FTIR Spectroscopy 

Additional  

• Research website: Scifinder, Reaxys, Mendeley 

• Data analysis software:  Chemdraw, MestReNova, Olex, Origin, Xshell, Mercury, Nova, MS 

office 

• Language: Chinese (Native) and English (bilingual) 

  

RESEARCH EXPERIENCE         
Graduate Student Researcher, UCSB                                     Sept 2017 – Present  

• Designed and synthesize a series of novel redox-active carborane crown complexes for 

selective Lithium capture/release electrochemically for lithium recycle from seawater, patent 

pending in progress 

• Applied synthesized carborane crown complexes with larger crown size for selective Cesium 

and Strontium capture/release electrochemically for nuclear waste treatment 

• Utilized synthesized metal phthalocyanines on homogenous catalytic ammonia oxidation to 

N2 and alkylamine N–H/C–H activation for fuel cell applications, collaborated with PNNL 

for DFT mechanistic calculation 

• Synthesize and explore reactivity on bridging Iron phthalocyanine nitride for the development 

of flow batteries 

• Research resulted in 2 publications, 3 conference presentations and funding from Mitsubishi 

Chemical Company with monthly project updates and quarterly oral presentation 

mailto:zongheng@ucsb.edu
https://www.linkedin.com/in/wang-zongheng-a38625206


 

 
vii 

• Maintain laboratory equipment (e.g., glove boxes and Mössbauer spectrometer) and train new 

users on protocols 

• Design and manage projects through literature search, experiments, data analysis and 

communication 

Iowa State University, Undergraduate Student Researcher    Sept 2014 – May 2017  

• Synthesized and studied several Metal-organic frameworks for their application on 

heterogeneous catalysis 

• Investigated catalysts for Palladium catalyzed hydroheteroarylation and Cobalt-catalyzed 

hydroacylation 

• Studied the radical polarizing agents for Dynamic Nuclear polarization NMR 

 

LEADERSHIP EXPERIENCE         
Liaison, Chemistry Professional Development (ChemPD), Organization, UCSB  

Sept 2020 – Present  

• Shared professional development opportunities and helped coordinate a virtual Career Day 

for graduate students. 

Mentor, Tutor, & Teaching Assistant, UCSB & ISU  

Sept 2017 – Sept 2021 

• Taught 100+ student undergraduate chemistry courses involving intro to chemistry, general 

chemistry, organic chemistry, and advanced physical chemistry, helping students understand 

difficult concepts 

Graduate Mentor, UCSB            

Sept 2019 – present 

• Mentored new graduate and undergraduate students to learn how to effectively conduct 

experiments safely, characterize and analyze results, and present their findings 

o Undergraduate mentee attended New York University for Chemistry PhD in Fall 

2021 

o Designed metal capture projects for new graduate students 

PUBLICATIONS           

• Wang, Z.; Johnson, S. I.; Wu, G.; Ménard, G. Multiple N–H and C–H Hydrogen Atom 

Abstractions Through Coordination-Induced Bond Weakening at Fe-Amine Complexes. 

Inorg. Chem. 2021, 60 (11), 8242–8251.  

• Wang, Z.; Wu, G.; G.; Ménard. Selective lithium capture and release with redox switchable 

ortho-carborane based crown ether. Manuscript in progress. 

• Wang, Z.; Heinrich, S.; Sepunaru, L.; Ménard, G. Selective Electrochemical Capture and 

Release of Lithium from Seawater. Patent pending in progress. 

• Peterson, M.; Hunt, C.; Wang, Z.; Heinrich, S. E.; Wu, G.; Ménard, G. Synthesis, 

Characterization and Electrochemical Properties of a First-Row Metal Phthalocyanine Series. 

Dalt. Trans. 2020, 49 (45), 16268–16277. 

PRESENTATIONS           

• Wang, Z.; Johnson, S. I.; Wu, G.; Ménard, G. “Multiple N–H and C–H Hydrogen Atom 

Abstractions Through Coordination-Induced Bond Weakening at Fe-Amine Complexes” Talk 

presentation. UC Chemical Symposium, online, March 2021 



 

 
viii 

• Heinrich, S.; Mattejat, M.; Wang, Z.; Ménard, G. “Selective Electrochemical Capture and 

Release of Uranyl in Solution” Poster presentation. DOE Science Program Meeting, August 

2021 

• Wang, Z.; Johnson, S. I.; Wu, G.; Ménard, G. “Multiple N–H and C–H Hydrogen Atom 

Abstractions Through Coordination-Induced Bond Weakening at Fe-Amine Complexes” 

Poster presentation. Pacifichem December 2021. 

 



 

 
ix 

ABSTRACT 

 

N–H Hydrogen Atom Abstractions at Fe Complexes and Selective Capture and Release of 

Lithium Using Redox-Active Carborane Crown Ethers 

by 

 

Zongheng Wang 

 

For the first part of this dissertation, we wanted to study new abundant-metal homogeneous 

ammonia oxidation catalysts in order to gain important mechanistic understandings of these 

molecular-level transformations. Our catalyst of choice was an Fe-phthalocyanine complex, 

PcFe (Pc = 1,4,8,11,15,18,22,25-octaethoxy-phthalocyanine), which we synthesized and with 

which we subsequently generated PcFe−amine complexes with ammonia and related 

alkylamines. Treatment of PcFe with an excess hydrogen atom abstractor, 2,4,6-tri-tert-

butylphenoxyl radical (tBuArO•), in the presence of NH3 resulted in catalytic H atom abstraction 

(HAA) and C−N coupling to produce 4-amino-2,4,6-tritert-butylcyclohexa-2,5-dien-1-one and 

tBuArOH. Exposing FePc to an excess of the trityl (CPh3) variant, 2,6-di-tert-butyl-4-

tritylphenoxyl radical (TrArO•), and NH3 did not lead to catalytic ammonia oxidation as 

similarly reported in a related Ru-porphyrin complex. However, pronounced coordination-

induced bond weakening of both α N−H and β C−H in the PcFe-alkylamine congeners, led to 

multiple HAA events in the presence of tBuArO•, yielding a cyanide or an imine complex 

depending on which alkylamine was used. Detailed computational studies were also performed 

to elucidate the mechanisms involved in these transformations. 
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For the second half of this dissertation, we explored the selective, electrochemical capture 

and release of Li+ from seawater using redox-switchable substituted ortho-carboranes (Cb). 

Reduction of the neutral “closo-Cb” to the 2 e- reduced “nido-Cb” resulted in C–C bond 

cleavage and subsequent cage opening, increasing the bite angle of the Cb-appended donor 

groups. This structural change can be reversed by oxidation of nido-Cb back to closo-Cb. To 

capture Li+ ions, we synthesized and fully characterized a series of Cb-substituted crown ether 

compounds, which are known to have high affinity and selectivity to Li+. Li+ binding affinity 

and selectivity was monitored via 1H, 7Li, 23Na NMR spectroscopy, as well as with cyclic 

voltammetry. These measurements point to significant observed selectivity for Li+ vs. other 

alkali metals in the nido-Cb form as described in this thesis. Furthermore, we also extended 

our studies to group 2 metals, specifically cesium and strontium capture/release, for nuclear 

waste treatment purposes using larger Cb-crown species. These preliminary results are also 

presented herein.   
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Chapter 1  

Introduction 
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1.1 Renewable energy storage  

1.1.1 Renewable energy storage chemical vector 

 In the ongoing effort to battle climate change, we must reduce the emission of carbon 

dioxide (CO2) from the use of fossil fuels and one of the alternatives is to increase the use of 

renewable energy (RE) based on solar, wind, geothermal, and other sources. Currently, RE 

storage is heavily relying on pumped hydro storage (95%) and batteries (~5%); however, their 

capacity only account for a small portion of total RE generation.1 The sustained growth of the 

RE production relies on the development of chemical and electrochemical energy storage 

technologies to meet the mixed demands of the electric grid and transportation sectors, which 

in turn depends on exploring different systems for efficient energy storage, such as chemical 

bonds in chemical energy vectors (H2, MeOH, NH3).  

With energy stored in chemical bonds, chemical energy vectors can be used for long-

term energy storage and can stabilize RE grid fluctuations.2-4 Hydrogen (H2) is a popular 

candidate for RE storage due to its high gravimetric energy density (141.86 MJ/Kg) and 

carbon-free emissions with water as the only product; however, challenges in H2 storage and 

transportation limit the wider utilization of H2 in RE storage. Compressing H2 into tanks 

requires high pressure conditions (750 bar) with only 40-50% efficiency and high compression 

costs.5 In addition, handling and transporting hydrogen tanks raises safety concerns, especially 

with possible leakage from various storage containers due to the small size and rapid diffusion 

of hydrogen.6, 7 To overcome these issues, storing H2 in the form of ammonia (NH3) has drawn 

increasing attention.  
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1.1.2 Storing energy in ammonia 

Ammonia (NH3) is an attractive chemical energy vectors for RE storage for its zero-

carbon content, high energy density and high H2-storage capacity (17.6%/wt). NH3 production 

is low-cost ($1.4-1.7/kg) and can be processed on a megaton scale due to the commercially 

and industrially developed Haber-Bosch process.8 Compared to H2, NH3 is much easier to 

compress or liquify at much lower pressures (8 bar) in tanks and is much safer to transport. 

NH3 storage, transportation and its global distribution infrastructure are well established 

industrially due to its widespread application as in fertilizers.9 Although NH3 can be a 

promising candidate for RE storage, the majority of current NH3 production is not 

environmental friendly, because of the hydrogen source for the Haber-Bosch process coming 

from steam reform of fossil fuels, which together accounts for 1.4% of total global CO2 

emission.10 Therefore, there is an increasing push to use RE-powered electrolytic water 

splitting to generate H2, followed by N2 reduction to produce NH3. Direct NH3 generation from 

N2 and H2O in a single electrochemical reactor, has also been investigated.3, 11, 12 New pilot 

plants based on those carbon free NH3 production methods have been constructed. 2, 9  

1.1.3 Ammonia fuel cells 

To utilize the energy stored in NH3, there is increasing research on the use of NH3 

powered fuels cells. Polymer electrolyte membrane fuel cells (PEMFCs) is one of the well-

developed fuel cells that NH3 can be used to fuel indirectly.13 After initial cracking of NH3 to 

N2/H2 at high temperatures ranging from 500-1000 °C, the generated H2 is oxidized at the 

anode and O2 is reduced at the cathode (Equations 1 and 2) to release the energy stored in the 

chemical bonds that are initially from ammonia.6, 14  

𝑎𝑛𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 2𝐻2 → 2𝐻+ + 4𝑒− (1) 
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𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 𝑂2 + 4𝐻+ + 4𝑒− → 2H2O (2) 

 On the other hand, technologies based on alkaline membrane fuel cells (AMFCs) has 

emerged for the direct use of NH3. The reported AMFCs utilize KOH aqueous solution as 

electrolyte or molten NaOH/KOH at temperature ranges of 200-450 °C (Equations 3 and 4, 

Figure 1.1).14-16 

𝑎𝑛𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 2𝑁𝐻3 + 6𝑂𝐻− → 𝑁2 + 6𝐻2𝑂 + 6𝑒− (3) 

𝑐𝑎𝑡ℎ𝑜𝑑𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 1.5𝑂2 + 3𝐻2𝑂 + 6𝑒− → 6𝑂𝐻− (4) 

 

Figure 1.1. Depiction of an AMFC 

 

Conversion of NH3 to N2/H2 (for PEMFCs) or N2/H2O (for AMFCs) heterogeneously 

and electrocatalytically have been reported.15-20 However, those catalytic NH3 studies suffered 
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from significant overpotentials and low conversions, which limited the further utilization of 

these NH3 fuel cells. These challenges emphasize the importance of understanding of the 

complex multielectron ammonia oxidation (AO) (Equations 5) reaction.  

2𝑁𝐻3 → 𝑁2 + 3𝐻2 (5) 

 

1.2 Lithium capture 

1.2.1 Lithium demand and production 

In addition to chemical energy vectors for RE storage, electrochemical RE storage 

technologies, such as with batteries, also underwent rapid development and deployment over 

the last two decades. Lithium-ion based batteries, in particular, have become the most popular 

commercially produced batteries and are widely applied in our daily lives (e.g., phones, laptops, 

electronics, etc.) and are increasingly being used for grid-scale RE storage. Therefore, lithium 

is increasingly considered a global strategic resource.21 As a result, the demand for lithium has 

increased significantly and is projected to continue to increase in 6-9% rate annually, in turn 

predicted to consume one-third of the world’s land-based lithium reserves in the next decade.22, 

23  

 Current lithium production is land based and there are an estimated 21 million metric 

tons of lithium available.24 Lithium production relies mostly on the lime-soda solar evaporation 

technique from Li-rich brines.22, 24 The subsurface brine is pumped into large open evaporation 

ponds where it sits for 1-2 years to concentrate the lithium content under sunlight. The 

concentrated brine is then treated chemically to precipitate out lithium carbonate, followed by 

filtration and drying. This less costly method is limited to lithium rich locations such as the 

“Lithium Triangle” centered around Chile, Bolivia, and Argentina. Additionally, recovering 
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lithium from brine is time consuming, requires a lot of water, generates salt waste, and can 

contaminate water used for drinking and irrigation. Another industrial lithium production 

method involves extracting the metal from lithium-bearing mineral ores by using concentrated 

sulfuric acid to leach the ores, which generates environmental unfriendly acid by-products.24, 

25 With surging demand for lithium, it is expected that current production will very soon not 

meet projected market demands.22 Therefore, there is a growing interest in exploring 

alternative lithium sources, such as from seawater.  

 

1.2.2 Lithium in seawater 

 Dissolved lithium (Li+) in seawater is at a very low concentration of 0.17 ppm; however, 

due to the vastness of the oceans, the total dissolved Li+ content in seawater is estimated to be 

180 billion tons, approximately 10,000× higher than the combined land-based reserves.24, 26 

This represents huge untapped resources which could be collected in an environmentally 

friendly manner. However, the capture of Li+ in a selective and effective manner from seawater 

has been a major challenge due mainly to the high sodium ion (Na+) concentration present 

which is 60,000× more concentrated than Li+. 

 Seawater Li+ capture has previously been investigated primarily using modified Mn2O4 

or -Mn2O4 adsorbents which demonstrated high selectivity towards Li+.27, 28 Like the lime-

soda solar evaporation technique, those Li+ absorption process are time consuming (months) 

and required an acidic workup step which can lead to Mn leaching resulting in serious 

environmental concerns. Furthermore, extra purification for the released Li+ concentrate is 

often required to remove the other co-captured metal ions from the adsorption process. For 

electrochemical seawater Li+ extraction, studies showed these Mn2O4 and related LiFePO4 
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adsorbents can be utilized as electrode materials, including conditions under a continuous flow 

of seawater.22, 29-32 These promising electrochemical techniques drastically reduce the time 

required to capture Li+ compared to commercially production methods. Nevertheless, these 

electrochemical techniques suffer from relatively high energy consumption, pH sensitivity, 

competing metal binding (e.g., Mg2+) and Mn leaching,32 indicating the need for the 

investigation of new electrochemical seawater lithium extraction methods, such as from 

seawater. 

1.2.3 Crown ethers 

 Crown ethers are heterocyclic compounds that were first reported in the 1960s.33 

Simple crown ethers consist of a repeating unit of –CH2CH2O–, which repeats 4 times in 12-

crown-4 and 6 times in 18-crown-6 (Scheme 1.1). More complicated crown ethers feature 

additional carbon atoms (e.g.,14-crown-4), different heteroatoms such as nitrogen (i.e., azo-

12-crown-4) or addition of functional groups.  

 

Scheme 1.1 Examples of crown ethers 

 

Crowns ethers have been studied extensively for their ability to coordinate metal 

cations, especially alkali metal cations.33 The heteroatom donors (mostly oxygen) in crown 

ethers provide several coordination sites for metal cation binding. In addition, by changing the 

size of the heterocycle, the crown ethers are capable of selectively coordinating different alkali 
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metal cations.34 For example, 18-crown-6 has high selectivity for bigger cations, such as Na+ 

and K+.33, 34 Smaller 14-crown-4 and 12-crown-4 demonstrated the highest selectivity toward 

Li+, which can be used for Li+ capture.35-38 Adding electron-donating groups onto 14-crown-4 

can further increase the Li+ binding affinity and selectivity over Na+.39  

 

1.3 Carboranes 

1.3.1 Carborane cluster 

Carboranes (CxByHz) are polyhedral boron-carbon cluster that are stabilized by 

electron-delocalized  covalent bonds. Inspired by the super stable polyhedral borane cluster 

B12H12
2-,40 the isoelectronic analogue icosahedral carborane (C2B10H12) was first synthesized 

in the 1950s and reported in 1963.41 After more than 50 years of study, carborane chemistry 

has been developed and applied in the field of medicine, nanoscale engineering, catalysis, 

metal recovery, and so on for its unique electronic properties, geometry, and versatility.  

The size of carborane clusters can vary from 5 (e.g., C2B3H5)
42 to 14 (e.g., C2B12H14)

43 

vertices (total number of non–H atoms in cluster) resulting in structural patterns with different 

geometric shapes (Figure 1.2a). The location and number (1-5) of carbon atom in carboranes 

are not fixed (Figure 1.2b).  
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Figure 1.2. a) Examples of carborane clusters with different numbers of vertices. b) 12 vertices 

carborane clusters with different location and number of carbon atoms 

 

 Similar to B–H–B 3c2e (three-center, two-electron) localized electron-pair bonds, 

electrons in carboranes are delocalized in the skeletal boron and carbon atoms. Therefore, 

unlike organoboranes, the carbon atom in carborane can have at least 3 and as many as 6 

neighboring atoms. The cluster geometry of carboranes is determined by the total number of 

skeletal electron pairs (SEP), contributed by both boron and carbon units. The prefix closo- 

refers to the carborane cage that has a closed polyhedron geometry with all faces triangular 

and SEP is based on number of vertices (n) under equation SEP = n+1. The prefixes nido-, 

arachno-, and hypho- designate polyhedral carborane cage (closo-) with one, two, or three 

missing vertices, respectively, which does not change the total number of SEP and electronic 

geometry. For example, in the ortho-carborane C2B10H12 (Cb, Figure 1.3) case, both nido- and 

arachno-form with missing boron vertices still have total 13 SEP and their electronic geometry 

remained icosahedral. 
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Figure 1.3. (left) closo-ortho-carborane (Cb), 1,2-C2B10H12 (12 vertices). (middle) nido-

C2B9H12
- (11 vertices). (right) arachno-C2B8H12

2- (10 vertices). Dash bonds highlight the 

missing vertices and are terminated by an H atom. 

 

1.3.2 Redox active ortho-carborane 

 Among the family of carborane clusters, the closo-ortho-carborane (Cb), 1,2-C2B10H12, 

(Figure 1.3, left) is of most interest to us. It was one of the first reported carboranes in the 

literature.41 Like the parent borane B12H12
2-, the Cb consists of electron-deficient bonds and all 

SEP are fully delocalized in the Cb framework, resulting in 3D aromaticity and high stability. 

Studies have shown that the neutral Cb can undergo 2e- reduction, increasing the total number 

of SEP to 14 and resulting in a change in the cluster geometry.44-47 During this process, the C–

C bond in Cb ruptures, leading to the cage opening to form the open nido-Cb (C2B10H12
2-), 

where 12 vertices remain (different from 11 vertices nido-form depicted in Figure 1.3 due to 

the change in number of SEP). The nido-Cb can be oxidized back to closo-Cb, highlighting its 

redox switchable property. Due to the electron delocalization and inductive effect, the C–H 

bonds in Cb can be readily substituted with different groups for various purposes. For example, 

donor ligands may be installed on both carbon atoms in the cluster. The ligand bite angle may 

then be significantly increased in the reduced nido-Cb relative to its neutral closo-form. The 

bigger bite angle in nido-Cb can be optimal for metal coordination, while the closo-form may 

have poor metal binding ability due to the smaller bite angle.48 We previously reported the use 
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of such redox-switchable coordinating abilities for the electrochemical capture and release of 

uranyl (M = UO2
2+) from biphasic solutions (Figure 1.4). 48, 49 By utilizing this redox switching 

function from the closo- to the nido-Cb, this system may also provide a potential pathway to 

achieving lithium (M = Li+) capture and release from seawater. 

 

Figure 1.4. Capture and release of metal cation using Cb with selective donors (L).  

 

1.3.3 Electronic properties of substituted Cb 

Reduction of Cb is the key step to applying Cb-based chemistry for metal 

capture/release (Figure 1.4), highlighting the importance to study the electronic properties of 

the substituted Cb. Unsubstituted Cb has a reported reduction potential at -2.96 V vs the Fc/Fc+ 

couple (Fc = ferrocene).50 Such low reduction potential would result in instability of nido-Cb, 

especially under aqueous condition. The reduction potential of Cb can be shifted by changing 

the electronic nature of the substituents on boron or carbon.46 Furthermore, these 2e- reduction 

of substituted Cb can occur simultaneously or into two steps, depending on the stability of the 

mono reduced radical intermediate.46, 51 For example, Cb with an iodine substitution on 9-

position (9-I-Cb) has a more positive reduction potential at -2.53 V vs Fc/Fc+.50 The second 

iodine substitution on the 12-position (9,12-I2-Cb) shifted the reduction potential anodically to 

-2.19 V (Figure 1.5).50  

B H=

C=

LL LL

M

+2e-

M

M

-2e-

2-
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Figure 1.5. Iodine substitution on the Cb cage shifts the reduction potential(Position 

numbering highlighted on the left). 

 

 Similarly, adding electron-withdrawing groups, such as 4-CF3C6H4 on both carbons 

resulted in a reduction potentials at -1.35 V and -1.61 V.52 The bulkiness of the substituents is 

another factor that can affect the redox properties. For instance, the presence of two bulky 

phenyl substituents at both adjacent C atoms pushed the reduction potential to -1.51 V and -

1.78V.50 Overall, by modifying the electronic nature and bulkiness of the substituents, the 

redox potentials for the reduction of differently substituted Cb span a remarkable range of ∼2.5 

V. The redox properties of substituted Cb are also greatly affected by different solvents.51, 52 

Furthermore, the strong structural change from the C–C bond cleavage during reduction affects 

the electrochemical and chemical redox reversibility of the Cb, which is further dependent on 

the nature of the substituents.53  

1.4 Scope of thesis  

In the first half of this thesis, we sought to study homogeneous AO catalysts to provide 

important insights into these molecular-level transformations of NH3 to N2. Our investigation 

began with using a first-row transition metal complex, a substituted Fe-phthalocyanine (PcFe), 

for its simple synthesis, low cost and ability to bind NH3. H atom abstracting reagents were 
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used to activate NH3 in the presence of PcFe through coordination-induced bond weakening. 

