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DISSERTATION ABSTRACT 

Hazel Anne Fargher 

Doctor of Philosophy 

Department of Chemistry and Biochemistry 

August 2021 

Title: Physical Organic Studies in the Design and Application of Supramolecular Anion 

Hosts 

 

Hosts for supramolecular anion binding are used for a range of applications, 

including real-time detection, anion transport, catalysis, extraction, and molecular 

machines. These applications are the result of thousands of research articles with 

commonly studied anions such as the halides and oxoanions. Fundamental work has 

allowed researchers to understand how host binding pocket geometry, non-covalent 

motifs, and solvophobic effects work in concert to achieve properties required in each 

application.  

 Often overlooked in anion binding research are the hydrochalcogenide anions, 

hydrosulfide (HS–) and hydroselenide (HSe–). Both anions play important roles in 

biological systems. At physiological pH, HS– is favored over hydrogen sulfide (H2S), an 

endogenous gasotransmitter. HSe– is the intermediate in the metabolic pathway of 

selenium. The reactivity of these anions, however, has made studying their 

supramolecular chemistry challenging. As a result, there are only three families of hosts 

for HS–, and before 2019, no reported receptors for HSe–.  
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 In this thesis we focus on fundamental research into anion binding of the 

hydrochalcogenide anions. In Chapter II we show the first receptors for HSe–. In Chapter 

III we investigate the effect of changing the polarity of a C–H bond on binding with the 

hydrochalcogenide and halide anions. This study revealed a preference of an aryl C–H 

hydrogen bond donor for HS–. To investigate this finding further, in Chapter IV we study 

the equilibrium isotope effect of deuteration of the C–H hydrogen bond donor on anion 

binding and in Chapter V we use over 423,000 C–H…S contacts found in the Cambridge 

Structural Database to create a guide for identifying C–H…S contacts in the solid state. In 

the final chapters of this thesis, we expand upon the scope of applications of our hosts. In 

Chapter VI we show that our hosts can modulate the reactivity of HS– and in Chapter VII 

we use anion receptors to disrupt the Hofmeister bias in liquid-liquid extraction. Finally, 

in Chapter VIII we conclude with a summary of host motifs compatible with 

hydrochalcogenide anion binding and outline future work. 

 This dissertation includes published and unpublished co-authored material.  
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CHAPTER I 

INTRODUCTION 

This chapter includes an excerpt from previously published and co-authored material 

from Eytel, L.M.; Fargher, H.A.; Haley, M.M.; Johnson, D.W. The road to aryl 

CH…anion binding was paved with good intentions: fundamental studies, host design, 

and historical perspectives in CH hydrogen bonding. Chem. Commun. 2019, 55, 5195–

5206. This review was co-written by Dr. Lisa M. Eytel and Hazel A. Fargher, with 

editorial assistance from Professors Michael M. Haley and Darren W. Johnson. 

 

Anionic species play diverse and complex roles in environmental, industrial, and 

biological systems, which necessitates chemical methods for detecting, sensing, 

sequestering, and selectively binding these negatively charged species to understand their 

fate, transport, and modes of action. As examples in the environment, anions are often 

found as natural and anthropogenic sources of pollution. Arsenate (AsO4
3−) 

contamination in Bangladeshi wells has caused one of the largest mass-poisonings in 

history, affecting an estimated 85 million people.1 Nitrate (NO3
−) and dihydrogen 

phosphate (H2PO4
−) are essential for plant growth and are used in fertilizers to increase 

crop yield; however, over-application of these anions can be extremely detrimental to the 

environment, reaching surrounding bodies of water through agricultural run-off and 

promoting eutrophication.2–6 As an example in industrial processes, anions such as sulfate 

(SO4
2−) also serve as major contaminants, and can thereby inhibit the effective 

vitrification of radioactive waste.7 
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In organisms, anions are essential for numerous biological processes. Chloride 

(Cl−) is used to regulate membrane transport and control nervous system function, and the 

misregulation of Cl− is linked with serious diseases such as cystic fibrosis.8 The 

hydrosulfide anion (HS−) is currently being studied for its therapeutic potential as a 

signaling agent at low concentrations; at high concentrations, however, it is a deadly 

toxin and requires detailed monitoring in applications where exposure to the anion or its 

conjugate acid (hydrogen sulfide, H2S) exists.9 Anions are even implicated in systems 

beyond our own planet. While perchlorate (ClO4
−) serves as a rocket fuel additive and 

can lead to water contamination problems near terrestrial military bases (such as the Joint 

Base on Cape Cod, MA) and near flare manufacturing plants throughout California, 

perchlorate was also unexpectedly detected in soil on Mars.10–12 This finding perhaps 

hints at past microbial life on the Red Planet,11 and may suggest a future environmental 

cleanup challenge during terraforming by future humans seeking to populate other 

locations within the solar system.12  

To understand, and potentially to monitor, the complicated roles that anions play 

in these many systems, the complex modes of action between an anionic “guest” and a 

molecular “host” have received increasing attention. Anions present several challenges as 

targets for molecular/ion recognition, including: (i) anions tend to be harder to bind by 

traditional electrostatic interactions because they are larger, more polarizable, and more 

diffuse than comparable cations. (ii) Anions exist in a diversity of molecular geometries, 

ranging from spherical (the halides) to planar (nitrate) to octahedral (SiF6
2−), among other 

forms.13 (iii) Anions typically serve as weak to moderate bases, so their speciation can be 

pH dependent. As a result, proton transfer might occur rather than, e.g., hydrogen bond 
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formation during their interactions with a host. (iv) Anions tend to be highly solvated and 

particularly mobile, especially in polar protic solvents. Despite these challenges, 

supramolecular host–guest systems have emerged over the past few decades as a way to 

continuously monitor anions through reversible, predominantly non-covalent 

interactions.13–15 

 The first example of a supramolecular host for anion binding from our labs was 

published in 2008.16 The receptor features a pyridine hydrogen bond acceptor and 

sulfonamide N–H hydrogen bond donors (1.1, Figure 1.1a). Single crystal x-ray 

diffraction and 1H NMR titrations in CDCl3 revealed that the receptor bound H2O, HCl, 