To bolster the mechanistic study on ammonia oxidation, we also added related alkylamines 

onto PcFe and used H atom abstracting reagent on coordinated Fe-amines complexes to 

activate similar N–H bonds, unexpectedly cleaving adjacent C–H bond at the same time. DFT 

calculations were performed to correlate the experimental results and provide additional 

analysis to understanding this complex mechanism (Chapter 2). 

We further extended our study on electrochemical RE storage by investigating a new 

redox-switchable system to capture and release Li+ for lithium extraction in seawater. We 

utilized carborane chemistry for its unique redox behavior, which showed success for our 

previous work on selective Uranium capture and release. To achieve Li+ capture and release, 

our approach was to attach various Li+ selective donor group onto Cb. We synthesized and 

characterized a series of carbon substituted Cb featuring donor group such as crown ethers that 

were known for selective Li+ binding. After studying the electrochemical properties of 

synthesized Cb-based compounds, we chemically reduced these substituted closo-Cb into 

nido-form as potential candidates for Li+ capture (Chapter 3). With fully characterized closo- 

and nido- Cb crown ether compounds, we applied multiple analytical methods to investigate 

their Li+ binding affinity, followed by probing Li+ selectivity over other metal cation (Chapter 

4). Next, we expanded our Cb redox-switchable scheme for other metals of interest, such as 

cesium, strontium and other group 2 metal. Using characterized Cb compounds, we obtained 

preliminary results on their interaction with these metal cations, providing important insights 

on future directions of metal capture and release projects (Chapter 5). 

 In Chapters 2-5, all compounds were prepared and characterized by the author except 

for Density Functional Theory (DFT) analysis by Sam Johnson at Pacific Northwest National 
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Laboratory. In Chapters 3, all electrochemical characterizations were performed by the author. 

In Chapter 4, all NMR experiments were performed by the author and the electrochemical 

methods were conduct by Shannon Heinrich. In Chapter 5, all NMR experiments and the 

electrochemical methods were performed by the author. At the time of this writing, Chapter 2 

has been published. Portions of Chapter 3 and Chapter 4 are in preparation for publication. 

Chapter 2: Peterson, M.; Hunt, C.; Wang, Z.; Heinrich, S. E.; Wu, G.; Ménard, G. Synthesis, 

Characterization and Electrochemical Properties of a First-Row Metal Phthalocyanine Series. 

Dalt. Trans. 2020, 49 (45), 16268–16277.  

Wang, Z.; Johnson, S. I.; Wu, G.; Ménard, G. Multiple N–H and C–H Hydrogen Atom 

Abstractions Through Coordination-Induced Bond Weakening at Fe-Amine Complexes. 

Inorganic Chemistry 2021, 60 (11), 8242-8251 

Chapter 3: Manuscript in preparation  

Chapter 4: Manuscript in preparation  

Chapter 5: Preliminary investigation  
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Chapter 2  

Multiple N−H and C−H Hydrogen Atom Abstractions Through Coordination-Induced 

Bond Weakening at Fe-Amine Complexes 
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2.1 Introduction 

 As described in Chapter 1, ammonia is an attractive RE storage candidate1, 2; however, 

its end use requires a fundamental understanding of the complex multi-electron ammonia 

oxidation (AO) reaction. Homogeneous AO catalysts can provide important insight into these 

molecular-level transformations and several groups have recently reported important 

contributions to this field. For instance, the groups of Bullock,3 Mock,4 Nishibayashi,5 and 

Hamann and Smith6 have all reported Ru-based electro/chemical catalysts for AO. For first-

row metal complexes, our group previously reported a pseudo-catalytic “synthetic” cycle using 

a Mn complex,7 whereas Peters and coworkers have recently reported an Fe-based 

electrocatalyst for AO.8 While the proposed AO mechanisms vary in all of these reports, the 

underlying challenge in converting NH3 to N2 lies in activating the strong N–H bonds 

sufficiently to prompt subsequent N–N bond formation (N–H bond dissociation free-energy 

(BDFEN–H) = 99.4 kcal/mol).9, 10 

Coordination-induced bond weakening (CIBW) of NH3 or other ligands bound to 

redox-active metal centers can result in substantial decreases in E–H (E = C, N, O) BDFEs 

with effects seen at α positions 11-17 or downstream (β, γ, etc.) 18-20 of the metal center (Figure 

2.1a). Bezdek and Chirik have recently demonstrated substantial N–H CIBW at a Mo–NH3 

complex leading to spontaneous H2 formation,16 whereas Mock, Bullock, and co-workers have 

utilized N–H bond weakening to target H-atom abstraction (HAA) at metal-coordinated NH3.
4, 

21, 22 In a recent example, catalytic C–N coupling versus AO was controlled by tuning the HAA 

agent from 2,4,6-tert-butylphenoxyl radical (tBuArO•; BDFEO–H = 76.7 kcal/mol)9 to the para-

trityl variant, TrArO•, respectively, using the porphyrin-based catalyst, (TMP)Ru(NH3)2, in 

the presence of excess NH3 (TMP = tetramesitylporphyrin; Figure 2.1b).3 
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Figure 2.1. a) Various reported examples of α, β or γ E–H CIBW at metal complexes  (E = C, 

N, O). Reported E–H (red) BDFEs are shown. b) Previously reported catalytic HAA for C–N 

coupling or AO at (TMP)Ru(NH3)2. c) This work featuring: (left) catalytic C–N coupling of 

NH3 with tBuArO• using 2.1-(NH3)2 through CIBW, and; (right) multiple α N–H and β C–H 
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HAA events enabled by CIBW at alkylamine complexes, 2.1-(MeNH2)2 and 2.1-(Me2NH)2, 

using tBuArO•. 

 

 Our interest lies in developing new first-row catalysts for AO, and understanding the 

mechanistic details underlying N–H activation and N–N bond forming pathways.7 In parallel 

with Bullock and co-workers,3 we investigated the use of our recently reported Fe-

phthalocyanine (PcFe) complex (2.1),23 analogous to (TMP)Ru(NH3)2, and its potential use 

as an AO catalyst (Figure 2.1c). While we discovered that 2.1 was a competent C–N coupling 

catalyst, we found it was mostly inactive for catalytic AO through HAA chemistry (Figure 

2.1c, left). However, in an effort to bolster our mechanistic understanding of these 

transformations, we synthesized related alkylamine complexes and exposed these to similar 

HAA conditions. In these cases, we uncovered that pronounced CIBW led to multiple α N–H 

and β C–H events, generating unsaturated C–N bonds (Figure 2.1c, right).24-28 In one case, 

subsequent C–N bond formation could be induced. The details of these transformations are 

presented herein. 

 

2.2 Results and Discussion 

2.2.1 Synthesis and Characterization of EtOPcFe  

 The starting complex EtOPcFe (2.1), was synthesized from free ligand EtOPcH2 reacting 

with Fe(OAc)2 in toluene with reflux for 24h.23 After work-up, 2.1  was isolated and identified 

by NMR spectroscopy and the solid-state structure obtained by single crystal XRD studies 

(Figure 2.2). The 1H NMR spectrum of 2.1 displayed arene C–H resonances upfield at 3.44 

ppm relative to the ethoxy peaks at 4.32 ppm (triplet) and 9.90 ppm (quartet). 2.1 was further 
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analyzed by zero-field 57Fe Mössbauer spectroscopy. The 90 K spectrum revealed a quadrupole 

doublet with an isomer shift value at δ = 0.33 mm s−1 and a quadrupole split- ting value (|ΔEQ|) 

of 1.37 mm s−1. These values are consistent with an expected intermediate spin (S = 1) square 

planar Fe center.29 Our quadrupole splitting is roughly half of what would be expected by 

comparison with unsubstituted Pcs, which may be attributed to the electron donating ethoxy 

groups.30 31 

 

Figure 2.2. Solid-state molecular structures of 2.1. Ethoxy groups, co-crystallized solvent 

molecules, and all H atoms, except N–H, have been omitted for clarity. C, black; N, blue; O, 

red; Fe, yellow 
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2.2.2 Synthesis and Characterization of PcFe-Amine Precursors 

 Treatment of 2.1 with excess NH3, MeNH2, or Me2NH afforded the green products 2.1-

(NH3)2, 2.1-(MeNH2)2, or 2.1-(Me2NH)2, respectively, in high yields (Figure 2.1c). Each new 

complex was unambiguously identified by single crystal X-ray diffraction (XRD) studies, with 

the solid-state structures shown in Figure 2.3a. Observed Fe–Namine bond distances of 2.017(4), 

2.037(6), and 2.087(5) Å for 2.1-(NH3)2, 2.1-(MeNH2)2, and 2.1-(Me2NH)2, respectively, are 

consistent with increasing amine bulk and similar to previous reports.32-34 Pc ring distortions 

are most pronounced for 2.1-(MeNH2)2 and may be due to packing effects observed in the 

extended structure.23 The zero-field 57Fe Mössbauer spectra of each complex were collected at 

90 K and revealed very similar quadrupole doublets with isomer shift and quadrupole splitting 

( |EQ| (mm/s)) values of: 2.1-(NH3)2 (0.29, 1.14), 2.1-(MeNH2)2 (0.24, 0.87), and 2.1-

(Me2NH)2 (0.25, 0.99) (Figure 2.3b). While the  values are similar to previously reported 

axially substituted PcFe species,30 their |EQ| values are significantly reduced, similar to what 

was previously observed in 2.1 and which is again tentatively attributed to the electron 

donating EtO groups (Figure 2.1c).23 We note also that the spectral parameters of the amine-

substituted complexes are all smaller than those in 1 (0.33, 1.37), which is attributed to the 

addition of axially-bound σ-donating ligands, resulting in a spin-state change from S = 1 (2.1) 

to S = 0 (2.1-(NH3)2, 2.1-(MeNH2)2, and 2.1-(Me2NH)2). 23, 30, 35 The 1H NMR spectra of each 

compound revealed diamagnetic species with heavily shielded amine resonances due to their 

axial coordination above the strong, diatropic Pc ring current.36 As expected, this effect was 

more pronounced for the closer N–H resonances than the further C–H resonances (Figure 2.3c). 

Lastly, the UV-Vis absorption spectra displayed nearly identical prominent Q-band 

(HOMO()→LUMO(*)) absorption peaks at 714 nm ( = 47,432 M-1 cm-1), 716 nm ( = 
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36,102 M-1 cm-1), and 713 nm ( = 37,992 M-1 cm-1) for 2.1-(NH3)2, 2.1-(MeNH2)2, and 2.1-

(Me2NH)2, respectively, all of which are significantly blue-shifted relative to 2.1 (765 nm ( 

= 41,868 M-1 cm-1)).23 In contrast to 2.1, the substituted complexes all contained distinct 

absorptions in the 400-500 nm region assigned to Fe→Pc metal-to-ligand charge transfer 

(MLCT) bands previously observed in axially substituted low-spin PcFeII complexes37, 38: 2.1-

(NH3)2 (433 nm), 2.1-(MeNH2)2 (438 nm), 2.1-(Me2NH)2 (436 nm).  
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Figure 2.3. a) Solid-state molecular structures of 2.1-(NH3)2, 2.1-(MeNH2)2, and 2.1-

(Me2NH)2. Ethoxy groups, co-crystallized solvent molecules, and all H atoms, except N–H, 

have been omitted for clarity. Fe, orange; N, blue; C, black; H, gray. b) Zero-field 57Fe 
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Mössbauer spectra (90 K) of the corresponding complexes with isomer shift () and quadrupole 

splitting (|EQ|) values indicated. c) Partial 1H NMR spectra of the corresponding complexes 

highlighting the strongly shielded amine N–H and C–H resonances. 

 

2.2.2 N–H HAA at PcFe-NH3. 

 In order to test possible AO catalysis with 2.1 via HAA chemistry, we investigated the 

reactivity of this compound with tBuArO• or TrArO• under an atmosphere of NH3. Similar to 

the (TMP)Ru(NH3)2 system reported by Bullock and co-workers,3 we observed that 2.1 was 

a competent C–N coupling catalyst (Figure 2.1b(left), 2.1c (left)). For instance, treatment of 

2.1 to 300 equiv of tBuArO• under an atmosphere of NH3 in C6D6 revealed the formation of 

tBuArOH and the reported species, 4-amino-2,4,6-tri-tert-butylcyclohexa-2,5-dien-1-one (2.2; 

Figure 2.1c),3 as observed by 1H NMR spectroscopy after 24 h. The ratio of tBuArOH to 2.2 

was slightly elevated (ca. 1.5:1) and may be due to adventitious water from the NH3 gas or 

decomposition of tBuArO• (vide infra). A turnover number (TON) of 303 was calculated using 

0.05% of 2.1 after 27 h, similar to the reported reactivity of (TMP)Ru(NH3)2.3 The headspace 

gas of a reaction performed under an 15NH3 atmosphere was analyzed by GC-MS and revealed 

some isobutylene, attributed to the decomposition of tBuArO•,39 but no 15N2 (Figure 2.4).  
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Figure 2.4. GC of headspace sample taken from the catalytic C–N coupling of tBuArO• with 

15NH3 and 2.1 (experimental details are found in the manuscript). a) GC trace, b) MS at 

retention time of 1.54 mins displaying no 15N2 (m/z = 30). 
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 A control experiment involving the reaction of tBuArO• (BDFEArO–H = 76.7 kcal/mol) 

with NH3 (BDFEN–H = 99.4 kcal/mol) in the absence of 2.1 revealed no reactivity, indicating 

that significant N–H CIBW occurred upon coordination to 2.1.9 HAA from the isolated 

complex, 2.1-(NH3)2, also occurred using tBuArO•. Treatment of 2.1-(NH3)2 to 6.1 equiv of 

tBuArO• resulted in the formation of 2 equiv of 2.2, as well as an excess of tBuArOH (3 equiv) 

as observed by 1H NMR spectroscopy, and confirmed by 2H NMR spectroscopy using 2.1-

(ND3)2. We further observed the formation of a new, dark green, paramagnetic product. The 

identity of this product was confirmed by independent synthesis by reacting 2.1 with tBuArO• 

in dichloromethane (DCM). The solid-state structure obtained by XRD studies revealed the 

formation of the adduct, 2.1-OArtBu (Figure 2.5). The complex featured a domed EtOPc ligand 

with a nearly linear Fe1–O1–C1 bond (177.3(7)°),40 and an elongated Fe1–O1 bond (1.836(6) 

Å).40-44 The C1–O1 bond (1.370(11) Å) is average relative to reported Fe–OArtBu species,40, 43-

45 and longer than in free tBuArO• (1.246(2) Å).46  
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Figure 2.5. (top) Synthesis of 2.1-OArtBu. (bottom) Solid-state molecular structure of 2.1-

OArtBu. Ethoxy groups, co-crystallized solvent molecules, and all H atoms have been omitted 

for clarity. Selected bond lengths and angles: Fe–O1 1.836(6) Å, O1–C1 1.370(11) Å, Fe1–

O1–C1 177.3(7)°. 

 

 The zero-field 57Fe Mössbauer spectrum of 2.1-OArtBu (90 K) revealed a  = 0.26 

mm/s and a narrow |EQ| = 0.28 mm/s, consistent with formal oxidation to FeIII (Figure 2.6).47 

This was further supported by the appearance of broadened, paramagnetically shifted 

resonances in the 1H NMR spectrum (Figure 2.7). Treatment of 2.1-OArtBu to an atmosphere 

of NH3 resulted in the formation of 2.1-(NH3)2, tBuArOH, and 2.2 in similar ratios to above. 
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Figure 2.6. 57Fe Mössbauer spectrum of 2.1-OArtBu taken at 90 K 

 

Figure 2.7. 1H NMR (600 MHz) spectrum of 2.1-OArtBu in C6D6. Integrated peaks are from 

this paramagnetic product. 
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In order to circumvent the catalytic formation of 2.2, we investigated AO using the 

bulkier congener, TrArO• (Figure 2.1b-c), bearing the trityl (CPh3) group in the para position.3 

Under an atmosphere of 15NH3, 93 equiv of TrArO• were added to 2.1 and stirred in benzene 

for 16 h. Analysis of the headspace gas by GC-MS revealed only trace 15N2. A parallel 

concentrated reaction in a J. Young NMR tube monitored after 48 h revealed no detectable 

15N2 by 15N NMR spectroscopy. These data suggest that 2.1 is at best a very poor catalyst for 

AO, in contrast to the related (TMP)Ru(NH3)2 system (Figure 2.1b-c).3 While a substantial 

amount (~ 70-90%) of TrArO• was converted to TrArOH, as observed by 1H NMR spectroscopy 

and perhaps attributable to HAA at NH3, a significant quantity of isobutylene was also 

observed suggesting a competing TrArO• decomposition pathway. Stoichiometric reactions of 

TrArO• with 2.1-(NH3)2 were also inconclusive. In order to shed more light on these 

transformations, we decided to investigate this chemistry further using model EtOPcFe–

alkylamine complexes. 

2.2.3 N–H and C–H HAA at PcFe-Alkylamines 

 In an attempt to simplify our system and reduce the total number of N–H bonds in 2.1-

(NH3)2, we synthesized the dimethylamine variant, 2.1-(Me2NH)2 (vide supra), containing 

only two N–H bonds. Exposure of this compound to 1.25 equiv of tBuArO• led to the clean 

formation of two new products (ca. 60%) as observed by 1H NMR spectroscopy, along with 

residual 2.1-(Me2NH)2 (ca. 40%). The major new product contained a set of resonances in the 

1H NMR spectrum consistent with amine (Me2NH) and imine (MeN=CH2) coordination to Fe, 

with each integrating in a 1:1 ratio. We assign this as the putative intermediate, 2.1-

(MeN=CH2)(Me2NH), although efforts to isolate this single product have failed (Scheme 2.1).  
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Scheme 2.1. Reaction of with 2.1-(Me2NH)2 1.25 equiv of tBuArO• 

 

 The minor (ca. 15%) of the two new products could be cleanly formed by addition of 

4 equiv of tBuArO• to 2.1-(Me2NH)2. A singlet at -2.19 ppm (6H) correlating to a set of doublets 

(2H each) at 2.18 and 0.71 ppm was observed and together suggested N-methylmethanimine 

(MeN=CH2) coordination to Fe. The solid-state structure obtained by single crystal XRD 

studies indeed unambiguously confirmed the structure as the bis-imine product, 2.1-

(MeN=CH2)2 (Figure 2.1c, Figure 2.8). The structure revealed distinctively shortened N1–

C1 bonds (1.324(9) Å), relative to the N1–C2 bonds (1.395(8) Å). However, we note that these 

bond differences are not as pronounced as the only other crystallographically characterized -

coordinated N-methylmethanimine complex (bound to Co) reported by Power and co-workers 

which contained C–N and C=N bond lengths of 1.451(3) and 1.262(3) Å, respectively.48 The 

smaller difference in 2.1-(MeN=CH2)2 may be due to crystallographic averaging of the single 

and double bonds in the symmetry-generated XRD structure. Given the pure imine 

 coordination to Fe, and similar Fe–Nimine (2.006(5) Å) to Fe–Namine (2.087(5) Å) bond lengths 

in 2.1-(MeN=CH2)2 and 2.1-(Me2NH)2, respectively, the Mössbauer spectral parameters are 

also nearly identical ( |EQ| (mm/s)): 2.1-(MeN=CH2)2 (0.25, 0.92), 2.1-(Me2NH)2 (0.25, 

0.99). UV-Vis absorption features are also very similar for both. 
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Figure 2.8. Solid-state molecular structure of 2.1-(MeN=CH2)2. Ethoxy groups, co-

crystallized solvent molecules, and all H atoms, except imine N–H and C–H, have been omitted 

for clarity. Selected bond lengths: Fe1–N1 2.006(5) Å, N1–C1 1.324(9) Å, N1–C2 1.395(8) Å. 

We observed that the MeN=CH2 ligands were labile towards high heat as observed by 

a thermogravimetric analysis (TGA) of 2.1-(MeN=CH2)2 which revealed a 7.5% mass drop 

from 120°C to 170°C, in the range expected for loss of both imine ligands (8.5%). Room 

temperature substitution was achieved by addition of 2.6 equiv of PMe3 to 2.1-(MeN=CH2)2, 

which led to the formation of a new diamagnetic FePc complex, as observed by 1H and 31P 

NMR spectroscopy. We assigned this new species as the bis-trimethylphosphine species, 2.1-

(PMe3)2. Interestingly, release of MeN=CH2 led to its spontaneous cyclization via C–N bond 

formation to the 6-membered product, 1,3,5-trimethyl-1,3,5-triazinane, as observed by 1H 

NMR spectroscopy (Scheme 2.2).49 
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Scheme 2.2. Addition of 2.6 equiv of PMe3 to 2.1-(MeN=CH2)2 

 

While the oxidative dehydrogenation of coordinated amines has been reported,24-28 we 

next wanted to elucidate the specific mechanistic pathway for the specific conversion of 2.1-

(Me2NH)2 to 2.1-(MeN=CH2)2. To do so, we first performed the control reaction of tBuArO• 

with Me2NH in the absence of 1. In contrast to the control reaction of tBuArO• with NH3, an 

HAA reaction was observed upon mixing tBuArO• with Me2NH. Analysis of the reaction 

mixture by 1H NMR spectroscopy and GC-MS revealed the formation of tBuArOH in addition 

to a second product assigned as the dimethylamine analog of 2.2 (Figure 2.1c), 2.2-NMe2, in 

a 1.5:1 ratio. The observed reactivity was surprising given the reported experimentally 

determined N–H and C–H  bond dissociation enthalpy values of related Et2NH (BDEN–H/C–

H(avg) ≈ 87 kcal/mol) and calculated values for Me2NH (BDEC–H = 91.7 kcal/mol; BDEN–H = 

95.4 kcal/mol) were significantly higher than the reported experimental value for tBuArO–H 

(BDEO–H = 81.6 kcal/mol).50, 51 Moreover, previous kinetic studies revealed faster C–H than 

N–H HAA rates with the alkyloxide radical, tBuO•, in contrast to our observed results with 

tBuArO•.52 In addition, no further HAA events were observed when exposing 2.2-NMe2 to 

excess tBuArO•. These results highlight the important role of CIBW in enabling multiple HAA 

events at Me2NH. We propose that initial N–H HAA at the Fe-coordinated complex, 2.1-

(Me2NH)2, results in pronounced C–H bond weakening due to available hyperconjugative 

interactions between the  C–H  bond and the newly formed semi-occupied Fe–N * orbital 

(Scheme 2.3). This may enable the subsequent, thermodynamically favorable  C–H HAA 

reaction to proceed, generating the observed intermediate, 2.1-(MeN=CH2)(Me2NH), and 
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subsequently 2.1-(MeN=CH2)2. This hypothesis is supported by computational studies we 

performed (vide infra). 

 

Scheme 2.3. Proposed hyperconjugative interactions scheme led to the formation of 1-

(MeN=CH2)(Me2NH) 

 

We next explored similar HAA chemistry at the related methylamine complex, 2.1-

(MeNH2)2 (Figure 2.1c, Figure 2.3a). Exposure of this to 1, 2, or 4 equiv of tBuArO• led to 

the increased production of tBuArOH with concurrent reduction in the intensity of the 

resonances attributed to 2.1-(MeNH2)2 as observed by 1H NMR spectroscopy. While new 

diamagnetic resonances were observed, the growth of these was not commensurate with the 

quantity of tBuArO• added, suggesting these were from an unknown by-product and that the 

major product formed was likely paramagnetic. Addition of 5 equiv of tBuArO• led to the 

complete disappearance of the resonances for 2.1-(MeNH2)2. Following workup, a 

paramagnetic species was isolated and unambiguously identified by single crystal XRD studies 

as the cyanide product, 2.1-(MeNH2)(CN) (Figure 2.9). The Fe1–C1 (1.962(6) Å) and C1–N1 

(1.155(7) Å) bond distances are similar to previous reports,53, 54 whereas the trans Fe1–N2 

(2.060(5) Å) distance is longer than in 2.1-(MeNH2)2 (2.037(6) Å), and expected due to the 

trans-influence of the cyanide group. FT-IR spectroscopy revealed a C≡N stretching frequency 

at 2102 cm-1, similar to previously reported Fe-cyanide complexes.55 The 57Fe Mössbauer 
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spectrum of 2.1-(MeNH2)(CN) revealed contracted  (0.16 mm/s) and |EQ| (0.71 mm/s) 

values relative to 2.1-(MeNH2)2 (0.24, 0.87, respectively), suggesting formal oxidation to 

FeIII.47 This was further supported by the disappearance of the MLCT band for the precursor, 

2.1-(MeNH2)2 (438 nm), observed in axially substituted low-spin PcFeII complexes.37, 38 We 

note, however, that while these data support oxidation to a formal FeIII state, significant Pc 

structural distortions observed in 2.1-(MeNH2)(CN) may also suggest some ligand-based 

contributions (Figure 2.5).36 

 

 

Figure 2.9. Solid-state molecular structure of 2.1-(MeNH2)(CN). Ethoxy groups, co-

crystallized solvent molecules, and all H atoms, except amine N–H and C–H, have been 

omitted for clarity. Selected bond lengths and angles: Fe1–C1 1.962(6) Å, C1–N1 1.155(7) Å, 

Fe1–N2 2.060(5) Å, Fe1–C1–N1 173.8(5)°. 

In contrast to Me2NH, the control reaction of tBuArO• with MeNH2 revealed no reaction, 

similar to NH3, highlighting again the role of CIBW. Similar to the conversion of 2.1-

(Me2NH)2 to 2.1-(MeN=CH2)2, we propose that initial N–H HAA at 2.1-(MeNH2)2 leads to 

significant C–H bond weakening, due in part to hyperconjugative interactions (Scheme 2.3), 

enabling multiple alternating N–H/C–H HAA reactions to yield 2.1-(MeNH2)(CN). We note 

that addition of excess tBuArO• to 2.1-(MeNH2)(CN) did not result in additional reactivity 

suggesting a reduced CIBW effect at the higher valent FeIII center. We next proceeded to 
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evaluate the possible common mechanisms at play leading to these multiple HAA reactions at 

PcFe-alkylamines (2.1-(Me2NH)2, 2.1-(MeNH2)2) and contrast this to the reactions at 2.1-

(NH3)2 using computational methods. 

 

2.2.4 Mechanistic Studies using DFT 

 In order to shed light on the mechanistic pathways for the catalytic conversion of 2.1-

(NH3)2 to 2.2, as well as the multi-step N–H and C–H HAA reactions for the conversion of 

2.1-(MeNH2)2 to 2.1-(MeNH2)(CN) (Figure 2.1c), free energy calculations were performed 

on the likely stepwise intermediate products (Figure 2.10).  
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Figure 2.10. DFT-calculated free energy values (kcal/mol) in benzene for the conversions of 

2.1-(NH3)2 (a), and 2.1-(MeNH2)2 (b). BDFEs are in red and G values are in blue. All free 
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energy values are calculated relative to the tBuArO•/tBuArOH BDFE in benzene (76.7 

kcal/mol).9 The most thermodynamically favorable pathways follow the green arrows.  

The calculated BDFEs for the first two sequential N–H HAA reactions at a single N 

site in 2.1-(NH3)2
 (84.5 and 93.6 kcal/mol) were similar to the values in the related 

(TMP)Ru(NH3)2 system (81.7 and 92.9 kcal/mol) (Figure 2.1b, Figure 2.10a). The 

corresponding G of reaction for the initial HAA was slightly higher in 2.1-(NH3)2 (7.8 

kcal/mol) relative to (TMP)Ru(NH3)2 (5.0 kcal/mol), yet the second HAA events in each case 

were nearly identical (16.9 and 16.2 kcal/mol, respectively). Interestingly, the competing C–N 

coupling step of the intermediate 2.1-(NH3)(NH2) with tBuArO• was significantly more 

exergonic (-15.4 kcal/mol) than in the related intermediate (TMP)Ru(NH3)(NH2) (-0.9 

kcal/mol).3 This less favorable value in (TMP)Ru(NH3)(NH2) is likely the result of the 

increased steric protection offered by the flanking mesityl groups. This steric clash is also 

likely what drives catalytic AO at (TMP)Ru(NH3)2 with the bulkier TrArO•, something not 

observed in our sterically unprotected compound, 2.1-(NH3)2 (Figure 2.1b-c). While these 

data demonstrate a clear thermodynamic pathway to catalytic C–N bond formation using 2.1-

(NH3)2 to generate 2.2, the identity of the Fe product following possible N–H HAA with 

TrArO• (vida supra) remains unclear (Figure 2.1c). 

Calculations performed on the amine compound, 2.1-(MeNH2)2, revealed a 

significantly weaker N–H vs C–H bond with respective calculated BDFE values of 81.1 and 

96.2 kcal/mol. These data support initial N–H HAA using tBuArO• (Figure 2.10b). 

Calculations performed on intermediate A further highlight significant C–H CIBW resulting 

in a drastic drop in its BDFE (50.9 kcal/mol) relative to the residual N–H bond (89.3 kcal/mol), 

perhaps due to proposed hyperconjugative interactions (Scheme 2.3). Subsequent N–H HAA 
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at the imine intermediate B is significantly more facile than the corresponding C–H HAA, 

similar in pattern to the proposed reactivity in 2.1-(Me2NH)2 (Scheme 2.3). The resulting 

favorable intermediate, C, can then undergo 2 facile C–H HAA reactions through intermediate 

D to yield the isocyano intermediate, E. The coordination mode for D features an end-on –

NCH group. A side-on coordinated –NCH was also explored as a potential concerted route to 

2.1-(MeNH2)(CN) which would avoid the thermoneutral formation of E. However, side-on 

configurations were higher in energy by over 30 kcal/mol, requiring all H atoms to be removed 

before isomerization could occur. Conversion of E to the final product 2.1-(MeNH2)(CN) was 

calculated to be exergonic by -9.9 kcal/mol (Figure 2.10b).  

Other pathways were also studied for the conversion of 2.1-(MeNH2)2 to 2.1-

(MeNH2)(CN); however, these were ultimately deemed unlikely due to unfavorable 

thermodynamic values. Together, these data outline an alternating mechanism involving 

sequential N–H and C–H HAA pathways to form the final cyanide product, 2.1-(MeNH2)(CN). 

We propose that an analogous pathway is likely at play with 2.1-(Me2NH)2, but that 

subsequent HAA reactions are arrested due to a lack of N–H bonds, thereby resulting in the 

final bis-imine product, 2.1-(MeN=CH2)2. 

 

2.3 Summary  

 In summary, we have described the synthesis of a series of PcFe-amine complexes, 2.1-

(NH3)2, 2.1-(MeNH2)2, and 2.1-(Me2NH)2, as well as their reactivity with aryloxide radicals, 

tBuArO• and TrArO•. CIBW led to facile HAA at 2.1-(NH3)2 and subsequent catalytic C–N 

coupling in the presence of NH3 to generate 2.2. Significant CIBW at 2.1-(MeNH2)2 and 2.1-

(Me2NH)2 also led to multiple  N–H and  C–H HAA reactions when treated to excess 



 

 
45 

tBuArO• generating the unsaturated products, 2.1-(MeNH2)(CN) and 2.1-(MeN=CH2)2, 

respectively, similar to previous studies.24-28 Detailed computational studies supported an 

alternating mechanism involving sequential N–H and C–H HAA to generate these unsaturated 

products. These fundamental transformations may enable the development of more complex 

new catalytic substrate activation reactions through CIBW functionalization. 

 

2.4 Experimental  

 General Considerations. All manipulations were performed under an atmosphere of 

dry, oxygen-free N2 within an MBraun glovebox (MBRAUN UNIlab Pro SP Eco equipped 

with a -35 °C freezer), or by standard Schlenk techniques. Pentane, hexanes, benzene, Et2O, 

DCM and THF (inhibitor-free) were dried and degassed on an MBraun Solvent Purification 

System and stored over activated 4 Å molecular sieves. All other solvents were degassed by 

freeze-pump-thaw and stored on activated 4 Å molecular sieves prior to use. Celite® and 4 Å 

molecular sieves were dried at 250 °C under dynamic vacuum (<0.1 Torr) for 24 h prior to use. 

Elemental analyses were recorded at the University of California, Berkeley using a Perkin 

Elmer 2400 Series II combustion analyzer. Hexamethylbenzene and dimethylamine (2 M in 

THF) were purchased from Fisher Scientific, ammonia gas, methylamine (2 M in THF) from 

Sigma-Aldrich and all were used without further purification. EtOPcFe,23 tBuArO•,46  and 

TrArO•56 were prepared following previous reports. All other reagents were obtained from 

Sigma-Aldrich, Fisher Scientific, or VWR and used without further purification. 

 

 Spectroscopic Measurements. NMR spectra were obtained on an Agilent 

Technologies 400 MHz DD2, Varian Unity Inova 500 MHz, Bruker Avance NEO 500 MHz, 
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or a Varian 600 MHz spectrometer, and referenced to residual solvent. Chemical shifts (δ) are 

recorded in ppm and the coupling constants are in Hz. 1H NMR assignments are supported by 

2D NMR experiments. J. Young air-tight adaptors were used for air- and water-sensitive 

compounds. UV-Vis spectra were collected on a Shimadzu UV-2401PC spectrophotometer. 

All measurements were performed on recrystallized product. All stock solutions and dilutions 

were prepared by mass. ATR FT-IR spectra were collected on a Bruker Alpha Platinum with 

an ATR Quicksnap® Sampling Module. All measurements were performed on recrystallized 

product. 57Fe Mössbauer spectroscopy was performed using a SEECo Model W304 resonant 

gamma-ray spectrometer (activity = 50 mCi +/- 10 %, 57Co/Rh source manufactured by Ritverc) 

equipped with a Janis Research Model SVT-400 cryostat system. The source linewidth was 

<0.12 mm/s for the innermost lines of a 25 micron -Fe foil standard. Isomer shifts are 

referenced to Fe foil at room temperature. All 57Fe Mössbauer samples were prepared using 

20-30 mg of powdered material and measured at 90 K unless otherwise stated. Data was fitted 

using a custom Igor Pro (Wavemetrics) macro package developed by the Betley group at 

Harvard University.  

 Mass Spectrometry. Mass spectra were collected on a Shimadzu GC-2010 gas 

chromatograph coupled to a Shimadzu GCMS-QP2010 mass spectrometer. The instrument is 

equipped with a 30 m × 0.25 mm Agilent DB-1 column with a dimethylpolysiloxane stationary 

phase (0.25 μm). Helium was used 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 
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Paratone-N oil, and all data were collected at 110 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. 

 Density Functional Theory Calculations. DFT calculations were carried out on a 

modified version of PcFe wherein ethoxide groups were exchanged for methoxide groups to 

avoid issues with rotation in the ethyl groups. All calculations employed the BP86 functional57, 

58 with Grimme’s D3 dispersion correction with Becke-Johnson damping.59, 60 Geometry 

optimization calculations were carried out using the Karlsruhe double-ζ def2-SVP basis set.61 

Subsequent frequency calculations at the same level of theory were used to obtain zero-point 

energy (ZPE) and entropic and enthalpic corrections at 298.15 K. These frequency calculations 

were also used to validate that each point was indeed a minimum on the potential energy 

surface. The final electronic energies were obtained from a single point calculation at the 

previous geometry using the def2-TZVP basis set.61 Solvation in benzene was approximated 

using the SMD solvation method.62 The electronic energy is combined with ZPE, 

entropic/enthalpic contributions, and solvation energy to give the free energies of all 

complexes reported here. Bond dissociation energies were referenced to 2,4,6-tri-tert-butyl 

phenoxyl radical using the experimental BDFE in benzene.9 While all low-, mid-, and high 
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spin geometries were calculated, only the lowest energy state is presented here. The preferred 

spin state of each complex can be found in the supplementary information. All calculations 

were completed using Orca 4.1.2.63  

 Synthesis of 2.1. Under an inert atmosphere, EtOPcH2 (1.00 g, 1.15 mmol, 1 equiv.) and 

Fe(OAc)2 (0.24 g, 1.38 mmol, 1.2 equiv.) were slurred in 15 mL of toluene and heated to reflux 

for 24 h resulting in a dark green solution. After cooling, all volatiles were removed under 

reduced pressure, yielding a dark green powder. The crude product was transferred to a glass 

frit and washed with 25 mL of pentane and 25 mL of EtO2. The resulting dark green filter was 

extracted with 50 mL of DCM and the filtrate was reduced to ca. 10 mL under reduced pressure, 

and layered with pentane (10 mL) at room temperature. Yield: 0.840 g (75.8%). Single crystals 

suitable for XRD studies were obtained by vapor diffusion of hexanes into a con- centrated 

solution of the product in benzene at room temperature. 1H NMR (600 MHz, CD2Cl2): δ 9.90 

(q, J = 7 Hz, 16H, OCH2CH3), 4.32 (t, J = 7 Hz, 24H, OCH2CH3), 3.44 (s, 8H, C6H2). λmax (ε) 

= 765 nm (41 868 M−1 cm−1). MS (MALDI-TOF): calculated 920.29 (M+) found 920.40 (M+). 

 Synthesis of 2.1-(NH3)2. In the glovebox, 0.300 g (0.326 mmol, 1 equiv) of 1 was 

mixed in ca. 6 mL benzene or THF in a 100 mL Schlenk flask equipped with a magnetic stir 

bar. The mixture was brought to the Schlenk line and degassed using three freeze-pump-thaw 

cycles, followed by addition of ca. 1.5 atm of NH3 (excess). The solution was allowed to stir 

for 1 h under NH3. All volatiles were removed under reduced pressure, resulting in a green 

crude powder of 2.1-(NH3)2. The crude product was purified by dissolving in minimal benzene 

or THF and layering with pentane. Yield: 0.24 g (78%). Single crystals suitable for XRD 

studies were obtained by vapor diffusion of Et2O over a saturated THF solution of 2.1-(NH3)2 

at -35 °C. 1H NMR (500 MHz, C6D6): δ 7.42 (s, 8H, C6H2), 5.14 (q, J = 7.5 Hz, 16H, 
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OCH2CH3), 1.82 (t, J = 7.4 Hz, 24H, OCH2CH3), -9.17 (s, 6H, NH3). 
13C64 NMR (500 MHz, 

C6D6): δ 150.9, 147.6, 133.9, 118.0, 68.2, 15.9. Mӧssbauer:  = 0.29 mm/s, |EQ| = 1.14 mm/s. 

UV-Vis: max = 714 nm ( = 47,432 M-1 cm-1). Anal. Calc. for C48H54FeN10O8: C, 60.38; H, 

5.70; N, 14.67. Found: C, 60.11; H, 5.73; N, 14.46. 

 Synthesis of 2.1-(MeNH2)2. In the glovebox, 0.500 g (0.543 mmol, 1 equiv) of 1 was 

mixed in ca. 4 mL of THF in a vial equipped with a magnetic stir bar. To this, 1.0 mL of 2 M 

MeNH2 in THF solution (2.00 mmol, 3.7 equiv) was added dropwise and the resulting green 

solution was stirred for 1 h. All volatiles were removed under reduced pressure resulting in a 

dark green powder of 2.1-(MeNH2)2. Yield: 0.51 g (96%). Single crystals suitable for XRD 

studies were obtained by vapor diffusion of Et2O over a saturated DCM solution of 2.1-

(MeNH2)2 at -35 °C. 1H NMR (500 MHz, C6D6): δ 7.41 (s, 8H, C6H2), 5.12 (q, J = 7.0 Hz, 

16H, OCH2CH3), 1.81 (t, J = 7.0 Hz, 24H, OCH2CH3), -3.54 (t, J = 6.6 Hz, 6H, CH3NH2), -

8.58 (q, J = 7.0 Hz, 4H, CH3NH2). 
13C64 NMR (500 MHz, C6D6): δ 151.01, 147.5, 133.6, 117.7, 

68.0, 25.6 (CH3NH2), 15.7. Mӧssbauer:  = 0.24 mm/s, |EQ| = 0.87 mm/s. UV-Vis: max = 

716 nm ( = 36,102 M-1 cm-1). Anal. Calc. for C50H58FeN10O8: C, 61.10; H, 5.95; N, 14.25. 

Found: C, 61.18; H, 5.71; N, 14.04. 

 Synthesis of 2.1-(Me2NH)2. In the glovebox, 0.300 g (0.326 mmol, 1 equiv) of 1 was 

mixed in ca. 3 mL of THF in a vial equipped with a magnetic stir bar. To this, 0.6 mL of 2 M 

Me2NH in THF solution (1.20 mmol 3.7 equiv) was added dropwise and the resulting green 

solution was stirred for 1 h. All volatiles were removed under reduced pressure, resulting in a 

dark green powder of 2.1-(Me2NH)2. Yield: 0.32 g (97%). Single crystals suitable for XRD 

studies were obtained by vapor diffusion of Et2O over a saturated DCM solution of 2.1-

(Me2NH)2 at -35 °C. 1H NMR (400 MHz, C6D6): δ 7.40 (s, 8H, C6H2), 5.09 (q, J = 7.0 Hz, 
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16H, OCH2CH3), 1.79 (t, J = 7.0 Hz, 24H, OCH2CH3), -3.47 (d, J = 6.2 Hz, 12H, (CH3)2NH), 

-8.28 (m, 2H, (CH3)2NH). 13C64 NMR (500 MHz, C6D6): δ 151.0, 148.0, 133.9, 117.6, 68.1, 

35.2 ((CH3)2NH), 15.8. Mӧssbauer:  = 0.25 mm/s, |EQ| = 0.99 mm/s. UV-Vis: max = 713 

nm ( = 37,992 M-1 cm-1). Anal. Calc. for C52H62FeN10O8: C, 61.78; H, 6.18; N, 13.85. Found: 

C, 61.59; H, 5.91; N, 13.67. 

 Synthesis of 2.1-OArtBu. In the glovebox, 0.050 g (0.0543 mmol, 1 equiv) of 1 was 

dissolved in ca. 1.5 mL of DCM in a vial equipped with a magnetic stir bar. To this, tBuArO• 

(0.0155 g, 0.0594 mmol, 1.1 equiv) in ca. 1 mL of DCM was added dropwise and the resulting 

green solution was stirred overnight. All volatiles were removed under reduced pressure, 

resulting in a dark green powder. The crude mixture was washed with pentane (3 x 3 mL) over 

Celite on a glass frit and extracted with ca. 5 mL of DCM. The DCM fraction was brought to 

dryness under reduced pressure, affording a dark green powder of 2.1-OArtBu. The crude 

product was further purified by dissolving in minimal DCM and layering with pentane. Yield: 

0.0533 g (83%). Single crystals suitable for XRD studies were obtained by vapor diffusion of 

Et2O over a saturated DCM solution at -35 °C. 1H NMR (500 MHz, C6D6): δ 17.10 (b, 8H), 

6.07 (b, 16H), 2.51 (b, 24H). Mӧssbauer:  = 0.26 mm/s, |EQ| = 0.28 mm/s. UV-Vis: max = 

775 nm ( = 96154 M-1 cm-1). 

 Synthesis of 2.1-(MeN=CH2)2. In the glovebox, 0.050 g (0.049 mmol, 1 equiv) of 2.1-

(Me2NH)2 was dissolved in ca. 1.5 mL of benzene in a vial equipped with a magnetic stir bar. 

To this, 0.053 g of tBuArO• (0.203 mmol, 4.1 equiv) in ca. 1.5 ml of benzene was added 

dropwise and the resulting green solution was stirred for 4 h. All volatiles were removed under 

reduced pressure, resulting in a dark green powder. The crude solid was transferred to a glass 

frit with Celite and washed with pentane (3 x 3 mL), then extracted with ca. 5 mL of DCM. 
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The DCM fraction was then brought to dryness under reduced pressure, affording a dark green 

powder of 2.1-(MeN=CH2)2. The crude product was further purified by dissolving in minimal 

DCM and layering with pentane. Yield: 0.0368 g (73.9%). Single crystals suitable for XRD 

studies were obtained by vapor diffusion of Et2O over a saturated DCM solution at -35 °C. 1H 

NMR (500 MHz, C6D6): 7.41 (s, 8H, C6H2), 5.07 (q, J = 7.0 Hz, 16H, OCH2CH3), 2.19 (d, J 

= 13.1 Hz, 2H, CH3NCH2), 1.77 (t, J = 7.0 Hz, 24H, OCH2CH3), 0.72 (d, J = 13.0 Hz, 2H, 

CH3NCH2), -2.19 (s, 6H, CH3NCH2). 
13C64 NMR (500 MHz, C6D6): δ 161.1(CH3NCH2), 151.1, 

147.2, 133.5, 117.9, 68.2, 45.4 (CH3NCH2), 15.8. Mӧssbauer:  = 0.25 mm/s, |EQ| = 0.92 

mm/s. UV-Vis: max = 706 nm ( = 100,976 M-1 cm-1). Anal. Calc. for C52H58FeN10O8: C, 

62.03; H, 5.81; N, 13.91. Found: C, 61.79; H, 5.57; N, 13.67. 