Cl–, Br–, and I– depending on the protonation state of the pyridine motif. Since our first 

introduction into anion binding, research within this collaboration has shifted towards a 

generalized arylethynyl bisurea scaffold (1.2, Figure 1.1b). The rigid and conjugated 

scaffold imparts UV-vis absorption and fluorescent properties to the hosts, providing a 

useful handle to study anion binding through spectroscopic titrations, in addition to NMR 

titrations. Our labs have developed a modular approach for the synthesis of these hosts, 

providing a platform to design and study arylethynyl bisurea receptors with various 

functional groups, binding pocket sizes, optoelectronic properties, and binding motifs. 

Over the 10+ years of research, we have designed receptors which are selective for 

H2PO4
–,17 NO3

–,18 and Cl–,19 elucidated host conformational change upon guest 

binding,17,20–22 and studied their optoelectronic properties.23,24 We have also used these 

hosts to study specific non-covalent interactions in host-guest binding. For example, we 

found that anion…π interactions can promote NO3
– selectivity18 and have studied the 

solvent effect on Cl– binding.25 In addition, we highlighted a weak C–H…Cl– hydrogen 
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bond in receptor scaffold 1.2 (X = CH)26 and subsequently used linear free energy 

relationships (LFER)27 and deuterium equilibrium isotope effects (DEIE)28 to further 

establish C–H hydrogen bond donors as important supramolecular motifs. 

 

 

Figure 1.1. a) The first examples of supramolecular hosts for anion binding from our 

labs. b) The generalized arylethnyl bisurea scaffold that is well-studied as a 

supramoelcular host for anion-binding in our labs. 

 

From here, our research ventured into exploring supramolecular binding of 

understudied and reactive anions. In 2016, we published the first example of reversible 

supramolecular binding of HS–.29 HS– has been classified as the third endogenously 

produced gasotransmitter and plays a role as a signaling molecule in major biological 

systems.9,30 As such, HS– has been found to be essential for life, and recent interest in 

studying HS– as a potential therapeutic for diseases has grown;9 however, HS– is also 

nucleophilic, reducing, and basic (pKa = 7.0) at physiological pH (7.4), and is sensitive to 

both water and oxygen. This reactivity has made the supramolecular chemistry of HS– 

challenging to study. Since 2016, we are aware of only two other families of 

supramolecular receptors which have displayed reversible HS– binding.31,32 Moving down 
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the periodic table, hydroselenide (HSe–), another biologically essential yet highly reactive 

molecule,33,34 has been entirely overlooked by the anion binding community. Before 2019 

there were no receptors published which had been shown to reversibly bind HSe–.   

Chapters II through V of this thesis investigate fundamental anion binding 

chemistry of the often-neglected hydrochalcogenide anions HS– and HSe–. We 

demonstrate how expanding the guest scope of our receptors to include these 

understudied anions has unearthed the importance of a specific weak non-covalent 

interaction in these supramolecular systems. Implementing the well-developed, modular 

approach to synthesizing the arylethynyl bisurea receptors allowed us to use systematic 

physical organic methods to untangle the non-covalent binding contributions amongst a 

mix of additive and competitive forces. Chapter II describes the first published examples 

of supramolecular receptors for HSe–.35 The participation of a depolarized aryl C–H 

hydrogen bond in anion binding with HSe– and HS– inspired a subsequent LFER outlined 

in Chapter III probing the effect C–H hydrogen bond donor polarity has on the strength 

of anion binding.36 This study reveals an unexpected preference of the C–H hydrogen 

bond donor for HS– over HSe–, Cl–, and Br–. To investigate this finding further, Chapter 

IV follows work studying the DEIE of a C–H/D hydrogen bond donor on HS–, Cl–, and 

Br– anion binding. This exploration culminates in an in-depth analysis of C–H…S 

hydrogen bonds in the solid state, found in Chapter V. 

 Finally, with such a strong understanding of anion binding in these arylethynyl 

bisurea scaffolds, we can now study the utility of these molecules in more application-

driven research. We have previously published a receptor with Cl– selectivity and turn-on 

fluorescence upon binding in water,19 demonstrating the promise of these scaffolds as 
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fluorescent sensors in cells. Without water-solubilizing functional groups, however, these 

aryl ethynyl bisurea scaffolds display poor water solubility. This can be advantageous in 

applications such as liquid-liquid extraction, however. We previously developed a 

receptor with a high binding affinity and selectivity for HSO4
– which was able to extract 

HSO4
– from concentrated sulfuric acid.37 In this thesis, we begin to explore new 

implementations for the hydrochalcogenide supramolecular receptors in organic solvents, 

as well as dive deeper into host-mediated liquid-liquid extraction. Inspired by 

supramolecular anion binding catalysis38–40 and the demonstrated success of 

supramolecular hosts to isolate and stabilize reactive and fleeting molecules,41,42 we use 

our anion receptors to modulate HS– reactivity in Chapter VI. In doing so, we strive to 

gain new understanding into the design strategies used in nature to control this highly 

reactive molecule. In Chapter VII we expand upon earlier success in liquid-liquid 

extraction to initiate a collaboration at Oak Ridge National Laboratory to use our 

receptors to disrupt the Hoffmeister bias in liquid-liquid salt extraction. 