 Synthesis of 2.1-(MeNH2)(CN). In the glovebox, 0.046 g (0.047 mmol, 1 equiv) of 

2.1-(MeNH2)2 was dissolved in ca. 1.5 mL of benzene in a vial equipped with a magnetic stir 

bar. To this, 0.0633 g of tBuArO• (0.243 mmol, 5.1 equiv) in ca. 2 mL of benzene was added 

dropwise. The resulting green solution was stirred for 3 h and all volatiles were removed under 

reduced pressure, resulting in a dark blue green powder. The crude solid was transferred to a 

glass frit with Celite and washed with pentane (3 x 3 mL), then extracted with ca. 5 mL of 

DCM. The DCM fraction was brought to dryness under reduced pressure, affording a dark 

green powder of 2.1-(MeNH2)(CN). The crude product was further purified by dissolving in 

minimal DCM and layering with pentane. Yield: 39.6 mg (86.7%). Single crystals suitable for 

XRD studies were obtained by vapor diffusion of pentane onto a saturated THF solution at -

35 °C. NMR spectra are silent due to paramagnetism. Mӧssbauer:  = 0.25 mm/s, |EQ| = 0.92 

mm/s. UV-Vis: max = 763 nm ( = 48,645 M-1 cm-1). Anal. Calc. for C50H53FeN10O8: C, 61.41; 

H, 5.46; N, 14.32. Found: C, 60.68; H, 5.13; N, 14.05. 
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 Catalytic C–N coupling of tBuArO• with NH3. In the glovebox, 0.001 g (0.001 mmol, 

1 equiv) of 2.1 was dissolved in ca. 0.2 mL of C6D6 and transferred to a J. Young NMR tube. 

To this, a C6D6 (0.4 mL) solution of tBuArO• (0.085 g, 0.300 mmol, 300 equiv) was added. The 

tube was sealed and connected to the Schlenk line. The solution was degassed using three 

freeze-pump-thaw cycles, followed by addition of ca. 1.5 atm of NH3. All volatiles were 

removed under reduced pressure after 24 h. The crude solid was dissolved in ca. 3 mL of 

pentane and insoluble material was filtered over Celite. The pentane fraction was then brought 

to dryness under reduced pressure, affording a mixture of tBuArOH and 2.2. The mixture was 

analyzed by 1H NMR spectroscopy (see Supporting Information).  

 Stoichiometric C–N coupling of tBuArO• with 2.1-(NH3)2. In the glovebox, 2.1-

(NH3)2 (0.005 g, 0.005 mmol, 1 equiv) was dissolved in ca. 0.2 mL of C6D6 and transferred to 

an NMR tube. To this, a C6D6 (0.3 mL) solution of tBuArO• (0.0083 g, 0.032 mmol, 6.1 equiv) 

and hexamethylbenzene (0.0017 g, 0.010 mmol, 2 equiv) was added. The reaction was 

monitored by 1H NMR spectroscopy (see Supporting Information). The analogous study with 

1-(ND3)2 in C6H6 was also performed and was monitored by 2H NMR spectroscopy.  

 Attempted catalytic ammonia oxidation with TrArO•. In the glovebox, 0.002 g 

(0.002 mmol, 1 equiv) of 1 was dissolved in ca. 0.3 mL of C6D6 and transferred to a J. Young 

NMR tube. To this, a C6D6 (0.3 mL) solution of TrArO• (0.090 g, 0.200 mmol, 93 equiv) was 

added. The tube was sealed and connected to the Schlenk line. The solution was degassed using 

three freeze-pump-thaw cycles, followed by addition of ca. 1.5 atm of NH3 or 15NH3. The 

reactions were monitored by 1H and 15N NMR spectroscopy, respectively (see Supporting 

Information). 
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 Generation of 1,3,5-trimethyl-1,3,5-triazinane and 2.1-(PMe3)2 through C–N bond 

formation. In the glovebox, 2.1-(MeN=CH2)2 (0.019 g, 0.020 mmol, 1 equiv) was dissolved 

in ca. 0.5 mL of C6D6 and transferred to a J. Young NMR tube. To this, 0.005 mL of PMe3 

(0.049 mmol, 2.6 equiv) was added and the tube was sealed. The reaction was monitored by 

1H and 31P NMR spectroscopy (see Supporting Information). 

  Control reaction of tBuArO• with Me2NH: Observation of 2.2-NMe2. In the 

glovebox, tBuArO• (0.028 g, 0.1 mmol, 1 equiv) was dissolved in ca. 0.4 mL of C6D6 and 

transferred to a J. Young NMR tube. The tube was sealed and connected to the Schlenk line. 

The solution was degassed using three freeze-pump-thaw cycles, followed by addition of ca. 

1.5 atm of Me2NH2. The reaction was monitored by 1H NMR spectroscopy and GC-MS (see 

Supporting Information). 

 

2.5 Appendix  

 Computational Methods Density functional theory calculations were completed in 

order to understand the order in which hydrogen atom abstraction occurs from amine-bound 

Fe-phthlalocyanine complexes. In order to simplify the ligand and eliminate extra rotational 

degrees of freedom, methoxy groups were substituted for the ethoxy groups in the synthesized 

compounds with the understanding that their electronic properties would be similar.65 All 

calculations were completed using the BP86 functional57 with Grimme’s D3 dispersion 

correction with the Becke-Johnson damping scheme.59, 60 Geometry optimization, frequency 

calculations, and single point solvation energies were calculated using the Karlsruhe def2-SVP 

basis set61 with the def2/J auxiliary basis set.66 Frequency calculations at 298.15 K were the 

source of zero-point energies (ZPE) and thermal corrections to the free energy. They also were 
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used to ensure that intermediates were minima on the potential energy surface. A large basis 

set single point calculation was used as the source for the final electronic energy and employed 

a def2-TZVP basis set.61 Single point solvation in benzene was calculated using the SMD 

implicit solvation model.62 All free energy calculations were completed in Orca 4.1.2.67 Follow 

up NBO calculations were completed using the standalone NBO 6.0 program.68 

 

Molecular Geometries 

 

 All structures referenced in this work can be found in the accompanying XYZ file. This 

can be opened with free software like MacmolPLT or Mercury, which can be found online. 

(https://www.ccdc.cam.ac.uk/mercury/).  

 

 

Table 2.1 Final Free Energies (with spin state). Names correspond to name in .xyz file. 

 

Molecule Free energy 

(kcal/mol) 

Fe_Pc_CHN_sing_geom1 -2533498.614 

Fe_Pc_CN_doub_geom1 -2533135.968 

Fe_Pc_NC_doub_geom1 -2533126.097 

Fe_Pc_NCH_sing_geom1 (end on) -2533514.443 

Fe_Pc_NCH_sing_geom2 (side on) -2533498.671 

https://www.ccdc.cam.ac.uk/mercury/
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Fe_Pc_NCH2_doub_geom1 -2533875.928 

Fe_Pc_NCH3_sing_geom1 -2534227.558 

Fe_Pc_NCH3_trip_geom1 -2534222.262 

Fe_Pc_NH2C_doub_geom1 -2533816.990 

Fe_Pc_NH2C_doub_geom1 -2533816.990 

Fe_Pc_NH2CH_sing_geom1 -2534212.926 

Fe_Pc_NH2CH_trip_geom1 -2534191.180 

Fe_Pc_NH2CH2_doub_geom1 -2534613.286 

Fe_Pc_NHC_trip_geom1 -2533488.513 

Fe_Pc_NHCH_doub_geom1 -2533852.345 

Fe_Pc_NHCH2_sing_geom1 -2534265.899 

Fe_Pc_NHCH3_doub_geom1 -2534628.404 

Fe_Pc_2NH3_sing_geom1 -2485707.878 

Fe_Pc_NH2_NH3_doub_geom2 -2485311.773 

Fe_Pc_NH_NH3_trip_geom1 -2484906.594 

Fe_Pc_ArONH2_NH3_sing_geom1 -2973896.705 

Fe_Pc_2NH2CH3_sing_geom1 -2535021.051 
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Chapter 3  

Synthesis and characterization of substituted carborane based chelating compounds  
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3.1 Introduction 

 As mentioned in chapter 1, studies have shown that reduction of closo-Cb to the nido-

Cb results in cleavage of the C–C bond, cluster opening, and an increased bite angle from 

substituted donor ligands (Figure 1.1).1-4 This redox-controlled chelation scheme was recently 

applied to the electrochemical capture and release of UO2
2+ from spent nuclear fuel mimics 

(Figure 3.1).5 Diphenyl phosphine oxide ligand (-Ph2P=O) were attached on to both carbon 

atoms in Cb as the donor groups to chelate UO2
2+. The cycling experiments and NMR 

measurements demonstrated UO2
2+ was captured in the nido-form and released in the closo-

form. Furthermore, Cb based capture of UO2
2+ can also be achieved in biphasic condition by 

extracting UO2
2+ from aqueous solution to organic DCE solution containing nido-Cb that was 

generated electrochemically. After removal of the aqueous layer post capture, the organic layer 

underwent electrochemical oxidation to regenerate closo-Cb and a fresh water layer was added 

to extract the released UO2
2+. Cb based capture/release cycling was selective towards UO2

2+ 

over other heavy metal ions from the aqueous layer that mimic spent nuclear fuel (Figure 3.1).6 

 

Figure 3.1. Depiction of the biphasic electrochemical selective capture and release of UO2
2+ 
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 With the promising results from the UO2
2+ study, we extended this Cb based redox-

controlled chelation scheme for lithium extraction as mentioned in Chapter 1. Our strategy to 

capture and release was to integrate Li+ size selective crown ether donor groups onto Cb by 

linking the two carbons in the cluster. Studies showed when the cyclic donor group like crown 

ether was short and rigid, the carbon atoms remained adjacent during the reduction process 

instead of C–C cleavage.3, 7, 8 Therefore, different sizes of crown ether was considered to attach 

on to the Cb as the donor groups. We synthesized and characterized a series of Cb based crown 

ethers as well as their nido-form, with details presented in this chapter.  

 

3.2 Results and Discussion 

3.2.1 Synthesis and characterization of closo- and nido- Cb 14-crown-4  

 We first targeted 14-crown-4 as the donor group for its high selectivity towards Li+ 

over the other alkali metals (Chapter 1) by integrating onto Cb.9 The Cb diol (Cb(OH)2) 

precursor was synthesized first according to reported procedure.10 We noticed the byproduct 

Cb mono-alcohol (Cb-OH) can also be used as starting material to produce more Cb(OH)2 

under the same experimental conditions. Next, potassium hydride (KH) was added to 

deprotonate Cb(OH)2 to generate a better nucleophile and the resulting Cb(OK)2 can be isolated 

after filtration, which contained 3 broad boron resonances as observed by 11B NMR 

spectroscopy. Cb 14-crown-4 (1) was synthesized from Cb(OK)2 (isolated or in situ) and the 

reported poly-ether, TsO(CH2)3O(CR2)2O(CH2)3OTs (R = CH3)
11 with tosylate (Ts) as the 

leaving group via a SN2 reaction (Scheme 3.1). Four additional methyl groups were attached 

to the poly-ether linker for improving Li+ selectivity.12 The reaction mixture was heated 
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overnight in DMF at 75°C and after work-up, 1 can be isolated and identified by 1H and 11B 

NMR spectroscopy, with the solid-state structure of 1 shown in Scheme 3.1. The solid-state 

structure obtained by single crystal XRD studies revealed an elongated C–C bond distance of 

1.767 Å in the Cb cluster due to donation of the oxygen lone pairs into the Cb cage. Under 

basic conditions, Cb cages are known to lose an BH group to form the deboronated C2B9H11
- 

species (11 vertices).13 From this reaction of synthesis 1, debronated Cb 14-crown-4 was also 

isolated (1-b) as a byproduct with distinct boron resonance at -35.68 and -39.33 ppm (Figure 

3.2).  
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Scheme 3.1. Synthesis of Cb 14-crown-4 (1) and its solid-state molecular structure (bottom)

 

Figure 3.2. 11B NMR (128 MHz) spectrum of 1-b in CDCl3 

 

 Compound 1 was analyzed by cyclic voltammetry (CV) in THF and revealed an 

electrochemically irreversible event with a peak reduction (Figure 3.3), which was far more 

negative than the potentials of phosphine oxide substituted Cb (−0.93 V and −1.11 V, Figure 

3.1) likely due to the more electron-donating crown ether group donating into the cluster.5 The 

addition of decamethyl cobaltocene or grinded Mg powder failed to reduce 1 to its nido-form 

because of its significant negative potential.  
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Figure 3.3. The cyclic voltammogram of 1 in THF at various scan rate. (Glassy carbon – WE, 

Pt wire – CE, Ag– RE) 

 Reduction of 1 was achieved by addition of 2.0 equiv of the strong reductant potassium 

naphthalenide (generated in situ) in dry THF, affording the nido-Cb 14-crown-4 with 2 

potassium counter cations (1-nido-K, Scheme 3.2). Compared to 1, the proton resonance from 

the crown ether shifted upfield after the reduction in 1H NMR spectroscopy and the nido-Cb 

cluster had two broad boron peaks in 11B NMR spectroscopy. 
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Scheme 3.2. Reduction of 1 to 1-nido-K using potassium naphthalenide in THF and its solid-

state molecular structure (bottom). Cocrystallized solvent molecules, all H atoms and the 

second K+ have been omitted for clarity. 

 The solid-state structure of 1-nido-K confirmed an open cage Cb cluster with C–C 

bond cleavage, and the donor bite angles became wider as the O–O distance (closest to Cb) 

increased from 2.931 Å to 5.040 Å after reduction. While one of the outer-sphere K+ bridged 

between nido-Cb molecules, we noticed the second K+ was partially inside the crown pocket, 

coordinated by 2 out of 4 crown ether oxygens along with the nido-Cb cluster which 

coordinated in an open-face η6 fashion.14, 15 These results indicate that a metal cation can be 

captured by Cb crown compounds. Addition of 2 equiv of ferrocenium hexafluorophosphate 

([Fc][PF6]) to 1-nido-K resulted in its oxidation back to 1 cleanly, as confirmed by 1H and 11B 

NMR spectroscopy, indicating switching between the closo- and the nido forms was 

O

O

O

O

O

O

+2

-2e-

O

O

K

K+

1 1-Nido-K

K+



 

 
74 

chemically reversible for 1. The mono reduced radical intermediate was unstable and unable 

to be obtained, evidenced by mixing 1 equiv potassium naphthalenide and 1 resulting in a 

mixture of 1 and 1-nido-K. 

 

3.2.2 Reactivity of nido- Cb 14-crown-4  

Compound 1-nido-K was found to be quite reactive as it slowly self-reacted in MeCN 

to form a new nido-Cb 14-crown-4 (1-nido-b) species at room temperature under inert 

atmosphere (Figure 3.4) with a small amount of deboronated byproduct being observed. 

Formation of 1-nido-b can be accelerated by applying heat or adding water, acid, metal salts 

with smaller ion radius (CaCl2, Mg(OTf)2), or [Bu4N][Cl].  

  

 

MeCN-d
3
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Figure 3.4. 1H (top, 400 MHz) and 11B (bottom, 128 MHz) NMR spectra of 1-nido-K after 

heating at 60°C for 3 hours. 1-nido-K and 1-nido-b labeled with blue and red dots, respectively 

 While the exact structure of 1-nido-b remains unknown, analysis of the scalar coupling 

patterns in the 1H NMR spectrum revealed two sets of doublet of triplet resonances from 

protons in the crown ether donor group which emerged as 1-nido-K was converted to 1-nido-

b at room temperature over a week (Figure 3.5a). The two triplet peaks from 1-nido-K 

transformed to two sets of doublet of triplet resonances in 1-nido-b, highlighting that the crown 

ether environment in 1-nido-b became asymmetric, which we propose is due to the known 

possible rearrangement of nido-Cb (Figure 3.5b).16  
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Figure 3.5. a) 1H NMR spectra of 1-nido-b from [NBu4][PF6] reaction in 400Hz and 600 Hz 

in selected range. Crown ether peaks were labeled with blue and red dots. b) Proposed 

rearrangement of nido-Cb 

 

We previously reported that the carbon atoms in nido-Cb cluster can be protonated even 

after substitution with a donor group.5 This unwanted byproduct was observed for phosphine 

oxide donors in our previous uranium studies, causing lower metal binding affinity and 

reducing the number of Cb redox cycles.5, 6 Protonation on 1-nido-K may be more profound 

due to the more electron donating crown ether group. To understand 1-nido-K basicity, 

tetrakis[3,5-bis(trifluoromethyl)phenyl] borate acid (HBArF) was used to purposely protonate 

1-nido-K, resulting in a mixture of 1-nido-b and a new Cb species (Figure 3.6). We next added 

excess strong base, LiHMDS, in this reaction mixture and only 1-nido-b peaks were observed 

after deprotonation, indicating the new Cb species (1-nido-H) after mixing 1-nido-K and 

HBArF was likely the protonated Nido-Cb. 
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Figure 3.6. 11B NMR (128 MHz) spectrum of 1-nido-K with HBArF before and after LiHMDS 

with 1-nido-b peaks labeled y blue dots 

 

Due to the negative reduction potential of 1, chemically producing 1-nido-K required 

a strong reductant such as potassium napthalenide. Two K+ counter ions in 1-nido-K may cause 

interference on measuring accurate Li+ binding affinity and selectivity. Therefore, we 

attempted to remove the K+ ions from 1-nido-K to provide full access to the crown pocket. We 

first applied different equivalents of kryptofix-222 which is known to strongly bind K+ in a 1:1 

ratio.17 
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Figure 3.7. a) 1H NMR spectra (400 MHz) of 1-nido-K with 0, 1 and 2 equivs of kryptofix-

222 and free kryptofix-222 at r.t. Crown ether peaks are labeled with dots. b) 11B NMR (128 

MHz) spectra of 1-nido-K with 0, 1 and 2 equivs of kryptofix-222 at r.t. 

 

 Shifts in the 1H NMR resonances attributed to kryptofix-222 and 1-nido-K suggested 

that the outer-sphere K+ most likely was coordinated by kryptofix-222 (Figure 3.7a). As more 

kryptofix-222 was added, two crown ether proton resonance coalesced, indicating a fast 

exchange process occurred during the reaction, which we proposed was originated from 

interaction between kryptofix-222 and the second K+ that was inside the crown pocket 1-nido-

K. Boron resonances in the 11B NMR spectrum became slightly sharper without any chemical 

shift change, indicating that the nido-Cb cluster remained mostly intact. We are pending an 

XRD study of this new nido-Cb 14-crown-4 (1-nido-c) to confirm whether the second K+ in 

the crown ether pocket was removed by kryptofix-222. Similarly, addition of 2 equivs of K+ 
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selective 18-crown-6 to 1-nido-K generated 1-nido-c as well, which was confirmed by 1H and 

11B NMR spectroscopy (Figure 3.8). To our surprise, addition of 2 equiv tetraethylammonium 

bromide ([NEt4][Br]), which is not known to bind K+, also resulted in the formation of 1-nido-

c. We proposed the K+ in the crown pocket in 1-nido-K remained chelated after these 

metathesis reactions, indicating that nido-form of 1 had strong binding affinity towards group 

1 metal cation. Heating 1-nido-c at 60°C overnight resulted the formation of 1-nido-b, 

suggesting 1-nido-c shared similar reactivity as 1-nido-K. 
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Figure 3.8 a) 1H NMR (400 MHz) spectra of 1-nido-K with 2 equiv of kryptofix-222, 18-

crown-6 and [NEt4][Br] to form 1-nido-c at r.t. 1-nido-K and 1-nido-c peaks are labeled with 

red and blue dots, respectively. b) 11B NMR (128 MHz) spectra of the same reactions. c) 

Proposed chemical structure of 1-nido-c with different counter cation 

 

3.2.3 Synthesis and characterization of Di-Carborane 14-crown-4 analog 

 Next, we designed another Cb crown by integrating Li+ selective 14-crown-4 between 

two Cb clusters according to the two-step synthesis plan shown in Scheme 3.3. The first 

approach involved first adding excess dibromopropane to Cb(OH)2 in the presence of the base 

c) 
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KH to produce the partial Cb crown compound (2-b), followed by another equivalent of KH 

deprotonated Cb(OK)2 to close the crown ether ring. After work-up, di-Cb 14-crown-4 (2) was 

isolated and identified by 1H and 11B NMR spectroscopy, as well as by GCMS. 

 

Scheme 3.3. Two step synthesis of Di-carborane 14-crown-4 (2) from Cb(OH)2 and 2-b 

 

 We also attempted to generate 2 in one step by mixing the in situ-generated Cb(OK)2 

with 1 equiv dibromopropane in DMF at 80°C; however, this resulted in a mixture of 2, 2-b 

and a new Cb compound along with unavoidable deboronated byproduct (Scheme 3.4). After 

purification, the new Cb compound was identified as the smaller Cb crown species (2-c) as 

confirmed by the solid-state structure obtained by XRD studies 

(  

Figure 3.9). 
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Scheme 3.4. Reaction of deprotonated Cb(OK)2 with 1 equiv dibromopropane 

 

Figure 3.9. Solid state structure of 3-b (low-resolution structure) 

 

 The CV of 2 in THF revealed an electrochemically irreversible wave with a 

peakreduction potential at −2.72V relative to the Fc/Fc+ redox couple at 100 mV/s scan rate 

(Figure 3.10). Compared to the peak reduction peak of 1 at -2.92 V, this reduction potential 

was slightly more positive with improved reversibility.  
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Figure 3.10. The cyclic voltammogram of 2 in THF at various scan rate. (Glassy carbon – WE, 

Pt wire – CE, Ag wire – RE) 

 

3.2.4 Synthesis, characterization and reactivity of nido-Di-Carborane 14-crown-4  

Similar to 1, the reduction of 2 was achieved with 4.0 equiv of potassium naphthalenide 

(generated in situ) in dry THF and its nido from (2-nido-K) was isolated with MeCN wash 

(Scheme 3.5). Two proton resonances from the crown ether are shifted upfield after reduction 

and two broad boron peaks are observed similar to 1-nido-K, and confirming opening of both 

Cb cages (Figure 3.11). Addition of 4 equiv FcPF6 resulted in reoxidation of 2-nido-K back 

to 2, as evidenced by 1H and 11B NMR spectroscopy. With chelating ability from two nido-Cb 

clusters and crown ether in 2-nido-K, four K+ cations were likely in multiple coordinating 
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environments. Therefore, attempts to perform a salt swap with [NEt4][Br] resulted in the 

formation of multiple products that were difficult to separate (Figure 3.12).  

 

Scheme 3.5. Reduction of 2 to the 2-nido-K using potassium naphthalenide in THF 

 

Figure 3.11 1H NMR (400 MHz) spectrum of 2-nido-K in MeCN-d3. Crown ether peak are 

labeled with blue dots 
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Figure 3.12 11H (400 MHz) and 11B NMR (128 MHz) spectra of 2-nido with 2 equiv of 

[NEt4][Br] at r.t. Crown ether peaks are labeled with dots. 

 

 On the other hand, addition of excess 18-crown-6 to 2-nido-K resulted in shifted 

resonances in the 1H NMR spectra (Figure 3.13). The unchanged broad boron resonances 

observed in the 11B NMR spectrum confirmed both nido-Cb clusters remain intact after the 

addition of 18-crown-6. The multiplicity and chemical shift change in the 18-crown-6 proton 

resonances confirmed the coordination of K+ to 18-crown-6. Lastly, the most downfield proton 

resonance in crown ether shifted upfield, suggesting the removal of outer sphere K+ ions; 

however, interaction of possible inner crown pocket K+ was unclear. Unambiguous 

confirmation of these structural changes by single crystal XRD studies is pending. 
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Figure 3.13. Stacked 1H (400 MHz) and 11B (128 MHz) NMR spectra of 2-nido-K before and 

after addition of 18-crown-6. Crown ether peak labeled in blue dots 

 

3.2.5 Synthesis and characterization of other Cb crown ethers 

 The 14-crown-4 donor group in 1-nido-K showed different pocket size relative to 

regular 14-crown-4 and may affect their selectivity towards Li+. In addition, two oxygen atoms 

in crown ether did not participate in the coordination of the inner sphere K+. Therefore, other 

sizes or types of crown ethers were considered to optimize the Li+ selectivity. Cb 18-crown-6 

(3) was synthesized by mixing KH deprotonated Cb(OH)2 with longer poly-ether, 

TsO(CH2)2(OCH2CH2)4OTs (Scheme 3.6). The solid-state structure revealed a C–C bond 

distance of 1.751 Å in Cb cluster, very similar to 1 (1.767 Å).  
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Scheme 3.6. Synthesis of Cb 18-crown-6 (3) and its solid-state molecular structure (bottom). 

All H atoms have been omitted for clarity. 

 

 The deboronated byproduct (3-b) was co-crystalized from crude mixture and the solid-

state structure obtained by single crystal XRD studies (Figure 3.14). Interestingly, the K+ 

counter cation was coordinated slightly outside the 18-crown-6 plane. The 1H NMR spectrum 

indicated asymmetric crown ether proton resonance due to the extra K+ and a missing boron in 

cluster with the diagnostic deboronation resonances in the 11B NMR spectrum (Figure 3.23).  
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Figure 3.14. Solid-state molecular structure of 3-b. All H atoms have been omitted for clarity. 

B, pink; C, black; O, red; K purple 

 The CV of 3 in THF revealed an electrochemical irreversible wave with reduction 

potential at −3.01V relative to the Fc/Fc+ redox couple at a 100 mV/s scan rate (Figure 3.15).  
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Figure 3.15. The cyclic voltammogram of 3 in THF at various scan rate. (Glassy carbon – WE, 

Pt wire – CE, Ag wire– RE) 
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 The reduction of 3 was carried out by adding 2.0 equiv of potassium naphthalenide 

(generated in situ) in dry THF and its nido-form (3-nido-K) was isolated with MeCN wash 

(  

Scheme 3.7). Similar to the reduction of 1 and 2, upfield shifted crown ether proton resonance 

and nido-Cb cluster broad boron peaks were observed by 1H NMR spectroscopy after reduction 

(Figure 3.16). 

 

Scheme 3.7. Reduction of 3 to the 3-nido-K using potassium naphthalenide in THF 
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Figure 3.16. Stacked a) 1H (400 MHz) and b) 11B NMR (128 MHz) spectra of 3 (top) and 3-

nido-K (bottom) in MeCN-d3. Crown ether peaks are labeled with dots 

 

 A smaller silicon-based crown ether previously demonstrated the ability to coordinate 

to Li+,18 which drew our interest as a donor ligand for Cb. Reaction of KH deprotonated 

Cb(OK)2 and 1,3-Dichloro-1,1,3,3-tetramethyldisiloxane resulted in the formation of silicone 

based Cb crown (4) and solid-state structure was obtained after purification (Scheme 3.8). The 

solid-state structure of 4 revealed the C–C bond distance at 1.732 Å in Cb cluster, similar to 1 

(1.767 Å); however, compared to 1, the silicon crown had a much smaller crown pocket size. 

 

a) b) 
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Scheme 3.8. Synthesis of 4 and its solid-state molecular structure (bottom). All H atoms have 

been omitted for clarity. Si, yellow; O, red; B, pink; C, black 

3.2.6 Carbon-spaced Cb-crown compounds 

 Although the integration of crown ether onto Cb were successfully achieved, all these 

Cb crown ether compounds had very negative reduction potentials and their nido-forms were 

highly water sensitive for the end goal of seawater extraction. Therefore, in an attempt to the 

shift Cb crown reduction potential anodically, our approach was to integrate additional -CH2- 

(carbon spacer) groups between the Cb cluster and crown ether linker to reduce the electron 

donating affect from crown ether into the cage.3 We first incorporated carbon spacer onto 1 for 

14-crown-4 case and designed a Cb 16-crown-4 (5) compound. To synthesize 5, we first 

followed a reported procedure to generate the precursor Cb (CH2OH)2
19, followed by 

deprotonation with KH and addition of TsO(CH2)3O(CR2)2O(CR2)3OTs (R=CH3) using the 

same conditions as in the synthesis of 1 (Scheme 3.9).  
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Scheme 3.9. Synthesis of 5 and its solid-state molecular structure (bottom). All H atoms have 

been omitted for clarity 

 After work-up, 5 was isolated and identified by 1H, 11B NMR spectroscopy and the 

solid-state structure obtained by single crystal XRD studies. The solid-state structure revealed 

a Cb C–C distance of 1.673 Å, shorter than Cb C–C bond (1.767 Å) in 1. The CV of 5 in THF 

revealed an electrochemical irreversible wave with reduction potential at −3.15 V relative to 

the Fc/Fc+ redox couple at a 100 mV/s scan rate (Figure 3.17), which was surprisingly more 

negative than 1 (-2.92V). Furthermore, two reoxidation events were observed, unlike previous 

Cb crown compounds, suggesting mono reduced radical intermediate was more stable to be 
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generated with carbon spacer. However, such negative reduction potentials were challenging 

to access using chemical reduction and we have not yet been able to access these. 
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Figure 3.17. The cyclic voltammogram of 5 in THF at various scan rate. (Glassy carbon – WE, 

Pt wire – CE, Ag wire– RE) 

 We similarly attempted the incorporation of carbon spacers onto the 18-crown-6 donor 

ligand. By following synthetic step as shown in Scheme 3.10, Cb 20-crown-6 (6) was isolated 

and identified by 1H and 11B NMR spectroscopy. However, this reaction suffered small 

conversion of the starting material Cb (CH2OH)2, low yield in generating 6 and difficulty to 

separate tosylate linker starting material. The deboronated species (6-b) was also identified by 
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NMR spectroscopy and solid-state structure obtained by XRD studies 

(  

Figure 3.18, low resolution) as a major by-product. 

 

Scheme 3.10. Synthesis of 6 from Cb (CH2OH)2 
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Figure 3.18. Solid-state molecular structure of 6-b (low resolution) 

 

The CV of 6 in THF was obtained and revealed a quasi-reversible reduction event with 

an E1/2 = -2.10 V as well as a quasi-reversible oxidation event with E1/2 = 0.35 V (Figure 3.19), 

different from all previous Cb crowns. Compared with 3, reduction potential shifted more 

positive, and the reversibility was significantly improved, in contrast to 1 and 5. One 

hypothesis was the longer 20-crown-6 chain offers more flexibility that favors Cb C–C bond 

cleavage, relative to the more rigid 16-crown-4.3 The similar a quasi-reversible oxidation 

events in 6 was previously observed for B12
2- borane cluster, which the radical cation can be 

chemically generated.20 
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Figure 3.19. The cyclic voltammogram of 6 in THF at various scan rate with presence of Fc. 

(Glassy carbon – WE, Pt wire – CE, Ag wire– RE) 

The smaller carbon spacer crown Cb 11-crown-3 (7) was also synthesized from 

deprotonated Cb (OK)2 and Bis(2-bromoethyl) Ether, (Scheme 3.11) which was identified by 

1H and 11B NMR spectroscopy after purification. The CV of 7 in THF revealed a small 

irreversible reduction event near the solvent window (Figure 3.20), indicating the challenge 

to achieve its nido-form from chemical reduction. The lack of reduction wave further supported 

that the length of the crown ether played an important role on electronic property of the Cb 

cluster by changing steric hindrance and rigidity of the donor group.3  
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Scheme 3.11. Synthesis of 7 from Cb (CH2OH)2 
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Figure 3.20. The cyclic voltammogram of 7 in THF at 100 mV/s scan rate. (Glassy carbon – 

WE, Pt wire – CE, Ag wire – RE) 

 

 Integrating a carbon spacer into the silicon-based crown ethers was also achieved 

synthetically (Scheme 3.12) in an attempt to improve the redox behavior of smaller Cb crown 

5. After work-up, Cb silicone crown (8) with carbon spacer was isolated and identified by 

NMR spectroscopy along with the solid-state structure obtained by single crystal XRD studies. 

8 has a short Cb C–C distance of 1.674 Å and only a small irreversible reduction event near -

2.8 V was observed in CV of 8 in THF (Figure 3.21). The chemical reduction of 8 with 
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potassium naphthalenide resulted in a mixture of unreacted 8, deboronated products and 

unknown Cb species (Figure 3.24). The shorter cyclizing donor group may make it more 

difficult to access the desired nido-form of 8.3, 7, 8 
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Scheme 3.12. Synthesis of 8 from Cb (CH2OH)2 and its solid-state molecular structure 

(bottom). All H atoms have been omitted for clarity. Si, yellow; O, red; C, black; B, pink
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Figure 3.21. The cyclic voltammogram of 8 in THF at various scan rate with presence of Fc. 

(Glassy carbon – WE, Pt wire – CE, Ag wire – RE) 

3.2.7 Phenyl phosphine oxide -PhPO- spacer 

 The CV showed carbon spacer Cb crown ether also had quite negative reduction 

potentials, highlighting the need of integrating more electron withdrawing spacers on the donor 

group. The previous study in our group on uranium capture showed Cb with phosphine oxide 

(P=O) donor group had reduction potential of -1.1 V. Therefore, our next approach to shift Cb 

reduction potential anodically was to integrate a P=O spacer with a phenyl attachment (-PhPO-) 

in between Cb crown compounds. The first step was to generate Cb PhP=O precursor 

according to Scheme 3.13. After work-up and recrystallization, two products were isolated in 
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diethyl ether and DCM filtrate, respectively. The ether fraction contained the desired product 

Cb (PhPOCl)2 (9), identified by NMR spectroscopy and the solid-state structure obtained by 

single crystal XRD studies. The solid-state structure of 9 indicated one phosphorus chiral 

center is adopting R configuration and the other phosphorus was in S configuration. The 

product in DCM fraction (9-b) showed more downfield shifted peaks in 1H and 31P NMR 

spectroscopy than 9; however, it shared the same boron resonances and identical unit cell with 

9 from XRD analysis, indicating 9-b was likely an meso-isomer of 9. 

 

Scheme 3.13. Synthesis of 9 from Cb and its solid-state molecular structure (right). All H 

atoms have been omitted for clarity 

 

 With the leaving group -Cl in precursor 9, the next step was to add crown ether diol in 

presence of base to cyclize the crown ether donor. Compared to Cb crown ether without spacer 

group, we proposed the attachment of P=O should allow the use of all oxygen donor from 

crown ether potion for Li+ coordination in nido-form (Scheme 3.14). Therefore, we first 
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integrated a smaller crown ether onto 9 and attempted to produce Cb 11-crown-3 P=O spacer 

species (10). The synthesis plan was to treat 9 with 1 equiv diethylene Glycol and 2 equiv base.  

 

Scheme 3.14. Ongoing synthesis step to produce 10 and its proposed Li+ capture/release 

scheme 

 

The first base we chose was KH that showed success to synthesize previous Cb crown 

ethers. No reaction of 9 was observed after 1 day when the reaction took place in ether, likely 

due to the low solubility of KH. Under the same conditions in a different solvent (i.e., THF), 

more than half of 9 reacted and we observed a set of boron resonances in the 11B NMR 

spectrum matching perfectly the unsubstituted Cb starting material, suggesting that cleavage 

of C–P bond in 9 occurred during the reaction. The 31P NMR spectrum of the crude mixture 

showed the multiple new peaks which were shifted upfield by 18-21 ppm relative to 9 (Figure 

3.22). Increasing the equivalents of KH or diethylene glycol, as well as heating overnight at 

60 °C in THF resulted in the same peaks in 11B and 31P NMR spectroscopy with more 

conversion of 9, indicating the cleavage of C–P bonds, which suggested KH basicity might be 

too aggressive. 

 To estimate the change of phosphorus resonance in desired product 10 from 9, we set 

up a control reaction of attaching two PhPOCl2 onto diethylene Glycol (11) with 2 equiv of 
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triethylamine (Et3N) as base (Scheme 3.15). After work-up, the 1H NMR spectrum of the ether 

fraction confirmed the formation of 11 with matched integration values. Compared to the 

starting material PhPOCl2, the phosphorus resonance in 11 was shifted upfield by 5.8 ppm after 

switching Cl groups to ether groups. The 31P NMR spectrum of the benzene fraction indicated 

a mixture of 11 and multiple further upfield peaks (Figure 3.22 top). We assigned the peak 

near 19.6 ppm as 1:1 PhPOCl2 diethylene Glycol product (11-b), which was shifted upfield by 

16.4 ppm relative to PhPOCl2. The phosphorus resonance from reaction of 9 with diethylene 

Glycol using KH as base matched well with 11-b and some unknown impurities from the 

control reaction. 

 

Scheme 3.15. Synthesis of 11 with byproduct 11-b and other impurities 
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Figure 3.22. 31P NMR (162 MHz) spectra of reactions described in Scheme 3.14 and Scheme 

3.15 

 

 Addition of 1 equiv 11 to n-butyllithium deprotonated Cb yielded an insoluble solid, 

suggesting the possible formation of polymerized products. Next, we turned to the compound 

9-b, which we suspected was the isomer of 9, as the precursor for attaching the ether linker 

(Scheme 3.14). The benzene solution of 9-b was added to the mixture of 1 equiv diethylene 

glycol and 2 equiv Et3N for 1 day. The formation of Et3N•HCl was observed in 1H NMR 

Benzene fraction of Scheme 3.15 

Crude mixture of Scheme 

3.14 with KH as base in 

THF 

11 

9 

11-b 

11-b 

31P 
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spectroscopy and single crystal XRD studies, confirming the SN2 reaction occurred. After the 

work-up, the resulting product shared almost the identical boron resonances as 9-b. The 

resulting major phosphorus peak and phenyl proton resonances were shifted upfield 0.35 ppm 

and 0.01 ppm relative to 9-b, respectively, smaller than expected value from the control 

reaction (Scheme 3.15). On the other hand, one of the CH2 proton resonances that was in 

diethylene glycol downfield shifted and the integration in 1H NMR matched well with desired 

product 10. Further characterization is underway currently. 

 We also attempted to integrate a bigger crown ether onto 9 to produce Cb 20-crown-6 

P=O spacer species (12) using pentaethylene glycol as nucleophile (Scheme 3.16). To estimate 

the change of phosphorus resonance in desired product 12 from 9, we set up a control reaction 

of attaching two PhPOCl2 onto pentaethylene glycol (13) with 2 equiv Et3N (Scheme 3.17). 

Similar to the diethylene glycol case (Scheme 3.15), the 31P NMR spectrum indicated 13 

shifted 5.97 ppm upfield and the assigned 1:1 diol : PhP=O species (13-b) shifted upfield 16.35 

ppm (Figure 3.25). 

 

Scheme 3.16. Ongoing synthesis to produce 12  
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Scheme 3.17. Synthesis of 13 with byproduct 13-b and other impurities 

 

When KH was used as base for the reaction of 9 with pentaethylene glycol (Scheme 

3.16), formation of Cb and 13-b were also observed, as evidenced by 1H, 11B, 31P NMR 

spectroscopy, indicating the dissociation of PhP=O group in 9. Addition of 1 equiv 13 to the 

deprotonated Cb (CbLi2) also yielded insoluble polymerized products. Like the diethylene 

glycol case, mixing 9-b and pentaethylene glycol in the presence of Et3N resulted in almost no 

change to the 11B NMR spectra with upfield shift on phosphorus and proton resonance at 0.37 

ppm and 0.02 ppm, respectively. The shift and integration of the crown ether proton resonances 

were close to the desired product 12. Ongoing further characterization of 12 is currently 

underway. 

3.3 Summary 

 In summary, we described the synthesis and characterization of a series of crown ether 

Cb compounds. After measuring the electrochemical properties of these species, we performed 

chemical reduction to access their nido-form. The nido-Cb crown ethers were quite reactive 

due to their strong negative reduction events, highlighting the importance of anodically shifting 

their reduction potentials. Surprisingly, our attempt to incorporate carbon spacer groups further 

increased these species’ reduction potentials. To address this concern further, we next 
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introduced a more electron withdrawing spacer group, -PhPO-, into the Cb crown ether and 

worked on synthesizing the desired products. With the fully characterized closo- and nido-Cb 

crown ethers, we will next study the capture and release of Li which will be described in 

Chapter 4. 

 

3.4 Experimental  

 General Considerations. All manipulations were carried out under an atmosphere of 

dry, oxygen-free N2 within an MBraun glovebox (MBRAUN UNIlab Pro SP Eco equipped 

with a −35 °C freezer), or by standard Schlenk techniques. Pentane, hexanes, benzene, Et2O, 

DCM, and THF (inhibitor-free) were dried and degassed on an MBraun Solvent Purification 

System and stored over activated 4 Å molecular sieves. All other solvents were degassed by 

freeze−pump−thaw and stored on activated 4 Å molecular sieves pubs.acs.org/IC Article prior 

to use. Celite and 4 Å molecular sieves were dried at 250 °C under dynamic vacuum (<0.1 

Torr) for 24 h prior to use. Elemental analyses were recorded at the University of California, 

Berkeley, using a PerkinElmer 2400 Series II combustion analyzer. Cb(OH)2
10 and poly-ether 

(TsO(CH2)3O(CH2)2O(CH2)3OTs)11 were prepared following previous reports. Ortho-

carborane, naphthalene, potassium metal, Kryptofix 222, 18-crown-6, [NEt4][Br], 

dibromopropane, KH, Pentaethylene glycol di-p-toluenesulfonate, Bis(2-bromoethyl) Ether, 

1,3-Dichloro-1,1,3,3-tetramethyldisiloxane and other reagents were obtained from Sigma-

Aldrich, Fisher Scientific, or VWR and used without further purification.  

 Spectroscopic Measurements. NMR spectra were obtained on an Agilent 

Technologies 400 MHz DD2, Varian Unity Inova 500 MHz, Bruker Avance NEO 500 MHz, 

or a Varian 600 MHz spectrometer, and referenced to residual solvent. Chemical shifts (δ) are 
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recorded in ppm and the coupling constants are in Hz. J. Young airtight adaptors were used for 

air- and water-sensitive compounds. All measurements were carried out on recrystallized 

product. All stock solutions and dilutions were prepared by mass or volume.  

 Mass Spectrometry. Mass spectra were collected on a Shimadzu GC-2010 gas 

chromatograph coupled to a Shimadzu GCMS-QP2010 mass spectrometer. The instrument is 

equipped with a 30 m × 0.25 mm Agilent DB-1 column with a dimethylpolysiloxane stationary 

phase (0.25 μm). Helium was used 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 110 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 carried out 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 carried out using 

SHELXTL or OLEX.2 

 Electrochemical measurements. CV was performed on a CH Instruments 630E 

Electrochemical Analysis Potentiostat. The working electrode was a 3 mm diameter glassy 

carbon (CH Instruments) electrode and was cleaned prior to each experiment by sequentially 

polishing with a gradient of 1.0 μm, 0.3 μm, and 0.05 μm alumina (CH Instruments) on a cloth 
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pad, followed by rinsing with distilled water and acetone. The Ag wire pseudo-reference were 

rinsed with distilled water and acetone. The Pt wire counter electrodes were rinsed with 

distilled water and acetone and heated white-hot with a butane torch. All measurements were 

performed on recrystallized product and referenced to the Fc/Fc+ redox couple unless 

otherwise stated. 

 Synthesis of 1 In the glovebox, 0.070 g (0.4 mmol, 1 equiv) of Cb(OH)2 was dissolving 

in 1 ml THF in a vial equipped with a magnetic stir bar and cooled to -25°C. To this, a THF 

suspension of 0.033 g KH (0.81 mmol, 2.05 equiv) was added and the resulting orange solution 

was stirred for 0.5h at RT. All volatiles were removed under reduced pressure and the resulting 

light yellow solid mixture was redissolved in DMF in a 100ml round bottom flask equipped 

with a magnetic stir bar. To this, 0.215 g TsO(CH2)3O(CH2)2O(CH2)3OTs (0.4 mmol, 1 equiv) 

in ca. 5 mL of DMF was added dropwise and the resulting mixture was heat at 75°C overnight. 

After cooling, the DMF layer was extracted with 2x hexane. The hexane layer was washed 

with water 2 times, followed by brine wash. The hexane layer was dried over anhydrous 

MgSO4 and concentrated by evaporation to yield 0.065 g (43.8%) of the compound 1 as white 

solid. To collect more 1, the residual DMF layer was dissolve in DCM and the organic phase 

was washed with water two times, followed by a brine wash. The organic layer was dried over 

anhydrous MgSO4 and concentrated by evaporation. The raw mixture was purified by column 

chromatography (silica gel, hexane / ethyl acetate 9:1) to yield more 1 and 1-b. Single crystals 

suitable for XRD studies were obtained by recrystallization from saturated diethyl ether 

solution at −25 °C. 1H NMR (400 Hz, CDCl3): δ 3.97 (t, J = 5.4 Hz, 4H), 3.55 (t, J = 6.3 Hz, 

4H), 1.84 (p, 4H), 1.15 (s, 12H). 1H NMR (400 Hz, MeCN-d3): δ 4.00 (t, J = 5.4 Hz, 4H), 3.53 

(t, J = 6.3 Hz, 4H), 1.77 (p, J = 5.9 Hz, 4H), 1.12 (s, 12H). Note: Cb B–H resonances are too 
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broad to be observed. 11B{1H} NMR (128 Hz, CDCl3): δ -12.25, -14.19, -16.92. 11B{1H} NMR 

(128 Hz, MeCN-d3): δ -12.65, -14.28, -17.23. 11B{1H} NMR of 1-b (128 Hz, CDCl3): δ -17.06, 

-22.70, -35.74, -39.60. Anal. Calcd for B10C14O4H34: C, 44.90; H, 9.15. Found: C, 45.27; H, 

9.26. 