 Given the importance of anions in environmental (both terrestrial and 

extraterrestrial), industrial, and biological systems, this thesis highlights the utility of 

host-guest supramolecular chemistry to study both fundamental anion binding and 

application-driven research. This work also represents the combined effort of myself and 

many other undergraduate, graduate, post-doctoral, professorial, and research scientists. 

Chapters I through III include previously published co-authored material and Chapters IV 

through VII include unpublished co-authored material.   
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CHAPTER II 

EXPANDING REVERSIBLE CHALCOGENIDE BINDING: 

SUPRAMOLECULAR RECEPTORS FOR THE HYDROSELENIDE (HSe–) 

ANION 

This chapter includes previously published and co-authored material from Fargher, H.A.; 

Lau, N.; Zakharov, L.N.; Haley, M.M.; Johnson, D.W.; Pluth, M.D. Expanding 

Reversible Chalcogenide Binding: Supramolecular Receptors for the Hydroselenide 

(HSe–) Anion. Chem. Sci. 2019, 10 (1), 67–72. This manuscript was co-written by Hazel 

A. Fargher and Nathanael Lau, with editorial assistance by Professors Michael M. Haley, 

Darren W. Johnson, and Michael D. Pluth. The project in this chapter was developed by 

Hazel A. Fargher, Nathanael Lau, and Professors Michael M. Haley, Darren W. Johnson, 

and Michael D. Pluth. The experimental work in this chapter was performed by Hazel A. 

Fargher and Nathanael Lau. The crystallographic data in this chapter was collected by Dr. 

Lev N. Zakharov. 

 

2.1 Introduction 

Synthetic supramolecular receptors have been used with great success for 

investigating the solution binding of biologically- and environmentally-relevant 

anions.13,43–46 By using reversible, mostly non-covalent interactions such as hydrogen 

bonding, electrostatic interactions, and anion-π interactions, a diverse palette of anions 

can be bound ranging from relatively inert anions such as halides and oxoanions47–51 to 

highly reactive anions.29,31,32,52–54 Although targeting the latter poses many challenges, 
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reversible binding in supramolecular hosts can be used to stabilize high-energy anions 

through non-covalent interactions in a manner reminiscent of certain active sites in 

proteins.55 Despite this potential, examples of receptors targeting highly-reactive anions 

remain rare.29,31,32,52–54 In particular, the hydrochalcogenide anions hydroselenide (HSe–) 

and hydrosulfide (HS–) have been largely overlooked despite their considerable 

environmental and biological significance. These anions are weak bases that exist in 

equilibrium with their gaseous conjugate acids, hydrogen selenide (H2Se, pKa = 3.74) and 

hydrogen sulfide (H2S, pKa = 7.00).34 The anionic species dominate at physiological pH, 

as H2Se exists almost entirely as HSe– and HS– is favored over H2S by a 3:1 ratio.9,33,56 

Although HSe– and HS–/H2S are highly toxic at elevated levels,9,57,58 both are 

essential to life at low concentrations and are produced endogenously.9,33,34 For example, 

H2S has been classified as the third gasotransmitter alongside carbon monoxide (CO) and 

nitric oxide (NO) and plays regulatory roles in the cardiovascular, immune, and 

gastrointestinal systems, among others.9,30,59–61 Similarly, HSe– is the common but 

highly-reactive intermediate generated in the metabolism of dietary selenium (Figure 

2.1),33,34 and it is required for the synthesis of the essential 21st amino acid selenocysteine 

(Se-Cys).62,63 Se-Cys is then incorporated into selenoproteins, such as thioredoxin 

reductases and glutathione peroxidases33,34 that play important roles in redox 

biochemistry.64,65 However, the high reactivity of HSe– toward both electrophiles and 

oxygen makes it difficult to observe directly in biological systems or to target through the 

design of selective synthetic receptors.33,66 
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Figure 2.1. Summary of selenium metabolism in the human body.33 

 

Understanding the reversible binding requirements for hydrochalcogenides could 

provide valuable insights into possible receptor motifs in biological environments. 

However, we are not aware of any reports showing HSe– as a viable target for molecular 

recognition by anion receptors. Similarly, few examples of reversible HS– binding 

exist,29,31,32 the first of which were reported by our groups using two distinct families of 

modular receptor scaffolds (Figure 2.2). The initial report was based on a rigid 

arylethynyl bisurea receptor (2.1H)29 and the second on a flexible tripodal arylamide unit 

(2.2H),31 both of which bound HS– through N–H···S and aryl C–H···S hydrogen bonds. 

Building from these early insights into HS– binding, we investigated whether these 

receptors could also bind and stabilize the substantially more reactive HSe– anion. This 

was not a trivial descent down the periodic table; although sulfur and selenium share 
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similar chemical and physical properties, HSe– is over three orders of magnitude more 

acidic and both a more potent nucleophile and reducing agent than HS–.34 In addition, 

selenium is larger and more diffuse than sulfur (Se2–:1.84 Å; S2–: 1.70 Å),67 making non-

covalent and reversible binding more difficult.27,68  

 

 

Figure 2.2. The two families of receptors used for binding HS– and HSe–.27,29,31 

 

Herein we report the first examples of using supramolecular receptors to 

reversibly bind the HSe– anion, as clearly demonstrated by 1H nuclear magnetic 

resonance (NMR) titration studies and X-ray crystallography. The binding affinities of 

our receptors to other related anions (HS–, Cl–, and Br–) were also measured to determine 

the importance of factors such as anion size and basicity in binding. Our analysis 

revealed that our receptors favor smaller and more basic anions; thus, the greatest 

affinities observed were for HS–. Ultimately, these studies provide a starting point for 

designing receptors capable of selective binding to HSe–, which may provide future 

insights into the role of hydrochalogenide anions in biology. 
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2.2 Results and Discussion 

2.2.1 Synthesis of tetrabutylammonium hydroselenide (NBu4SeH) 

To investigate HSe– binding to 2.1tBu and 2.2CF3, which are both insoluble in 

water, we prepared NBu4SeH by reducing elemental Se with NBu4BH4 in anhydrous 

CH3CN (Figure 2.3a).69 The crude NBu4SeH oil was repeatedly washed with 

tetrahydrofuran (THF) to precipitate pure NBu4SeH as a white powder. Single crystals of 

NBu4SeH suitable for X-ray diffraction were obtained by layering a CH3CN solution of 

NBu4SeH with diethyl ether (Et2O) (Figure 2.3b).  

 

 

Figure 2.3. (a) Preparation of NBu4SeH. (b) Thermal ellipsoid diagram (at 50% 

probability) depicting the molecular structure of NBu4SeH. 

 

Much like the related structure of NBu4SH,70 short contacts (3.954 – 4.248 Å) 

between the Se atom and C1, C2, and C6 of the NBu4
+ counterion are indicative of weak 

hydrogen bonding between the aliphatic C–H bonds of the counterion to the 

chalcogenide. The HSe– proton was located in the solid-state structure and found to be 

pointed away from the NBu4
+ counterion. In addition, the 1H NMR spectrum of NBu4SeH 

showed the HSe– resonance at –6.61 ppm in CD3CN. The greater upfield shift of HSe– 

compared to that of HS– (–3.85 ppm)70 is consistent with the greater electron density 

C6 C1

Se1

C3

NBu4BH4

Se0

CH3CN

rt, N2, 7d

16% yield

NBu4SeH

(a)           (b)
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around Se2– relative to S2–. We note that the salt is extremely sensitive to O2, and 

colorless solutions of NBu4SeH turn dark green upon exposure to the atmosphere. 

 

2.2.2 Binding experiments of 2.1tBu and 2.2CF3 with HSe– 

Equipped with an organic soluble source of HSe–, we next used 1H NMR 

spectroscopy to investigate whether 2.1tBu and 2.2CF3 could bind HSe– (Figure 2.4). 

Solutions of each host (1.0–2.0 mM) were titrated with NBu4SeH in either anhydrous 

10% DMSO-d6/CD3CN (for 2.1tBu) or anhydrous CD3CN (for 2.2CF3), due to solubility 

differences between the hosts. We observed significant downfield shift in the urea N–Hb/c 

and aromatic C–Ha proton resonances in 2.1tBu and in the amide N–Ha and aromatic C–Hb 

proton resonances in 2.2CF3. Both of these results indicated that these protons are 

involved in binding HSe–, and matched the recognition units that were previously 

observed to be involved in the binding of HS– with 2.1H and 2.2H.29,31 Association 

constants (Ka) were determined by fitting the changes in the chemical shifts of these 

hydrogen bond donating moieties to a 1:1 host:guest model using Thordarson’s method 

(Table 2.1, vide infra).71,72 

 

Table 2.1. Binding parameters for hosts 2.1tBu and 2.2CF3 with the anions used in this 

study.a 

  HSe– Br– HS– Cl– 

Host Solvent Ka 

(M–1) 

ΔG 

(kcal mol–1) 

Ka 

(M–1) 

ΔG 

(kcal mol–1) 

Ka 

(M–1) 

ΔG 

(kcal mol–1) 

Ka 

(M–1) 

ΔG 

(kcal mol–1) 

2.1tBu 10% 

DMSO-d6/ 

CD3CN 

460 ± 

50 

–3.63 ± 

0.06 

110 ± 

20 

–2.79 ± 0.09 3600 

± 

500 

–4.85 ± 

0.09 

1700 

± 200 

–4.41 ± 

0.06 

2.2CF3 CD3CN 290 ± 

50 

–3.35 ± 

0.10 

67 ± 

7 

–2.49 ± 0.06 840 

± 80 

–3.93 ± 

0.06 

430 ± 

50 

–3.59 ± 

0.07 

a The minimum error is assumed to be 10% in cases where the standard deviation is less than 10%. 
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Figure 2.4. (a) Representation of the host guest equilibrium between 2.1tBu and HSe–. (b) 
1H NMR titration of 1.6 mM 2.1tBu with NBu4SeH in 10% DMSO-d6 in CD3CN. (c) 

Representation of the host guest equilibrium between 2.2CF3 and HSe–. (d) 1H NMR 

titration of 2.0 mM 2.2CF3 with NBu4SeH in CD3CN. 

 

To ensure that the observed binding was reversible and not due to reaction with 

HSe– as a nucleophile, we next looked for evidence of covalent modification of our 

receptors. In particular, 2.1tBu has several electrophilic sites, such as the urea carbonyl 

and alkyne moieties that could potentially undergo nucleophilic attack by HSe–. Although 

no evidence of receptor modification was observed in titrations of 2.1H with HS–,29 

treatment of 2.1tBu with 20 equiv. HSe– resulted in the appearance of new aromatic 

signals after approximately 30 min (Appendix A, Figure A.3). 