 Synthesis of 1-nido-K In the glove box, 0.055 g (0.4 mmol, 2 equiv) of naphthalene 

was dissolving in 1 ml anhydrous THF and added to a vial containing potassium metal (excess). 

The resulting dark green solution of potassium naphthalenide was stirred for 0.5h. In a 

separated vial equipped with a magnetic stir bar, 0.080 g (0.2 mmol, 1 equiv) of 1 was 

dissolving in 1 ml anhydrous THF and cooled to -25°C. To this, the THF solution of potassium 

naphthalenide in situ was added dropwise and the resulting colorless solution was stirred for 

4h. The cloudy solution of THF solution was transferred to a glass frit with Celite and washed 

with THF (3 × 3 mL), then extracted with ca. 3 mL of MeCN. The MeCN fraction was brought 

to dryness under reduced pressure, affording a white powder of 1-nido-K. Yield: 0.042 g (%). 

Single crystals suitable for XRD studies were obtained by recrystallization from saturated 

MeCN solution at −25 °C. 1H NMR (400 Hz, MeCN-d3): δ 3.96 (d, J = 7.6 Hz, 4H), 3.43 (t, J 

= 5.5 Hz, 4H), 1.75 (p, J = 6.7 Hz, 4H), 1.10 (s, 12H). Note: Cb B–H resonances are too broad 

to be observed. 11B{1H} NMR (128 Hz, MeCN-d3): δ -8.08, -22.95. 

 Synthesis of 2-b In the glovebox, 0.271 g (1.54 mmol, 1 equiv) of Cb(OH)2 was 

dissolving in 1 ml THF in a vial equipped with a magnetic stir bar and cooled to -25°C. To this, 

a THF suspension of 0.126 g KH (3.15 mmol, 2.05 equiv) was added and the resulting orange 

solution was stirred for 0.5h at RT. All volatiles were removed under reduced pressure and the 

resulting light-yellow solid mixture was redissolved in DMF in a 100ml round bottom flask 

equipped with a magnetic stir bar. To this, 4.9 ml (12.3 mmol, 8 equiv) 1,3-Dibromopropane 
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in ca. 5 mL of DMF was added dropwise and the resulting mixture was heat at 75°C overnight. 

After cooling, the DMF layer was dissolve in DCM and the organic phase was washed with 

water two times, followed by a brine wash. The organic layer was dried over anhydrous MgSO4 

and concentrated by evaporation. The raw mixture was washed with ~30 ml diethyl ether and 

dried under reduced pressure. The crude product was purified by column chromatography 

(silica gel, hexane / ethyl acetate 4:1) to yield 0.31g (48.2%) of 2-b. 1H NMR (400 Hz, CDCl3): 

δ 4.05 (t, J = 5.7 Hz, 4H), 3.48 (t, J = 6.2 Hz, 4H), 2.20 (p, 4H). Note: Cb B–H resonances are 

too broad to be observed. 11B{1H} NMR (128 Hz, CDCl3): δ -11.97, -13.11, -14.39, -16.71  

 Synthesis of 2 In the glovebox, 0.130 g (0.74 mmol, 1 equiv) of Cb Cb(OH)2 was 

dissolving in 1 ml THF in a vial equipped with a magnetic stir bar and cooled to -25°C. To this, 

a THF suspension of 0.061 g KH (1.52 mmol, 2.05 equiv) was added and the resulting orange 

solution was stirred for 0.5h at RT. All volatiles were removed under reduced pressure and the 

resulting light-yellow solid mixture was redissolved in DMF in a 100ml round bottom flask 

equipped with a magnetic stir bar. To this, 0.31g (0.74 mmol, 1 equiv) 2-b in ca. 5 mL of DMF 

was added dropwise and the resulting mixture was heat at 75°C overnight. After cooling, the 

DMF layer was dissolve in DCM and the organic phase was washed with water two times, 

followed by a brine wash. The organic layer was dried over anhydrous MgSO4 and 

concentrated by evaporation. The raw mixture was purified by column chromatography (silica 

gel, hexane / ethyl acetate 4:1) to yield 0.27g (84.3%) of 2. 1H NMR (400 Hz, CDCl3): δ 3.96 

(t, J = 5.3 Hz, 8H), 2.01 (p, J = 5.2 Hz, 4H). Note: Cb B–H resonances are too broad to be 

observed. 11B{1H} NMR (128 Hz, CDCl3): δ -11.70, -13.81, -16.74. 

 1 step synthesis between Cb(OH)2 and dibromopropane In the glovebox, 0.040 g 

(0.23 mmol, 1 equiv) of Cb(OH)2 was dissolving in 1 ml THF in a vial equipped with a 
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magnetic stir bar and cooled to -25°C. To this, a THF suspension of 0.019 g KH (0.46 mmol, 

2.05 equiv) was added and the resulting orange solution was stirred for 0.5h at RT. All volatiles 

were removed under reduced pressure and the resulting light-yellow solid mixture was 

redissolved in DMF in a 100ml round bottom flask equipped with a magnetic stir bar. To this, 

0.019 g 1,3 dibromopropane (0.23 mmol, 1 equiv) in ca. 5 mL of DMF was added dropwise 

and the resulting mixture was heat at 80°C overnight. After cooling, the DMF layer was 

dissolve in DCM and the organic phase was washed with water three times, followed by a brine 

wash. The organic layer was dried over anhydrous MgSO4 and concentrated by evaporation. 

Single crystals suitable for XRD studies of 2-c were obtained by recrystallization from 

saturated diethyl ether solution at −25 °C. 1H NMR of 2-c (400 Hz, CDCl3): δ 4.16 (t, 8H), 

2.12 (p, 4H). Note: Cb B–H resonances are too broad to be observed.  

 Reduction of 2 In the glove box, 0.012 g (0.09mmol, 4 equiv) of naphthalene was 

dissolving in 1 ml anhydrous THF and added to a vial containing potassium metal (excess). 

The resulting dark green solution of potassium naphthalenide was stirred for 0.5h. In a 

separated vial equipped with a magnetic stir bar, 0.01 g (0.02 mmol, 1 equiv) of 2 was 

dissolving in 1 ml anhydrous THF and cooled to -25°C. To this, the THF solution of potassium 

naphthalenide in situ was added dropwise and the resulting colorless solution was stirred for 

4h. The cloudy solution of THF solution was transferred to a glass frit with Celite and washed 

with THF (3 × 3 mL), then extracted with ca. 3 mL of MeCN. The MeCN fraction was brought 

to dryness under reduced pressure, affording a white powder of 2-nido. Yield: 0.0093 g. 1H 

NMR (400 Hz, MeCN-d3): δ 3.80 (broad, 8H), 1.75 (broad, 4H). Note: Cb B–H resonances 

are too broad to be observed. 11B{1H} NMR (128 Hz, MeCN-d3): δ -9.42, -23.86. 
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 Synthesis of 3 In the glovebox, 0.109 g (0.62 mmol, 1 equiv) of Cb(OH)2  was 

dissolving in 1 ml THF in a vial equipped with a magnetic stir bar and cooled to -25°C. To this, 

a THF suspension of 0.051 g KH (1.27 mmol, 2.05 equiv) was added and the resulting orange 

solution was stirred for 0.5h at RT. All volatiles were removed under reduced pressure and the 

resulting light-yellow solid mixture was redissolved in DMF in a 100ml round bottom flask 

equipped with a magnetic stir bar. To this, 0.338g (0.62 mmol, 1 equiv) Pentaethylene glycol 

di-p-toluenesulfonate in ca. 5 mL of DMF was added dropwise and the resulting mixture was 

heat at 75°C overnight. After cooling, the DMF layer was dissolve in DCM and the organic 

phase was washed with water two times, followed by a brine wash. The organic layer was dried 

over anhydrous MgSO4 and concentrated by evaporation. The raw mixture was washed with 

~20 ml hexane and dried under reduced pressure, yielding 0.1g of 3 (42.6%). Single crystals 

suitable for XRD studies of 3 and 3-b were obtained by slow evaporation from saturated ether 

solution at room temperature. 1H NMR of 3 (400 Hz, CDCl3): δ 4.01 (t, 4H), 3.73 (td, J = 4.9, 

1.2 Hz, 4H), 3.61-3.68 (m, 16H). 11B{1H} NMR (128 Hz, CDCl3): δ -11.97, -14.22, -16.67. 1H 

NMR (400 Hz, MeCN-d3): 4.02 (t, 4H), 3.67 (t, 4H), 3.60 – 3.51 (m, 16H). 11B{1H} NMR 

(128 Hz, MeCN-d3): δ -12.54, -14.40, -17.07. 1H NMR of 3-b (400 Hz, (CD3)2CO): δ 3.61-

3.93 (m, 24H). 11B{1H} NMR (128 Hz, (CD3)2CO): δ -12.31, -15.85, -22.19, -22.88, -36.11, -

39.19. Note: Cb B–H resonances are too broad to be observed. 

 Reduction of 3 In the glove box, 0.007 g (0.06mmol, 2 equiv) of naphthalene was 

dissolving in 1 ml anhydrous THF and added to a vial containing potassium metal (excess). 

The resulting dark green solution of potassium naphthalenide was stirred for 0.5h. In a 

separated vial equipped with a magnetic stir bar, 0.011 g (0.03 mmol, 1 equiv) of 2 was 

dissolving in 1 ml anhydrous THF and cooled to -25°C. To this, the THF solution of potassium 
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naphthalenide in situ was added dropwise and the resulting colorless solution was stirred for 

4h. The cloudy solution of THF solution was transferred to a glass frit with Celite and washed 

with THF (3 × 3 mL), then extracted with ca. 3 mL of MeCN. The MeCN fraction was brought 

to dryness under reduced pressure, affording a white powder of 3-nido. Yield: 0.004 g. 1H 

NMR (400 Hz, MeCN-d3): δ 3.76 (broad, 4H), 3.58 (broad, 16H), 3.52 (broad, 4H). Note: Cb 

B–H resonances are too broad to be observed. 11B{1H} NMR (128 Hz, MeCN-d3): δ -8.10, -

10.73, -23.17, -24.92. 

 Synthesis of 4 In the glovebox, 0.02 g (0.1 mmol, 1 equiv) of Cb(OH)2 was dissolving 

in 1 ml THF in a vial equipped with a magnetic stir bar and cooled to -25°C. To this, a THF 

suspension of 0.009 g KH (0.2 mmol, 2.05 equiv) was added and the resulting orange solution 

was stirred for 0.5h at RT. All volatiles were removed under reduced pressure and the resulting 

light-yellow solid mixture was redissolved in DMF in a 100ml round bottom flask equipped 

with a magnetic stir bar. To this, 0.022 ml (0.1 mmol, 1 equiv) 1,3-Dichloro-1,1,3,3-

tetramethyldisiloxane in ca. 5 mL of DMF was added dropwise and the resulting mixture was 

heat at 75°C overnight. After cooling, the DMF layer was dissolve in DCM and the organic 

phase was washed with water two times, followed by a brine wash. The organic layer was dried 

over anhydrous MgSO4 and concentrated by evaporation. The raw mixture was washed with 

~20 ml hexane and dried under reduced pressure, yielding 0.019g of 3 (54.7%). Single crystals 

suitable for XRD studies of 3 were obtained by slow evaporation from saturated hexane 

solution at room temperature. 1H NMR (400 Hz, MeCN-d3): δ 0.33 (s, 12H). Note: Cb B–H 

resonances are too broad to be observed. 11B{1H} NMR (128 Hz, MeCN-d3): δ -10.15, -13.28, 

-16.77. 
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 General procedure for synthesis of carbon spacer Cb crown ether In the glovebox, 

1 equiv of Cb (CH2OH)2 was dissolving in THF in a vial equipped with a magnetic stir bar and 

cooled to -25°C. To this, a THF suspension of 2.05 equiv KH was added and the resulting 

orange solution was stirred for 0.5h at RT. All volatiles were removed under reduced pressure 

and the resulting light-yellow solid mixture was redissolved in DMF in a 100ml round bottom 

flask equipped with a magnetic stir bar. To this, 1 equiv different electrophile crown ether 

linker in ca. 5 mL of DMF was added dropwise and the resulting mixture was heat at 80-100°C 

overnight. After cooling, the DMF layer was dissolve in DCM and the organic phase was 

washed with water two times, followed by a brine wash. The organic layer was dried over 

anhydrous MgSO4 and concentrated by evaporation and afford the raw mixture, which was 

further purified in detail below depends on the compound.  

 Cb 20-crown-4 (5). 1 equiv TsO(CH2)3O(CH2)2O(CH2)3OTs was used as the 

electrophile for integrating crown ether. The crude mixture after extraction was washed with 

~20 ml diethyl ether and dried under reduced pressure. The further purification by column 

chromatography (silica gel, hexane / ethyl acetate 4:1) resulted in 62.6% yield of 5. Single 

crystals suitable for XRD studies of 5 were obtained by slow evaporation from saturated 

hexane solution at room temperature. 1H NMR (400 Hz, CDCl3): δ 3.92 (s, 4H), 3.53 (dt, J = 

8.3, 5.8 Hz, 8H), 1.72 (p, J = 5.8 Hz, 4H), 1.12 (s, 12H). 11B{1H} NMR (128 Hz, CDCl3): δ -

3.57, -11.25. 

 Cb 20-crown-6 (6) and deboronation product (6-b). 1 equiv Pentaethylene glycol 

di-p-toluenesulfonate was used as the electrophile for integrating crown ether. The crude 

mixture after extraction was washed with ~20 ml diethyl ether and dried under reduced 

pressure. The further purification by column chromatography (silica gel, hexane / ethyl acetate 
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4:1) resulted in 7.9% yield of 6 and 25% yield of 6-b. Single crystals suitable for XRD studies 

of 6-b were obtained by slow evaporation from saturated ether solution at room temperature. 

 Cb 11-crown-4 (7). 1 equiv Bis(2-bromoethyl) Ether was used as the electrophile for 

integrating crown ether. The crude mixture after extraction was washed with ~20 ml diethyl 

ether and dried under reduced pressure, resulted in 55.5% yield of 5. 1H NMR of 6 (400 Hz, 

CDCl3): δ 3.56-3.76 (m, 24H). 11B{1H} NMR (128 Hz, CDCl3): δ -3.57, -11.19. 

 Cb silicone crown with carbon spacer (8). 1 equiv 1,3-Dichloro-1,1,3,3-

tetramethyldisiloxane was used as the electrophile for integrating crown ether. The crude 

mixture after extraction was washed with ~20 ml diethyl ether and dried under reduced 

pressure. resulted in 62% yield of 8. Single crystals suitable for XRD studies of 8 were obtained 

by slow evaporation from saturated hexane solution at room temperature. 1H NMR (400 Hz, 

CDCl3): δ 4.19 (s, 4H), 0.12-0.19 (m, 8H). 11B{1H} NMR (128 Hz, CDCl3): δ -3.80, -10.93 

 Synthesis of 9. In the glovebox, 0.176g (1.22 mmol, 1 equiv) of Cb was dissolving in 

4 mL diethyl ether in a 20 ml vial equipped with a magnetic stir bar and cooled to -25°C. To 

this, a 1 mL of 2.5 M n-butyllithium in hexane solution (2.5 mmol, 2.05 equiv) was added and 

the resulting colorless suspension was stirred for 1h at RT. The suspension was filtered and 

washed with ~5 mL hexane and ~5 mL diethyl ether over a frit. The resulting white solid of 

Cb Li2 was transferred to a 20 mL vial and dried under vacuum. ~4 mL diethyl ether was added, 

and the suspension was cooled to -78°C in a cold well inside the glove box. To this, 0.489 g 

(2.5 mmol, 2.05 equiv) Phenylphosphonic dichloride in ca. 8 mL of diethyl ether was added 

dropwise at -78°C. The resulting light orange solution with suspension was stirred overnight 

while ambient environment slowly warm to room temperature. The reaction mixture in ether 

was filtered washed with ca. 5 mL of diethyl ether followed by ca. 5 mL of DCM. All volatiles 
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in ether and DCM fraction were removed under reduced pressure respectively. The dried ether 

fraction was washed with hexane and yielded 0.46g of 9 (81.5%). The dried DCM fraction 

yield g of 9-b. Single crystals suitable for XRD studies of 9 were obtained by Recrystallization 

from saturated diethyl ether solution at -25°C. 1H NMR of 9 (400 Hz, CDCl3): δ 8.05 (td, 4H), 

7.72 (dd, 2H), 7.59 (td, J = 7.7, 5.5 Hz, 4H), 1.45-3.72 (broad, 10H, BH). 11B{1H} NMR (128 

Hz, CDCl3): δ 1.59, -7.20, -9.41. 31P NMR (162Hz, CDCl3): δ 38.04. 1H NMR of 9b (400 Hz, 

CDCl3): δ 7.98 (td, 4H), 7.69 (dd, 2H), 7.55 (td, 4H), 1.40-3.30 (broad, 10H, BH). 11B{1H} 

NMR (128 Hz, CDCl3): δ 1.71z, -7.10, -8.90. 31P NMR (162Hz, CDCl3): δ 37.80. 

 

3.5 Appendex  

 

Figure 3.23. 1H (400 MHz) and 11B (128 MHz) NMR  spectra of 3-b and small contamination 

of 3 
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Figure 3.24. 11B NMR (128 MHz) spectra of 8 before and after add potassium naphthalenide 

 

Figure 3.25. 31P NMR (162 MHz) spectra of crude mixture from reactions described in 

Scheme 3.17 

 

13-b + unknown impurity 
13 

PhPOCl2 
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Chapter 4  

Lithium capture and release with redox switchable ortho-carborane based compounds  
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4.1 Introduction 

 As mentioned in Chapter 1, Li+ extraction from seawater has drawn increasing attention 

due to the lithium demand is predicted to outpace supply (land-based lithium production) in 

next two decades.1-6 Low Li+ concentration and other competing metal cations (Na+, K+, Mg2+, 

etc.) remain the major challenges for selectively extracting Li+ from seawater. Our approach 

for selective Li+ extraction is to utilize redox switchable Cb compounds, which was applied in 

previous uranium studies.7, 8 Our investigation on Li+ capture/release began with the series of 

Cb based compounds that were synthesized and characterized as described in Chapter 3.  

To achieve effective and efficient Li+ extraction, the key factors for Li+ chelating 

species are having high Li+ affinity and selectivity, which can be measured by multiple 

analytical methods. For monophasic Li+ measurement, UV-Vis spectroscopy is a common 

method for UV-active Li+ coordinating species, where their distinctive UV absorption bands 

have been shown to change as a function of Li+ concentration.9, 10 Another method involves 

NMR spectroscopic measurements and commonly by monitoring proton and Li+ resonances.11, 

12 For example, chelating Li+ with crown ether is a fast exchange process, in which coordinated 

Li+ and free Li+ reach an equilibrium that is faster than the NMR timescale. As the result, the 

chemical shift of crown ether proton resonances in 1H NMR spectroscopy and Li+ resonances 

in 7Li NMR spectroscopy change as the amount of the coordinating ligand increases, which is 

different from slow exchange reactions where starting material disappear with the concomitant 

appearance of product resonances. Studies with crown ethers have shown that binding 

constants (K) for Li+, as well as KLi/KNa selectivity measurements, can be calculated by plotting 

chemical shift changes as a function of crown ether concentrations.11 Another method to 

determine Li+ affinity and selectivity is through biphasic studies by using ICP-OES to measure 
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[Li+] or other metal concentrations in the aqueous phase before and after extraction to an 

organic phase.10, 13-16 

 To the best our knowledge, our Cb crown species are rare examples of redox active Li+ 

coordinating species.17, 18 Therefore, we took this opportunity to study the affinity and 

selectivity of metal cations using electrochemistry.19-21 Using in cyclic voltammetry (CV), the 

potential shift of the redox events in the presence of metal binding interaction can be correlated 

to the Gibb’s Free Energy using the Nernst equation, 𝛥𝐺 =  −𝑛𝐹𝐸𝑜 and binding affinity K for 

each metal can be calculated through equation 𝛥𝐺 =  −𝑅𝑇𝑙𝑛𝐾 .22-25 By utilizing these 

analytical methods, we performed measurements on the Li+ affinity and selectivity of 

synthesized closo- and nido- Cb crown species to probe their abilities to achieve Li+ 

capture/release cycle (Figure 1.4), with details presented in this chapter.  

 

4.2 Results and Discussion 

4.2.1 Li+ measurements with 1 

 We first started our Li+ affinity and selectivity measurement on compound 1 featuring 

14-crown-4 donor ligand. UV-Vis spectroscopy was ineffective for 1 due to a lack of useful 

absorption bands in the spectral window. Next, we turned to 7Li NMR spectroscopy to measure 

the Li+ affinity of 1. LiTFAB (TFAB = [B(C6F5)4]
-, a non-coordinating anion) was used as the 

Li+source for its solubility in organic solvents, such as MeCN-d3. With a fixed concentration 

of LiTFAB, we monitored the change in the Li+ chemical shift by increasing the equivalents 

of 1. A sealed capillary of 1M LiCl in D2O was added to the NMR tube as external standard 

for accurate chemical shift measurement (Figure 4.1).  
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Figure 4.1 Depiction of NMR tube and insert for NMR measurement of Li+ affinity of 1 

 

 With the LiTFAB concentration set to 0.006 M in MeCN-d3, 0-3.7 equivs of 1 was 

added and each sample was analyzed by 7Li NMR spectroscopy as shown in Figure 4.2. At 0 

equiv, the free LiTFAB had a sharp Li+ resonance at -2.7 ppm. After increasing the equivalents 

of 1 at room temperature, the Li+ resonance became broader and after 3.7 equiv 1 was added, 

the full width at half maximum of Li+ resonance changed from 1.28 to 17.32. The chemical 

shift of Li+ resonance moved upfield by ~0.0046 ppm, further indicating the existence of a 

very weak crown/Li+ interaction, which was similar but much smaller to the peak shifts in 

reported crown ethers lithium studies that are fast exchange processes.12, 26 The Cb cluster in 1 

had no interaction with LiTFAB evidenced by no shift in 11B NMR spectroscopy. A control 

study was conducted by mixing LiTFAB with 1 equiv of substituted 14-crown-4 that we 

chemically synthesized that was structurally similar as 1 (without Cb cluster), which is known 

to bind Li+ strongly and selectively.27 The 7Li NMR spectrum of this control showed the 12-

crown-4 coordinated Li+ resonance shifted 1.12 ppm upfield relative to free Li+, which was 

100 times more than the observed shift in 7Li NMR spectroscopic measurement of 1 under the 
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same condition. The control measurement further confirmed 1 had a poor Li+ affinity, which 

was likely due to the strong electron withdrawing Cb cluster. 