To determine whether 2.1tBu was covalently modified by HSe– over the course of 

the titration, 6 equiv. HSe– were added to a 2 mM solution of 2.1tBu in 10% DMSO-

d6/CD3CN (Appendix A, Figure A.5). After 1 h there was little evidence of new aromatic 

signals; however, after 3 h new peaks appear in the spectra. Addition of 20 equiv. of zinc 

acetate (Zn(OAc)2) to the mixture removed HSe– as ZnSe. The resulting 1H NMR 
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spectrum showed that the receptor signals return to the same shifts as unmodified 2.1tBu 

along with the presence of smaller decomposition signals, demonstrating that the binding 

process of HSe– is reversible within 1 h and over the timescale of the titration experiment.  

 To further investigate the minor decomposition products of 2.1tBu with HSe–, we 

used negative mode mass spectrometry (MS) to look for Se-containing species. We 

observed peaks consistent with fragments containing a molecule of HSe– added across 

one alkyne bond (Appendix A, Figure A.4), which corroborates the observed 

desymmetrization of the aromatic peaks in the decomposition products in the 1H NMR 

spectrum of 2.1tBu. Furthermore, the isotope patterns and mass accuracy of these peaks 

unambiguously show that these species incorporate HSe–. These results underscore the 

challenges in binding such a highly reactive species and confirm that careful receptor 

choice and design (e.g., bulky t-Bu group to protect 2.1tBu from nucleophilic aromatic 

substitution) is needed to accomplish this task. 

 The simpler tripodal receptor proved to be more resistant to attack by HSe–, since 

we have not observed any evidence of modification of 2.2CF3 by HSe–, even though the 

electrophilicity of the amide carbonyl moieties should be enhanced due to the presence of 

the meta CF3 groups. Coupled with the resistance of 2.1tBu to HSe–, this result 

demonstrates how the presence of relatively weak, non-covalent interactions can stabilize 

a normally reactive species. As with 2.1tBu, HSe– binding was also shown to be reversible 

by conducting a similar Zn(OAc)2 extrusion experiment (Appendix A, Figure A.5). After 

2 equiv. HSe– were added to 2.2CF3, the addition of 12 equiv. of Zn(OAc)2 returned a 1H 

NMR spectrum identical to that of pure 2.2CF3. The ability of these two distinct receptor 
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classes to reversibly bind HSe– demonstrates the generality of binding of this previously 

uninvestigated anion, despite the highly reactive and reducing nature of HSe–. 

 

2.2.3 Binding experiments of 2.1tBu and 2.2CF3 with other anions 

To better understand the factors influencing HSe– binding, we also measured the 

binding affinities of 2.1tBu and 2.2CF3 towards the related anions HS–, Cl–, and Br– (Table 

2.1). Several notable trends emerged from these studies. For example, 2.1tBu maintains a 

higher binding affinity for HSe– than 2.2CF3, even in a more competitive solvent system 

(10% DMSO-d6 in CD3CN vs. neat CD3CN). This difference in binding affinity between 

the two receptors holds true for all of the other anions investigated and is consistent with 

our previous studies,29,31 and may reflect the increased number of N–H H-bond donors in 

2.1tBu compared to 2.2CF3. Furthermore, this result underscores the importance of 

preorganization and directionality in hydrogen bonding in supramolecular systems, as the 

rigid ethynyl backbone of 2.1tBu offers more directed hydrogen bonds than the more 

flexible aliphatic backbone of 2.2CF3. Supporting this hypothesis, previous work on 2.1tBu 

and derivatives have shown that the central aromatic C–H hydrogen bond is unusually 

strong, contributing more than 1 kcal mol-1 in anion binding energy.27 In contrast, 

although receptor 2.2CF3 should donate three hydrogen bonds between three ortho 

aromatic C–H hydrogen atoms to a guest molecule, 1H NMR spectroscopy suggest that 

these interactions are relatively weak, as they are not strong enough to prevent free 

rotation of the aromatic rings since the ortho protons are not resolved. 

Interestingly, both receptors demonstrated a clear preference for binding the 

hydrochalcogenide anions over the halide anions in the same row. By binding affinities, 
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2.1tBu showed a two-fold preference for HS– over Cl– and a four-fold preference for HSe– 

over Br–, despite the nearly identical ionic radii of anions within the same periodic row 

(Table 2.1). The protonation state of each anion is unlikely to explain the preferential 

binding towards hydrochalcogenide anions in 2.1tBu because this receptor contains no 

hydrogen bond accepting motifs in the binding pocket. The distinguishing factor may 

instead be basicity, as the chalcogenides are far better bases than the halides (Table 2.2) 

and should thus form stronger hydrogen bonds with the receptors. In contrast, the ionic 

size of the different anions appears to be a dominant factor in determining binding 

affinity in 2.1tBu and 2.2CF3. In both cases, the smaller row 3 anions (HS– and Cl–) exhibit 

an order of magnitude stronger binding than those of the larger row 4 anions (HSe– and 

Br–), despite the higher basicity of HSe– over Cl–. Alternatively, because all the anions 

have the same charge, the row 3 anions have a higher surface charge density, which may 

result in greater electrostatic interactions between the anion and receptor, thus 

contributing to the stronger binding. 

 

Table 2.2. Physical properties of the anions used in this study. 
 HSe– Br– HS– Cl– 

Ionic Radius (Å)67 1.70a 1.84b 1.67 1.82 

pKa (Conj. acid, H2O)34,73 7.0 3.7 –8.0 –9.0 

                                              aIonic radius of S2–. bIonic radius of Se2–. 
 

We further investigated the impact of anion size on receptor geometry in the 

solid-state. Single crystals of [NBu4][2.1tBu(SeH)] suitable for X-ray diffraction were 

obtained by layering an equimolar THF mixture of 2.1tBu and NBu4SeH under Et2O in a 

glovebox (Figure 2.5). We compared the metrical parameters of [2.1tBu(SeH)]– to those of 
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the previously reported [2.1H(SH)]–29 and [2.1H(Cl)]–26 to determine the effect of guest 

size on 2.1R receptors. The HSe– guest is bound by 2.1tBu in the pocket created by one 

aromatic proton and four urea protons. The C···Se and N···Se distances suggest that the 

strongest hydrogen bonds are formed by the distal urea protons (N2 and N4, (N···Se)ave = 

3.385 Å), followed by the central aryl proton (C1···Se = 3.769 Å) then the proximal urea 

protons (N1 and N3, (N···Se)ave = 3.892 Å). These results suggested that the Se atom did 

not fit well inside the binding pocket of 2.1tBu, since the more constrained proximal urea 

protons had weaker interactions to the anion than the more flexible distal urea protons. 

Additionally, none of the C···H···Se or N···H···Se angles formed were in the preferred 

linear geometry (Table 2.3). Although similar behavior was observed for [2.1H(SH)]–29 

and [2.1H(Cl)]–,26 the larger HSe– guest distorted the binding pocket more than the 

smaller HS– or Cl– guests. When distances between the distal urea nitrogen atoms to the 

plane formed by the central aryl ring were investigated, [2.1tBu(SeH)]– (2.273 Å) 

exhibited much longer average distance than [2.1H(SH)]– (2.109 Å) or [2.1H(Cl)]– (2.029 

Å). In tandem, these results suggest that the larger HSe– guest distorts the binding cavity 

more than related row 3 anions, perhaps explaining the poorer binding affinity for HSe– 

in these systems.74,75 

 

Table 2.3. Bond lengths and angles in [2.1tBu(SeH)]–. 
 Atomic Distance (Å) Bond Angle (°) 

C1(H)···Se1 3.769 168.38 

N1(H)···Se1 4.073 144.15 

N2(H)···Se1 3.373 170.23 

N3(H)···Se1 3.710 151.50 

N4(H)···Se1 3.397 172.68 
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Figure 2.5. Thermal ellipsoid diagram (at 50% probability) depicting the molecular 

structure of [2.1tBu(SeH)]–. Hydrogen atoms not interacting with the bound HSe– are 

omitted for clarity. 

 

2.3 Conclusions 

In this study we have presented the first example of reversible HSe– binding with 

two separate supramolecular receptors. Both receptors interact with HSe– through N–H 

and aryl C–H hydrogen bonds and the ability of two structurally distinct receptors to bind 

HSe– demonstrates the generality of this type of reversible supramolecular interaction. 

Additional studies with the related anions HS–, Cl–, and Br– suggested basicity and anion 

size impact the binding affinities of the receptors in polar, aprotic organic solvents. Both 

receptors show the greatest binding affinity for the smallest and most basic anion, HS–. 

The dramatic decrease in binding affinity for larger anions suggests that smaller anions fit 

better in these systems, giving our receptors a preference for HS– over HSe–. The size of 

the anion appears to impact binding more significantly than basicity, as the binding 

N1

N2

N3

N4

C1

Se1
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affinity of the relatively basic anion HSe– is surprisingly almost four times less than that 

of the substantially less basic but smaller anion Cl–. The predictability of these trends 

suggests clear enthalpic driving forces behind binding preference, but the role of entropy 

cannot be discounted. The analysis of entropy versus enthalpy in our hosts will be 

followed up in a future report. 

These results, coupled with the development of the first synthesis for NBu4SeH, 

provide a solid platform for development of future supramolecular HSe– receptors. 

Reversible receptors for HSe– certainly require scaffolds resistant to nucleophilic attack 

and should be able to bind selenium through suitable hydrogen bond donors such as urea 

N–H, amide N–H, or aromatic C–H groups, likely among many others. Furthermore, 

receptors more selective for HSe– may require binding cavities larger than either 2.1tBu or 

2.2CF3 possess. Such developments will ultimately provide better tools toward 

understanding the supramolecular chemistry of the biologically- and environmentally-

relevant hydrochalcogenide anions.  
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CHAPTER III 

TUNING SUPRAMOLECULAR SELECTIVITY FOR HYDROSULFIDE: 

LINEAR FREE ENERGY RELATIONSHIPS REVEAL PREFERENTIAL C–H 

HYDROGEN BOND INTERACTIONS 

This chapter includes previously published and co-authored material from Fargher, H.A.; 

Lau, N.; Richardson, H.C.; Cheong, P.H.-Y.; Haley, M.M.; Pluth, M.D.; Johnson, D.W. 

Tuning Supramolecular Selectivity for Hydrosulfide: Linear Free Energy Relationships 

Reveal Preferential C–H Hydrogen Bond Interactions. J. Am. Chem. Soc. 2020, 142 (18), 

8243–8251. This manuscript was co-written by Hazel A. Fargher and Nathanael Lau, 

with editorial assistance by Professors Michael M. Haley, Michael D. Pluth, and Darren 

W. Johnson. The project in this chapter was developed by Hazel A. Fargher, Nathanael 

Lau, and Professors Michael M. Haley, Michael D. Pluth, and Darren W. Johnson. The 

experimental work in this chapter was performed by Hazel A. Fargher and Nathanael 

Lau. The computational experiments were performed by H. Camille Richardson, with 

assistance from Professor Paul H.-Y. Cheong. 