 

Figure 4.2. Stacked 7Li NMR (155 MHz) spectra of 0.006 M LiTFAB after mixing with 

different equivalent of 1 or 1 equiv 12-crown-4 in MeCN-d3 with LiCl in D2O as external 

standard 
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 The weak interaction between 1 and Li+ can be further confirmed with 1H NMR 

spectroscopy by tracking the proton resonances of the crown ether in 1. For this measurement, 

the concentration of 1 was held constant and different equivs of LiTFAB were added. The 

proton resonance of 1 shifted upfield and broadened as equivalents of LiTFAB increased, 

confirming the existence of interaction between 1 and Li+ (Figure 4.2 top). The small Li+ 

chemical shift changes after 2 equiv LiTFAB further suggested the poor Li+ affinity. 

Interestingly, at 1.25 equiv LiTFAB addition, both 1H and 7Li NMR spectra indicated a second 

set of crown Li+ exchange that may originated from the sandwich type binding mode of two 

crown ether stacking Li+.28, 29 The residual water likely interfered with LiTFAB coordination 

as the water proton peak in 1H NMR spectroscopy also shifted upfield. The small shift on 

proton resonance was also observed with LiCl or LiBF4 after mixing 1. 
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Figure 4.3. Stack 1H NMR (400 MHz) and 7Li NMR (155 MHz) spectra of 0.03 M 1 after 

mixing different equivalent of LiTFAB in MeCN-d3 with LiTFAB in MeCN-d3 as external 

standard. Compound 1 peaks are labeled with dots 

 

A selectivity study was next conducted by adding a mixture of Li, Na and KTFAB to 

a MeCN-d3 solution of 1. The weak Li+ interaction was still observed in the presence of 

competing Na+ and K+, confirmed by 1H and 7Li NMR spectroscopy. Furthermore, addition of 

only NaTFAB or KTFAB to 1 resulted in no proton resonance shift or broadening in the 1H 
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NMR spectroscopy, suggesting that 1 was Li+ selective for the small amount of Li+ that can be 

chelated. 

The fast exchange between Li+ and crown can be slowed down at cooler temperatures 

to distinguish different Li+ environments using variable temperature (VT) NMR experiments, 

as shown in Figure 4.4. Here, 1 equiv of 1 was added to a mixture of Li, Na and KTFAB with 

an external standard in place. As the temperature decreased, the broad Li+ resonance split into 

two peaks, confirming the existence of multiple lithium interactions. In the 1H NMR spectrum 

at -38.5 °C, we assigned the large sharp downfield peak near -2.8 ppm as the free Li+, and the 

small upfield peak near -1.7 ppm as 1 coordinating to Li+, further demonstrating the poor Li+ 

affinity of 1. The Na+ resonance observed by 23Na NMR spectroscopy remained almost 

unchanged with decreasing temperatures, confirming that 1 had higher Li+ affinity than Na+ 

(Figure 4.4).  
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(external 
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25°C 

5°C 
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Figure 4.4. 7Li (155 MHz) and 23Na (106 MHz) NMR spectroscopic measurement of mixing 

1 equiv 1 with Li, Na and KTFAB at variable temperature  

 

 We further conducted biphasic extraction studies using aqueous solutions of LiCl and 

chloroform or nitrobenzene solutions of 1. ICP-OES was used to analyze the aqueous phase 

after calibration curved was constructed with standards LiCl solutions. After mixing LiCl 

aqueous layer and organic solutions of 1 with stirring for 16h, no Li+ concentration change was 

observed before and after the extraction, confirming the weak Li+ affinity of 1 from NMR 

spectroscopic measurements. Additionally, attempts to grow crystals of 1 with Li+ coordinating 

were all proved unsuccessful after mixing 1 with 1 equiv of LiCl, LiPF6, LiBF4 and LiTFAB. 

Interestingly, reaction with 1 equiv strong base LiOH in ethanol led to a boron dissociation on 

Cb cage and formed deboronated Cb 14-crown-4 chelated LiOEt (1-b-Li) with solid-state 

structure shown in Figure 4.5.  

 

Figure 4.5. Solid-state molecular structure of 1-b-Li. All except counter cation H atoms have 

been omitted for clarity. Li, pink purple; B, pink; C, black; O, red 
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 The combined measurements suggested 1 was selective towards Li+, similar to 14-

crown-4, but with much weaker Li+ affinity. Nevertheless, the poor Li+ affinity of 1 may be 

beneficial for the Li+ release step (Figure 1.4), which more captured Li+ can be released in 

closo-form.  

 

4.2.2 Li+ capture studies with 1-nido-K using NMR spectroscopic measurements  

 After showing poor Li+ affinity of 1, we next moved on to its nido-form 1-nido-K that 

was chemically synthesized. Due to the significant negative reduction potential, 1-nido-K was 

extremely water sensitive. Therefore, ICP-OES analysis for biphasic conditions was not 

applicable for 1-nido-K measurements. Next, we turned to NMR spectroscopic measurements 

to probe the Li+ affinity and selectivity of 1-nido-K. Our first attempt involved adding different 

equivs of LiTFAB to a fixed concentration of 1-nido-K under same condition as the 1H NMR 

studies of 1 (Figure 4.6). New downfield Li+ peaks appeared and their intensity grew upon 

increasing the equivs of LiTFAB, unlike the crown/Li+ interactions we observed for 1. While 

a Li+ interaction seems to exist, it was unclear if K+ displacement from the crown pocket in 1-

nido-K occurred. 
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Figure 4.6. 7Li NMR (155 MHz) spectra of 1-nido-K with different equivs of LiTFAB in 

MeCN-d3 at r.t. 

  

 With 2 equivs LiTFAB added to 1-nido-K, we noticed the formation of 1-nido-b 

(Figure 3.4, Chapter 3) and some deboronation biproducts in 11B NMR spectroscopy, which 

were also observed after excess LiCl was added (Figure 4.7). To minimize interference from 

unwanted byproducts for binding affinity study of 1-nido-K, a Li+ salt with a more redox stable 

anion may be required. 11B NMR spectrum of the reaction of 1-nido-K with LiPF6 showed the 

degradation peaks were much less pronounced compared to LiCl or LiTFAB. Therefore, we 

began to investigate the binding affinity of 1-nido-K with LiPF6 using NMR spectroscopy. 
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Figure 4.7. 11B NMR (128 MHz) spectra of 1-nido-K with LiTFAB, LiCl and LiPF6 at r.t. 1-

nido-b is labeled with blue dots. 

 

 For the NMR spectroscopic measurements with LiPF6, we set the concentration of 

LiPF6 to 0.006M in MeCN-d3, followed by monitored the change of Li+ resonance and its 

chemical shift by increasing the equivalent of 1-nido-K with a sealed capillary of LiTFAB in 

MeCN-d3 as external standard (Figure 4.8), similar to 7Li NMR spectroscopic measurement 

of 1. 

 We observed that as we increased the ratio of 1-nido-K to LiPF6, the Li+ resonance 

shifted significantly downfield as shown in Figure 4.8, similar to reported strong Li+ chelating 
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species.11, 12 The Li+ resonance after adding 1 equiv of 1-nido-K shifted 3.416 ppm, far more 

than the 1.12 ppm observed with 12-crown-4 and significantly more than the 0.0046 ppm shift 

with 1 (Figure 4.2), indicating that 1-nido-K strongly binds to Li+. The Li+ peaks became 

notably broader, suggesting the existence of multiple Li+ coordination environments. These 

different environments were observed upon collecting the 7Li NMR spectrum at -38.5 °C, 

revealing 2 sharp peaks (Figure 4.9). We suspect that one Li+ ion acts as an outer-sphere 

counter cation and the second Li+ ion was captured in the crown ether pocket, similar to what 

we observe with the two K+ ion environments in the solid-state molecular structure of 1-nido-

K (Scheme 3.2). 

 

Figure 4.8. Stack 7Li NMR (155 MHz) spectra of LiPF6 with different equivs of 1-nido-K at 

r.t. 
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Figure 4.9. 7Li NMR (155 MHz) spectra of LiPF6 with 1 equiv of 1-nido-K at -38.5 °C and 

r.t. 

 

4.2.3 Li+ selectivity studies with 1-nido-K using NMR spectroscopic measurements  

 The selectivity study was conducted by adding different equivalent of 1-nido-K to a 

mixture of Li and NaPF6 in MeCN-d3 and the chemical shifts were monitored by both 7Li and 

23Na NMR spectroscopy (Figure 4.10a). To correlate the selectivity of 1-nido-K, several 

control studies were performed with crown ethers that have high Li+ or Na+ selectivity. We 

used the previously synthesized 14-crown-4 for better comparison of the effects of Cb cluster 

on Li+ capture. 18-crown-6 was applied in the same condition for its selectivity towards Na+ 

over Li+ (Figure 4.10b). 

As 1 equiv of 14-crown-4 was mixed with LiPF6 and NaPF6, the Li+ peak shifted 0.3 

ppm downfield in 7Li NMR spectroscopy and sodium resonance shifted only -0.03 ppm. For 

18-crown-6, which is known to have higher Na+ selectivity, the Li+ peak only shifted 0.01 ppm 

and the Na+ signal shifted significantly by 4.9 ppm.  
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The changes in chemical shift from these control reactions set great reference values 

for measuring the selectivity of 1-nido-K. We observed that as we increased the ratio of 1-

nido-K to LiPF6, the Li+ resonance became broader and shifted downfield by 0.23 ppm. This 

change was less than the observed shift in 14-crown-4 control but much more than the shift 

with 18-crown-6, as well as the observed shift by 1. The change in 23Na NMR spectroscopy 

was less significant at 0.08 ppm at 0.8 equiv, suggesting a higher Na+ interaction relative to 

14-crown-4 but much lower than 18-crown-6. The combined NMR spectroscopy data indicated 

1-nido-K had a decent Li+ selectivity over Na+, closed to level of 14-crown-4 that has the 

highest Li+ selectivity among all crown ethers.16  
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Figure 4.10. a) 7Li (155 MHz) and 23Na NMR (106 MHz) spectra of LiPF6 and NaPF6 with 1 

equivs of synthesized 14-crown-4 and 18-crown-6 at r.t. b) 7Li (155 MHz) and 23Na (106 MHz) 

NMR spectra of 1:1 ratio of LiPF6:NaPF6 with different equiv of added 1-nido-K at r.t. 

 

4.2.4 Electrochemical measurements on nido-form of 1 in DMF 

 Although 1-nido-K demonstrated strong Li+ affinity, the K+ counter cation could cause 

interference for accurate selectivity measurement. Therefore, we turned to electrochemistry to 

study the selectivity of metal free nido-form of 1 (1-nido) using CV. In the presence of an 

alkali or alkaline-earth metal, the oxidation potential should shift anodically, indicating that 
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the oxidation becomes less thermodynamically favorable.19-21 Additionally, we suspected that 

selectivity could be observed electrochemically by the formation of an oxidation potential 

corresponding to the preferred metal in a mixed-metal solution.  

We recollected the CV of 1 in DMF using an Ag(s)/AgOTf reference electrode. Then, 

to the same analyte solution containing 1, we titrated different equivalents [Li] [PF6], [Na][PF6], 

or [K][PF6] solution and scan at 50 mV/s (Figure 4.11). To avoid electrodeposition of the 

metals near the reduction potential of the Cb, the electrodes were polished between each scan.   
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Figure 4.11. a) Cyclic voltammogram of 1 with varying equivalents of LiPF6. b) Cyclic 

voltammogram of 1 with varying equivalents of NaPF6. c) Cyclic voltammogram of 1 with 
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varying equivalents of KPF6. All CVs were performed in DMF with 0.1M [NBu4][PF6] and 

2.9mM of analyte at a 50mV/s scan rate. Glassy carbon working electrode. Pt wire counter 

electrode. Ag/AgOTf reference electrode. 

 

 We observed that the oxidation wave shifted as equivalent of metal cation increased 

for all metal [PF6]
-. The 2- charged 1-nido can interact with two alkali metal cations as shown 

in 1-nido-K. Therefore, we compared the oxidative shift with 2 equivs of metal present for all 

metal cations (Figure 4.12). The stacked cyclic voltammograms indicated the oxidation peak 

shifted most by 215 mV anodically with Li+ present in solution. Na+ and K+ shifts were smaller 

at 44 mV and 50 mV, respectively, suggesting a strong thermodynamic preference for Li+ 

binding.19, 20  

 

Figure 4.12. CV of 1 with 2 equivalents of LiPF6, NaPF6, or KPF6 in DMF. 
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 With the promising results from cyclic voltammograms, we began to probe Li+ binding 

more accurately with electrochemically generated 1-nido and monitored its oxidation event 

with different metal cation using differential pulse voltammetry (DPV). To avoid K+ counter 

cations from chemical reduction of 1, we performed a Galvanostatic bulk electrolysis on a 0.02 

M solution of 1 in a 0.1 M tetrabutylammonium hexafluorophosphate solution in DMF (Figure 

4.26). After charging for 24 hours, complete conversion of 1 to 1-nido was observed along 

with the formation of side products that shared the same boron peaks as 1-nido-b and 1-nido-

H, as shown in the unlocked 11B NMR spectroscopy (Figure 4.13 top). The solution containing 

1-nido was divided into 5 equal volume solutions DPV was performed after the addition of 2 

equivalents of Li+, Na+, or K+, or using a mixed metal or metal free solutions to measure 

selectivity of 1-nido (Figure 4.13 bottom). 
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Figure 4.13. unlocked 11B NMR spectrum of reaction solution after bulk electrolysis (top). 1-

nido and 1-nido-b peaks labeled with blue and red dots, respectively. DPV of 0.003 M 1-nido 

with 2 equivalents of LiPF6, NaPF6, KPF6 or mixed metal in DMF with 0.1 M [NBu4][PF6] 

(bottom). Glassy carbon working electrode. Pt wire counter electrode. Ag/AgOTf reference 

electrode. 

 

 The oxidation of 1-nido occurs at -1.34 V vs. Fc/Fc+ and DPV showed only small 

oxidation shifts with the presence of metal cations, contradicting the observed shifts in the 

previous CV experiments. Due to these observed inconsistencies, we repeated the CVs of 1 

with and without 2 equivs LiPF6 under the same conditions with polishing of the same glassy 

carbon electrode between each scan (Figure 4.14).  

 The CV of 1 shifted ~10mV between each scan when the same carbon working 

electrode was polished. With 2 equivalents of LiPF6 present, and polishing between each scan, 

two of the scans overlap, but the third scan was shifted ~20 mV anodically. This data indicated 

the surface area of the electrode has a substantial effect on the CV. Additionally, we suspected 
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this inconsistency in potential may have resulted from solvent effects of DMF interacting with 

the metal cations. Therefore, we turned back to NMR spectroscopic measurements to study 

LiPF6 interaction with 1-nido-K in DMF under similar conditions as previous NMR 

experiments. 

 

Figure 4.14. Cyclic voltammograms in DMF with 0.1M [NBu4][PF6] and 2.9mM of 1 at a 

50mV/s scan rate for consistency test.  Glassy carbon working electrode. Pt wire counter 

electrode. Ag/AgOTf reference electrode. Blue - CV of 1. Green - CV of 1 with two equivalents 

of LiPF6. 

 

4.2.4 NMR spectroscopic measurements on nido-form of 1 in DMF 

 As shown in Figure 4.15b, the free LiPF6 resonance was around 0.1 ppm in DMF, 

which was more downfield than MeCN-d3. As we added 0.5 and 1 equiv 1-nido-K, the changes 

in chemical shift were only 0.016 and 0.077 ppm, respectively. However, the control study of 

mixing 1 equiv 12-crown-4 and LiPF6 shifted Li+ resonance by a smaller number of 0.048 ppm, 

suggesting Li+ interacted strongly with DMF than MeCN. To understand DMF ability to 
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interact with LiPF6, we added an aliquot DMF into the MeCN-d3 solution of LiPF6 and the Li+ 

resonance shifted 1.7 ppm as shown in Figure 4.15a, indicating DMF had a strong Li+ 

interaction that affects the consistency of the previous electrochemical study. 

 Although the strong Li+ affinity from DMF lessened the chemical shift change, 1-nido-

K resulted a bigger Li+ resonance change than 12-crown-4 in DMF, further supporting the 

strong Li+ affinity of 1-nido-K. We noticed one 1 day after mixing LiPF6 with 1-nido-K, the 

Li+ resonance shifted slightly downfield as we observed a formation of 1-nido-b in unlocked 

11B NMR spectroscopy (Figure 4.15c). We purposely add FcPF6 to oxidize the 1-nido-K, 

which resulted a sharper Li+ signal that shifted downfield and close to the free Li+, suggesting 

that the captured Li+ can be released due the poor Li+ affinity of 1 in closo-form. Furthermore, 

this Li+ resonance shift from captured and released Li+ were also observed in 7Li NMR 

spectrum of 1-nido-K with both LiPF6 and NaPF6. After oxidation, we observed the formation 

of boron peaks from compound 1 with a byproduct that we proposed was the oxidized 1-nido-

b. These NMR spectroscopic measurements showed the redox switching 1 and 1-nido system 

had capability to achieve Li+ capture/release cycle.  
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Figure 4.15. a) 7Li NMR (155 MHz) spectra of LiPF6 with aliquot DMF followed by 12-

crown-4 in MeCN-d3. b) Unlocked 7Li NMR (155 MHz) spectra of LiPF6 with different equiv 
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of 1-nido-K in DMF at r.t. followed by addition of FcPF6 (LiTFAB peak ignored for clarity). 

c) unlocked 11B NMR (128 MHz) spectra of the 1-nido-K with LiPF6 before and after FcPF6 

 

4.2.5 Other lithium interaction with nido-form of 1 

 Although LiPF6 provided more stability for Li+ measurement of 1-nido-K, formation 

of 1-nido-b still occured, indicating nido-Cb cluster in 1-nido-K underwent structural change 

in addition of chelating Li+. We noticed the formation of 1-nido-b (nido-Cb structural change) 

was avoided when mixing LiHMDS with 1-nido-K, evidenced by the unchanged boron 

resonance in 11B NMR spectroscopy, indicating the proposed rearrangement of nido-cage did 

not occur. The proton resonance from crown ether remained symmetric (no doublet of triplet) 

and coalesced like 1-nido-c from addition of kryptofix-222. The shift of Li+ resonance was also 

observed, further confirmed existence of Li+ interaction. The smaller chemical shift change 

relative to LiPF6 case was likely due to the more basic HMDS still coordinated to Li+
 in similar 

fashion as MeCN bonded to K+
 in 1-nido-K. 
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Figure 4.16. 1H (400MHz), 11B (128 MHz) and 7Li (155 MHz) NMR spectra of 1-nido-K with 

LiHMDS stacked 11B NMR spectrum of 1-nido-K and 7Li NMR spectrum of LiHMDS 

 

 To further probe Li+ interaction of 1-nido, we applied lithium naphthalenide30 (in situ) 

to chemically reduce 1 in dry THF to produce its nido-form with Li+ counter cations (1-nido-

Li). 1-nido-Li was soluble in THF, unlike 1-nido-K that required MeCN to extract during 

purification. The shifted proton resonance in 1H NMR spectroscopy and broad boron peaks in 

11B NMR spectra indicated formation of nido-Cb (Figure 4.17). Compared with 1-nido-K, 

two crown ether proton signals in 1-nido-Li were closer to each other than 1-nido-c from 

addition of kryptofix-222. The broad Li resonance in 7Li NMR spectroscopy was more upfield 

than free LiPF6, suggesting the presence of a strong Li+ interaction in 1-nido-Li.  
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Figure 4.17. 1H (400MHz), 11B (128 MHz) and 7Li (155 MHz) NMR spectra of 1-nido-Li 

stacked with 1H and 11B NMR spectra of 1-nido-K. Compounds peaks are labeled with blue 

and red dots. 



 

 
149 

 

For the second trail of this reduction reaction, the 7Li NMR spectrum of 1-nido-Li in 

d-THF showed the broad Li+ resonance at room temperature split into additional 4 peaks at -

38°C, indicating multiple Li+ binding environment (Figure 4.18). Those addition Li+ peak at -

38°C decreased as FcPF6 was added to oxidized 1-nido-Li, further confirming Li+ interaction 

with nido-Cb. The lithium naphthalenide in situ contained the mixture of mono reducing (green 

color, one Li per naphthalene) or di-reducing species (purple, two Li per naphthalene).31 

Therefore, equivalent of lithium naphthalenide was difficult to control, resulting the huge free 

Li+ peak in the 7Li variable temperature NMR spectroscopic measurement.  

 

Figure 4.18. 7Li NMR (155 MHz) spectra of 1-nido-Li before and after addition of FcPF6 at 

r.t. and -38°C in d-THF 
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 The overall measurements showed 1 had weak Li+ affinity and nido-form (1-nido and 

1-nido-K) showed strong Li+ affinity with decent selectivity, indicating switching between 

closo- and nido- of 1 had capablility to achieve Li+ capture/release cycle. These results on 1 

provided important insights to improve Li+ capture systems and demonstrated the potential of 

utilizing redox-active Cb based compounds to perform Li+ extraction. 

 

4.2.6 Li+ measurements on closo- and nido-system of 2 

 With established methods for measuring Li+ affinity and selectivity from 1, we moved 

on to compound 2 to probe how two Cb cluster crown ether behave with Li+. Due to the low 

solubility of 2 in MeCN-d3, the NMR spectroscopic measurements were carried out in CDCl3. 

The 7Li NMR spectra of 2 with LiTFAB showed little crown/Li+ interactions with increasing 

equivalents of LiTFAB (Figure 4.19). More precisely, the majority of LiTFAB remained 

unaffected and only very small amount of Li+ interacted with 2, unlike 1 where only one Li+ 

resonance existed. This small Li+ resonance shifted as equivalent of LiTFAB increased, 

confirming existence of crown/ Li+ binding for the small amount of interacted Li+. The NMR 

spectroscopic measurement suggested Li+ affinity of 2 was weaker than 1 due to the additional 

electron withdrawing Cb cluster, which was beneficial for Li+ release step like the study of 1 

and 1-nido-K. 
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Figure 4.19. 7Li NMR (155 MHz) spectra of 2 with different equivs of LiTFAB at r.t. 