 

3.1 Introduction 

The hydrochalcogenide anions (HCh–, Ch = Group 16 element) hydrosulfide  

(HS–) and hydroselenide (HSe–) are highly reactive species that play crucial roles in 

biological systems.9,33 At physiological pH, these anions are favored in solution over their 

diprotic counterparts hydrogen sulfide (H2S) and hydrogen selenide (H2Se), which are 

important as a biological gasotransmitter and in selenium metabolism, 

respectively.9,33,34,56 The high nucleophilicity and redox activity of these anions, however, 

has stymied many investigations.9,33 A better understanding of the molecular recognition 
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properties of these anions could aid our understanding of the non-covalent forces used to 

stabilize these reactive species in biology and enable the development of future probes 

for HCh– binding and detection. 

The well-known ability of supramolecular receptors to reversibly bind anionic 

guests through noncovalent interactions13,76,77 mimics strategies found in Nature to 

stabilize reactive species78–80 and offers an attractive approach for studying the 

supramolecular chemistry of HCh–. Our groups recently reported the first examples of 

organic receptors that can reversibly bind HS– and HSe– by employing urea or amide    

N–H hydrogen bond (HB) donors and aromatic C–H HB donors (3.1, 3.2, Figure 

3.1).29,31,35 More recently, an additional report of reversible supramolecular HS– binding 

was reported in a system that employs bambusuril C–H HB donors (3.3, Figure 3.1).32 

 

 

Figure 3.1. Receptor scaffolds 3.1-3.3 all bind HS– reversibly and all contain C–H HB 

donors. Only receptor classes 3.1 and 3.2 have been shown to reversibly bind HSe–. The 

C–H HB donors that interact with the HCh– are shown in red for clarity. 
 

One advantage of using synthetic supramolecular receptors is the ability to 

engineer the receptor scaffold to improve specificity for one guest over other competing 
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analytes. Supramolecular receptors with high selectivity could prove useful in 

applications such as sensing, extraction, controlled delivery, and cell-membrane 

transport.81–83 Designing selective systems for HCh–, however, is difficult given the 

similarity of size and shape to halides. This challenge in molecular recognition has not 

yet been solved and can be observed in all previously reported receptors 3.1-3.3 for  

HCh–, all of which also bind Cl– and Br– with appreciable affinity to HCh– of a similar 

size.29,32,35  

C–H HB donors serve as a unifying theme in receptors 3.1-3.3, which hints that 

such moieties could be important for HCh– binding. Broadening these types of 

interactions, methionine C–H…S HBs have been reported to be critical in the substrate 

specificity and catalytic activity of methionine aminopeptidase.84 These interactions are 

not limited to one protein, but rather have been observed in 20 other protein structures in 

the Protein Data Bank (PDB) prior to 2016.84 These findings prompted us to investigate 

the importance of C–H HB donor motifs in driving selective recognition of HCh– further. 

We have previously investigated the effect of polarization of an aryl C–H HB donor on 

various anions through modifying the para-substituent with electron-donating and -

withdrawing groups of 3.1.27 Analysis of the linear free energy relationships (LFERs), 

including Hammett plots, revealed a significant relationship between substituent effects 

on polarization of the aryl C–H HB and anion binding energy, at a time when non-

traditional C–H HB donors were perhaps still considered controversial by some.27,85 By 

conducting a similar LFER study with HCh–, the effect of the C–H HB donor polarization 

on HCh– binding could be compared directly to that on halides.  
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Moreover, these studies can begin to unravel the similarities and differences 

between selective recognition of halides and HCh–. At first glance, these anions should 

behave drastically differently due to the differences in their polarizabilities, pKbs,73,86,87 

solvation energies,88,89 and reactivities; yet they tend to behave surprisingly similarly in 

their molecular recognition behavior at first glance. Differences in the observed effects 

could indicate that C–H polarization influences the selectivity between the two classes of 

anions, which is supported by prior results with 3.1-3.3 and in biological systems. 

Additionally, the systematic investigation of a series of receptors with physical organic 

methods is a rigorous way to uncover other important details in anion binding 

mechanisms, binding selectivity, and other anion-dependent effects.90,91 Motivated by 

these needs, here we demonstrate that LFERs are a powerful tool that allow for not only 

anion-dependent solution binding energies (∆Gbinding) to be measured, but also for 

observing anion-dependent substituent effects and estimating of the difference in aryl   

C–H…Anion (A–) HB strengths between HCh– and halides. These insights can be used as 

a first step to understanding the supramolecular chemistry of these anions as well as 

provide design elements for developing selective receptors for these reactive, yet 

biologically relevant anions. 

 

3.2 Results and Discussion 

3.2.1 Synthesis and characterization 

A series of six arylethynyl bisurea receptors (3.1R, Figure 3.2), differing only by 

the substituent in the position para to the participating aryl C–H HB donor (–R, Figure 

3.2), was prepared for LFER studies with HCh– (HS– and HSe–) and halides (Cl– and    
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Br–).27 This host system, which can bind a guest molecule through HBs from one aryl   

C–H HB donor and four urea N–H HB donors, was chosen for its functional group 

tolerance of and compatibility with HCh–. Hosts in this series had been previously shown 

to resist irreversible nucleophilic attack from the HCh– guests on the titration timescale 

by preferentially binding HS– and HSe– through primarily noncovalent HBs.29,31,35 The 

series of receptors featured one previously unreported host (3.1CF3), which was prepared 

by similar synthetic methods and characterized by 1H, 13C{1H}, and 19F NMR 

spectroscopy (Appendix B, Figures B.4–B.6) as well as by mass spectrometry. 