 

 In contrast, 2-nido-K appeared to have more interaction with LiTFAB as evidenced by 

the appearance of broad and shifted Li+ resonances (Figure 4.20) in MeCN-d3. The broadness 

of the Li+ resonance was much more profound than 1-nido-K in the same condition, indicating 

the existence of multiple Li+ binding environments, which was further evidenced by the 

appearance of the second Li+ peak as LiTFAB increased. The chemical shift changes of the 
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second Li+ peak was remarkable ~ 1.5 ppm, which was much more than shift in NMR 

spectroscopic measurement of 1, suggesting 2-nido had a strong Li+ affinity. 

 

Figure 4.20. 7Li NMR (155 MHz) spectra of 2-nido-K with different equivalents of LiTFAB 

at r.t. 

 

To study the selectivity of 2-nido-K, 2.5 equiv of a mixture of LiTFAB, NaTFAB, and 

KTFAB were added to 2-nido-K in MeCN-d3 with LiTFAB, NaTFAB, and KTFAB in MeCN-

d3 as external standard. The broad Li+ resonances remained and shifted in similar fashion as 

LiTFAB only case, whereas the in 23Na NMR spectrum, only free Na+ resonance was observed, 

suggesting 2-nido-K was selective towards Li+. These NMR spectroscopic measurements 

showed promising results of utilizing closo- and nido-form of 2 to achieve Li+ capture/release 
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cycle and provided important insights for the optimization of Cb crown system to perform Li+ 

extraction.  

 To reduce the competing affect from K+ in 2-nido-K for more accurate Li+ affinity and 

selectivity measurements, electrochemical studies was also applied on 2, similar as 

measurements of 1 that was discussed previously. The CV of 2 in presence of LiPF6 in THF 

showed similar redox feature as 1 (Figure 4.21). After reduction wave where nido-from of 2 

(2-nido) was generated electrochemically, the oxidation event disappeared as equivalent of 

LiPF6 increased, highlighting the presence of Li+ interaction with 2-nido. The loss of the 

oxidation waves was similar to the CV of 1 with LiPF6, which we proposed the similar 

rearrangement (Figure 3.4, Chapter 3) of nido-cage occurred after 2-nido interacted with Li+. 
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Figure 4.21. The cyclic voltammogram of 2 with different equivalent of LiPF6 in THF at 100 

mV/s scan rate. (Glassy carbon – WE, Pt wire – CE, Ag wire– RE) 



 

 
154 

 

Lithium naphthalenide (generated in situ) was also applied to chemically reduce 2 in 

dry THF in attempt to produce the nido-form with Li+ counter cations (2-nido-Li). Following 

a MeCN wash, 2-nido-Li had broad proton resonances that were often observed from 

crown/Li+ interaction (Figure 4.22a). The broad boron peaks indicated the formation of the 

nido-Cb and minor impurities (Figure 4.22b). Two Li+ resonances in 2-nido-Li were almost 

identical as mixing LiTFAB with 2-nido-K, suggesting the existence of a strong Li+ interaction 

(Figure 4.22c). Due to the lithium naphthalenide in situ contained the mixture of mono 

reducing and di-reducing species,31 different equivalent of Li was used to reduce 2 when the 

reaction was repeated. This resulted in the shift of the Li+ resonance by ~0.8 ppm, which further 

confirmed existence of the Li+ chelation. 
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Figure 4.22. 1H (400 MHz), 11B (128 MHz) and 7Li NMR (155 MHz) spectra of 2-nido-Li 

stacked with NMR spectra of 2-nido-K (labeled with blue dots). Note: proton resonances in 2-

nido-Li are broad 

 

4.2.7 Li+ measurements on other Cb crown ether 4, 5 and 8 

 Next, we turned our attention to the smaller silicon crown ether 4 and treated it with 

different equivalent of LiTFAB, which showed no changes in proton resonances (-Si(CH3)2). 

In the presence of the external standard LiTFAB in MeCN-d3, additional Li+ resonances were 
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not observed except after 0.33 equiv LiTFAB (Figure 4.23), suggesting 4 had a very poor Li+ 

binding affinity with smaller crown ether chain.  

 

Figure 4.23. 7Li NMR (155 MHz) spectra of 4 with different equivs of LiTFAB at r.t. 

 

 Next, we moved on to the Li+ measurements of Cb 16-crown-4 (5) that contained 

carbon spacer. Due to the significant negative reduction potential (-3.15 V), the nido-form of 

5 were challenging to access using chemical reduction. Therefore, the electrochemical 

measurements on the closo-form were carried out in the same condition as 2. The CV of 5 in 

presence of LiPF6 in THF also showed similar redox feature as 1 and 2 (Figure 4.24). The 

reoxidation event disappeared after addition of LiPF6, suggesting the existence of Li+ 

interaction with nido-form of 5, which we proposed involving rearrangement of nido-cage. 
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However, due to the difficulty to chemically reduce 5, the following NMR spectroscopic 

measurements on bind affinity and selectivity were unable to perform. 

  

Figure 4.24. The cyclic voltammogram of 5 before and after addition of LiPF6 in THF at 100 

mV/s scan rate. (Glassy carbon – WE, Pt wire – CE, Ag wire– RE) 

 

 The CV of 8 (silicone crown with carbon spacer) in THF was slightly different before 

and after the addition of LiPF6 (Figure 4.25). With the presence of LiPF6, the possible small 

reduction event near -2.8 V completely disappeared. The increasing current near -2.8 V may 

originate from reaching solvent window instead of the Li+ interaction. In addition, the chemical 

reduction of 8 failed to achieve its nido-form for NMR spectroscopic measurements. Therefore, 

8 was not a good Cb crown candidate for Li+ capture and release. 
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Figure 4.25. The cyclic voltammogram of 8 before and after addition of LiPF6 in THF at 100 

mV/s scan rate. (Glassy carbon – WE, Pt wire – CE, Ag wire– RE) 

 

4.3 Summary 

 In summary, we described the NMR spectroscopic and electrochemical measurements 

for Li+ binding affinity and selectivity of Cb crown ether species that was synthesized and 

characterized in Chapter 3. NMR spectroscopy method of constant Cb crown concentration 

with varying Li+ equivalent offered initial fingerprint measurements on Li+ interaction. The 

second NMR spectroscopy method involving fixed Li+ concentration with increasing Cb crown 

equivalent provided more accurate Li+ measurements by reducing the amount of free Li+ 

gradually. Electrochemical measurements (mostly CV) allowed us to study Li+ interaction with 

nido-Cb crowns without chemical reduction. The analytical measurement indicated all closo-

Cb species had poor Li+ binding affinity. On the other hand, the NMR spectroscopic studied 

showed both nido-Cb 14-crown-4 species demonstrated strong Li+ affinity with decent 
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selectivity over Na+. For this rare redox switchable scheme, we also developed electrochemical 

measurements to probe interaction between Li+ and Cb crown ethers, further confirming their 

capability on Li+ binding affinity and selectivity. These measurements from Cb crown ether 

compounds showed a great potential for utilizing Cb redox-switchable scheme for selective 

Li+ capture and release, providing important insights on optimizing Cb systems to improve 

stability, effectiveness and selectivity of Li+ binding. The future optimization of Cb crown 

ether includes attaching electron-withdrawing group (-C=O, -NR3
+) on donor group and/or Cb 

cluster to shift reduction potential anodically for stability in water, followed by adjusting crown 

ether length to improve selectivity. The established analytical methods will be applied to 

measure new Cb compounds abilities to achieve selective Li+ capture and release from 

seawater.  

 

4.4 Experimental  

 General Considerations. All manipulations were carried out under an atmosphere of 

dry, oxygen-free N2 within an MBraun glovebox (MBRAUN UNIlab Pro SP Eco equipped 

with a −35 °C freezer), or by standard Schlenk techniques. Pentane, hexanes, benzene, Et2O, 

DCM, and THF (inhibitor-free) were dried and degassed on an MBraun Solvent Purification 

System and stored over activated 4 Å molecular sieves. All other solvents were degassed by 

freeze−pump−thaw and stored on activated 4 Å molecular sieves pubs.acs.org/IC Article prior 

to use. Celite and 4 Å molecular sieves were dried at 250 °C under dynamic vacuum (<0.1 

Torr) for 24 h prior to use. Elemental analyses were recorded at the University of California, 

Berkeley, using a PerkinElmer 2400 Series II combustion analyzer. LiTFAB, LiCl, LiHMDS, 

LiPF6, NaPF6, KPF6, 12-crown-4 and 18-crown-6 from Fisher Scientific or Sigma-Aldrich and 
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all were used with further purification (recrystallization). NaTFAB and KTFAB were prepared 

following previous reports.32, 33 All other reagents were obtained from Sigma-Aldrich, Fisher 

Scientific, or VWR and used without further purification.  

 Spectroscopic Measurements. NMR spectra were obtained on an Agilent 

Technologies 400 MHz DD2, Varian Unity Inova 500 MHz, Bruker Avance NEO 500 MHz, 

or a Varian 600 MHz spectrometer, and referenced to residual solvent. Chemical shifts (δ) are 

recorded in ppm and the coupling constants are in Hz. J. Young airtight adaptors were used for 

air- and water-sensitive compounds. All measurements were carried out on recrystallized 

product. All stock solutions and dilutions were prepared by mass or volume.  

 Mass Spectrometry. Mass spectra were collected on a Shimadzu GC-2010 gas 

chromatograph coupled to a Shimadzu GCMS-QP2010 mass spectrometer. The instrument is 

equipped with a 30 m × 0.25 mm Agilent DB-1 column with a dimethylpolysiloxane stationary 

phase (0.25 μm). Helium was used 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 110 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 carried out 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 
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solution, refinement, graphics, and creation of publication materials were carried out using 

SHELXTL or OLEX.2 

 General procedure for lithium affinity studies (method 1 fixed [Li+]): The stock 

solutions of Cb crown and Li+ source (LiTFAB or LiPF6) were prepared in 5 ml volumetric 

flask in MeCN-d3. In different NMR tubes, the solution of Cb crown were mixed with different 

equivalent of Li+ source solution and the total volume was made to 0.5 mL. A sealed capillary 

tube containing LiTFAB in MeCN-d3 was then inserted into the NMR tube to serve as an 

external standard. 1H, 11B, 19F and 7Li NMR spectra were taken using different equivalents of 

LiTFAB at 25 °C.  

 General procedure for lithium affinity studies (method 2 fixed [Cb crown]): The 

stock solution of Cb crown and Li+ source (LiTFAB or LiPF6) were prepared in 5 ml 

volumetric flask in MeCN-d3. In different NMR tubes, the solution of Li+ source were mixed 

with different equivalent of Cb crown solution and the total volume was made to 0.5 mL. A 

sealed capillary tube containing LiCl in D2O or LiTFAB in MeCN-d3 was then inserted into 

the NMR tube to serve as an external standard. The reaction was monitored by 1H, 11B, 19F and 

7Li NMR spectroscopy at 25 °C and -38.5°C. 

 General procedure for selectivity studies (method 1): The stock solution of Cb 

crown and metal cation mixture (LiTFAB, NaTFAB and KTFAB) were prepared in 5 ml 

volumetric flask in MeCN-d3. In an NMR tube, the solution of Cb crown were mixed with 1 

equivalent of metal cation mixture solution and the total volume was made to 0.5 mL. A sealed 

capillary containing LiTFAB, NaTFAB and KTFAB in MeCN-d3 was then inserted into the 

NMR tube to serve as an external standard. 1H, 11B, 19F, 7Li and 23Na NMR spectra were taken 

at 25°C.  
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 General procedure for selectivity studies (method 2): The stock solution of Cb 

crown and metal cation mixture (LiTFAB, NaTFAB and KTFAB) were prepared in 5 ml 

volumetric flask in MeCN-d3. In different NMR tubes, the solution of metal cation mixture 

were mixed with different equivalent of Cb crown solution and the total volume was made to 

0.5 mL. A sealed capillary tube containing LiCl, NaCl and KCl in D2O or LiTFAB, NaTFAB 

and KTFAB in MeCN-d3 was then inserted into the NMR tube to serve as an external standard. 

The reaction was monitored by 1H, 11B, 19F, 7Li and 23Na NMR spectroscopy at 25 °C and -

38.5°C. 

 Electrochemical measurements. CV was performed on a CH Instruments 630E 

Electrochemical Analysis Potentiostat. The working electrode was a 3 mm diameter glassy 

carbon (CH Instruments) electrode and was cleaned prior to each experiment by sequentially 

polishing with a gradient of 1.0 μm, 0.3 μm, and 0.05 μm alumina (CH Instruments) on a cloth 

pad, followed by rinsing with distilled water and acetone. The Ag/AgNO3 reference electrode 

was previous prepared in DMF solution and rinsed with DMF before the use for 

electrochemical experiments in DMF. The Ag wire pseudo-reference were rinsed with distilled 

water and acetone. The Pt wire counter electrodes were rinsed with distilled water and acetone 

and heated white-hot with a butane torch. All measurements were performed on recrystallized 

product and referenced to the Fc/Fc+ redox couple unless otherwise stated. 
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4.5 Appendix 

 

Figure 4.26. Bulk electrolysis set for electrochemical reduction of 1  
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Chapter 5  

Utilization of the redox switchable ortho-carborane based crown ether on Cesium and 

group 2 metal capture/release  
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5.1 Introduction 

 With the previous published uranium work and promising results in Li+ extraction, we 

extended our research interest with redox-switchable Cb scheme for other metal capture and 

release. Our new metal of interest are Cesium (Cs) and Strontium (Sr) for nuclear waste 

treatment purpose. To decrease emission of CO2 for battling climate change, nuclear power 

has played an increasing role in energy production over the last several decades as an efficient, 

low-carbon energy source. The treatment of the resulting nuclear waste, however, is major 

concern for further establishment of nuclear power. Radioactive Cs and Sr are major 

contributors to radioactivity in the nuclear waste from fission with long lifetimes (>25 years). 

Due to their high solubility in water, if not handled properly, radioactive Cs and Sr can cause 

radiation risk to the environment as well as living organisms for centuries.1-4 With increasing 

usage of nuclear energy, capturing Cs and Sr is an important step to properly treat nuclear 

waste for safer long-term storage. Analytical methods mentioned in Chapter 4 were commonly 

applied for metal binding affinity/selectivity measurements, and studies have shown crown 

ethers (18-crown-6 or bigger) contained complexes are popular candidates for capturing Cs 

and Sr.5-7 The incorporation of additional coordination sites such as calixarene were often 

required to improve binding affinity and selectivity (Figure 5.1).1, 6, 8 More specifically, for 

Cs+ coordination with calixarene based crown ether, the oxygen atoms in crown ether provides 

ion dipole interaction and calixarene offers additional π interaction.  
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Figure 5.1. Calixarene attached crown ether Cs Selective Chelators (left). Solid-state structure 

of 1-nido-K (right) 

 

 From our previous Cb crown study mentioned in Chapter 3, the solid-state structure of 

1-nido-K showed that nido-Cb cluster played a similar role as calixarene by serving as a second 

cationic coordination site in addition to ion-dipole interaction from 14-crown-4 for binding K+ 

(Figure 5.1). We began to test the capability of using Cb crown scheme for capture/release of 

Cs and Sr, with detailed preliminary results presented in this chapter.  

 

5.2 Preliminary results and discussion 

5.2.1. Attempt Cs capture with Cb crown ethers 

 No reaction occurred after mixing CsCO3 or CsNO3 with 1-nido-K in MeCN, as 

evidenced by 1H and 11B NMR spectroscopy, indicating the size of 14-crown-4 in 1-nido-K 

was small for Cs+
 capture. Next, we investigated compound 3 featuring larger 18-crown-6 

donor group. The 1H NMR spectrum of 3 with addition of CsNO3 showed very slight shift on 
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proton resonances (Figure 5.2) due to the electron withdrawing Cb cluster. The most upfield 

peak, which represented the crown ether proton closest to Cb cluster, changed the most at 

~0.006 ppm, which was almost negligible but may suggesting a very small interaction between 

3 and Cs+. No changes were observed in the 11B NMR spectrum before and after addition of 

CsNO3. 

  

Figure 5.2. 1H NMR (400 MHz) spectra of 3 before and after addition of CsNO3 

 

 For chemically reduced form 3-nido-K (Chapter 3), addition of CsNO3 or CsF resulted 

in no change of the proton resonances and boron peaks in 1H and 11B NMR spectroscopy, 

suggesting 18-crown-6 pocket size at nido-form were more selective towards smaller K+. 

Inspired by the solid-state structure of 1-nido-K, we proposed two out of six oxygen in 3-nido-
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K did not participate ion dipole interaction, highlighting the importance of extend the size of 

crown ether (integrating spacer group described in Chapter 3) and utilize all oxygens.  

Due to the difficulty on synthesis and purification of 6 featuring 20-crown-6 (carbon spacer) 

mentioned in Chapter 3, there was not enough material for chemical reduction to test Cs capture. 

The limited amount of material was used for electrochemical Cs capture cyclic voltammetry 

(CV) study. In presence of the CsNO3, both waves from quasi-reversible reduction event 

shifted anodically ~0.15 V, suggesting a strong thermodynamic preference for Cs+ binding.9, 

10 

 

Figure 5.3. The cyclic voltammogram of 6 before and after addition of CsNO3 in THF at 100 

mV/s scan rate 

 

5.2.2. Group 2 metal interaction with nido-Cb crown ethers 

 Two group 1 metal cations are required to balance the 2- charge in Nido-Cb, which can 

lead to different Cs binding interaction as shown in solid-state structure of 1-nido-K with two 
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K+. Ideally, 2+ charge in group 2 Sr2+ would promote 1:1 binding mode with Nido-Cb like 

other reported crown/Li+ interaction. Likely due to the large Sr2+ size, the 1H NMR spectrum 

showed no reactivity between SrCl2 and 1-nido-K. To further understand interaction between 

nido-Cb crowns and group 2 metal, Mg2+, Ca2+ and Ba2+ compounds were added to 1-nido-K. 

Addition of Mg(OTf)2 or CaCl2 resulted formation to 1-nido-b described in Chapter 3 

immediately and full conversion was finished after 2 days at room temperature, indicated by 

1H and 11B NMR spectroscopy, showing the smaller metal cation had a stronger interaction 

with 1-nido-K. 

 For 4- charge 2-nido-K, the addition of Mg(OTf)2 or Ca(OTf)2 cleanly generated a new 

symmetric di-Cb crown species (2-d) with coalesced crown ether proton resonance (Figure 

5.4). The broad boron resonances in 2-nido-K became sharper, indicating a rearrangement was 

likely took place. Reaction with larger Ba(OTf)2 resulted the same boron resonance with minor 

byproducts; however, more coupling was observed for the upfield crown proton resonance, 

indicating asymmetric proton chemical environments, which we proposed due to the large Ba2+ 

was coordinated out of the crown ether plane.  
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Figure 5.4. 1H (400 MHz) and 11B (128 MHz) NMR spectra of 2-nido-K with group 2 triflate. 

2-nido-K peak labeled with blue dots and new compound 2-d labeled with red dots. Mixture 

generated with Ba(OTf)2 labeled with orange dots 

 

 Addition of FcPF6 to 2-d caused no change in boron resonances and formation of Fc 

was not observed in 1H NMR spectroscopy, suggesting 2-d was most likely the oxidized 

product after chemical rearrangement of 2-nido-K. Currently, it was unclear how Mg2+ 

interacted before and after FcPF6. To probe the interaction of 4+ charge metal Ti4+ with the di-

nido-Cb system in 2-nido-K, we added 1 equiv TiCl4 and resulted in the oxidation on 2-nido-

K as 2 formed as the major product, indicated by 1H and 11B NMR spectroscopy. 
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5.3 Summary and future work 

 Our preliminary NMR studies showed little to no Cs or Sr interaction with the Cb crown 

for both 14-crown-4 and 18-crown-6 cases. Both Cb 14-crown-4 compounds demonstrated 

reactivity with smaller group 2 metal cations; however, these interactions promoted 

rearrangements or oxidizing nido-Cb in addition to metal coordination. These initial results 

provided us insights on optimizing Cb compounds for Cs and Sr capture in following directions. 

The first direction is increasing the crown ether donor length to improve Cs/Sr selectivity at 

nido-form. The second goal is to shift reduction potential anodically to avoid unwanted side 

reaction. Attaching a proper electron-withdrawing spacer group can achieve both purposes, 

e.g., -PhPO-. Further modification may be required depending on the results from the new Cb 

crown compound. 

 

5.4 Experimental  

 General Considerations. All manipulations were carried out under an atmosphere of 

dry, oxygen-free N2 within an MBraun glovebox (MBRAUN UNIlab Pro SP Eco equipped 

with a −35 °C freezer), or by standard Schlenk techniques. Pentane, hexanes, benzene, Et2O, 

DCM, and THF (inhibitor-free) were dried and degassed on an MBraun Solvent Purification 

System and stored over activated 4 Å molecular sieves. All other solvents were degassed by 

freeze−pump−thaw and stored on activated 4 Å molecular sieves pubs.acs.org/IC Article prior 

to use. Celite and 4 Å molecular sieves were dried at 250 °C under dynamic vacuum (<0.1 

Torr) for 24 h prior to use. Elemental analyses were recorded at the University of California, 



 

 
177 

Berkeley, using a PerkinElmer 2400 Series II combustion analyzer. All reagents were obtained 

from Sigma-Aldrich, Fisher Scientific, or VWR and used without further purification.  

 Spectroscopic Measurements. NMR spectra were obtained on an Agilent 

Technologies 400 MHz DD2, Varian Unity Inova 500 MHz, Bruker Avance NEO 500 MHz, 

or a Varian 600 MHz spectrometer, and referenced to residual solvent. Chemical shifts (δ) are 

recorded in ppm and the coupling constants are in Hz. J. Young airtight adaptors were used for 

air- and water-sensitive compounds. All measurements were carried out on recrystallized 

product. All stock solutions and dilutions were prepared by mass or volume.  

 Electrochemical measurements. CV was performed on a CH Instruments 630E 

Electrochemical Analysis Potentiostat. The working electrode was a 3 mm diameter glassy 

carbon (CH Instruments) electrode and was cleaned prior to each experiment by sequentially 

polishing with a gradient of 1.0 μm, 0.3 μm, and 0.05 μm alumina (CH Instruments) on a cloth 

pad, followed by rinsing with distilled water and acetone. The Ag wire pseudo-reference were 

rinsed with distilled water and acetone. The Pt wire counter electrodes were rinsed with 

distilled water and acetone and heated white-hot with a butane torch. All measurements were 

performed on recrystallized product and referenced to the Fc/Fc+ redox couple unless 

otherwise stated. 

 General procedure for mixing metal salt with Cb crown ether: In an NMR tube, 

the nido-Cb crown were dissolved in MeCN-d3 and different equivalents of metal salts in 

MeCN-d3 solution was added. 1H and 11B NMR spectra were taken at 25 °C.  
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