 

 

Figure 3.2. The series of arylethynyl bisurea receptors used in this study. 
 

To ensure that modulating the electron-withdrawing or -donating character of the 

–R substituent only affected the polarity of the C–Ha HB donor and not the NHb/c HB 

donors as well, we compared the 1H NMR spectra of the six 3.1R free hosts (Figure 3.3). 

The 1H NMR spectra of the most electron-donating (3.1NMe2) and -withdrawing receptors 

(3.1CF3) showed that the largest difference in chemical shift (Δδ) occurred in the aryl CHa 

proton (Δδ = 0.927 ppm), followed by much smaller shifts in the proximal urea NHb 

protons (Δδ = 0.058 ppm) and distal urea NHc protons (Δδ = 0.024 ppm). We observed a 
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general trend of downfield shifting of CHa resonance with increasing electron-

withdrawing nature of the –R substituent, with the exception of 3.1Cl and 3.1F, perhaps 

revealing the importance of resonance effects in the electron-withdrawing ability of these 

two substituents. 

 

 

Figure 3.3. 1H NMR spectra of six receptors 3.1R in 10% DMSO-d6/CD3CN. The largest 

change in δ of possible HB donors occurs for the CHa proton peak. 

 

Additionally, the LFER between the 1H NMR chemical shift (δ) of Ha-c in 10% 

DMSO-d6/CD3CN and the Hammett parameter σp was used to quantitatively evaluate the 

influence of the electron-withdrawing and -donating nature of the –R substituent on δ of 

the free-host. Figure B.7 (Appendix B) and Table B.1 (Appendix B) show that the plot for 

the aryl C–Ha proton has a slope of 0.64 ± 0.11, with 90% of the change in δ stemming 
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from the electron-donating or -withdrawing nature of the substituent (R2 = 0.90). 

Conversely, the fits for the urea NHb/c protons are poor (0.13 ≤ R2 ≤ 0.49), and the slopes 

of the plots for these protons are close to 0, indicating that these protons are not 

significantly affected by the nature of the functional group. These data show that 

electronic communication between the urea protons and the –R substituent diminishes 

with increasing distance, which is consistent with observations in other systems.91,92 

Furthermore, the aryl C–H bond is most affected by the para-substituent modifications, 

which is consistent with previous work from our group.27  

 

3.2.2 1H NMR spectroscopy titrations 

Previous work from our lab tested the hypothesis that softer HCh– could interact 

more favorably with aryl C–H HB donors,29 suggesting that substituent effects that 

polarize this motif may affect the binding affinity of HCh– more than the presumptively 

harder halides. As a result, selectivity between these similar anions could potentially be 

achieved in this system by exploiting suitably polarized C–H HB donor motifs. To test 

this hypothesis, we measured binding affinities (Kas) using 1H NMR spectroscopy 

titration experiments between the six 3.1R hosts and HS–, HSe–, Cl–, and Br– guests as the 

tetrabutylammonium (NBu4
+) salts35,70 in 10% DMSO-d6/CD3CN at 25 °C, as shown for 

host 3.1CF3 and HS– (Figure 3.4). All experiments were performed under anaerobic and 

anhydrous conditions since the presence of oxygen or water resulted in brightly colored 

guest solutions, noisy NMR spectra, poor data fitting, and accelerated irreversible 

reactivity between hosts and HCh–. Titrations were performed in triplicate (Method B.1 

and B.2, Appendix B), and Kas and energy of binding in solution (ΔGbinding) (Table 3.1) 
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were obtained by the Thordarson method.71 Note that some Ka values for 3.1H and 3.1tBu 

were previously reported by our groups29,35 and were reused in this study after replication 

under the exact conditions reported in this paper. 

 

 

Figure 3.4. (a) Representation of the host–guest equilibrium between 3.1CF3 and HS–. (b) 
1H NMR titration of 2.2 mM 3.1CF3 with NBu4SH in 10% DMSO-d6/CD3CN. 
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Table 3.1. Association constants and binding free energies for receptors 3.1R at 1-3 mM 

with HS–, HSe–, Cl–, and Br– in 10% DMSO-d6/CD3CN at 25 °C.a 
 HS– HSe– Cl– Br– 

Host Ka 

(M–1) 

ΔGbinding 

(kcal mol–1) 

Ka 

(M–1) 

ΔGbinding 

(kcal mol–1) 

Ka 

(M–1) 

ΔGbinding 

(kcal mol–1) 

Ka 

(M–1) 

ΔGbinding 

(kcal mol–1) 

3.1CF3 15000 ± 

1800 

–5.69 ± 0.07 940 ± 

80 

–4.05 ± 0.05 2420 ± 

120 

–4.61 ±0.03 173 ± 

9 

–3.05 ± 0.03 

3.1Cl 8480 ± 

1170 

–5.35 ± 0.08 810 ± 

60 

–3.96 ± 0.04 2300 ± 

180 

–4.58 ± 0.05 133 ± 

7 

–2.89 ± 0.03 

3.1F 8330 ± 

940 

–5.34 ± 0.07 610 ± 

40 

–3.79 ± 0.04 1890 ± 

90 

–4.47 ± 0.03 134 ± 

7 

–2.90 ± 0.03 

3.1H b 5010 ± 

810b 

–5.04 ± 0.10 

b 

530 ± 

60 

–3.71 ± 0.06 1780 ± 

120 b 

–4.43 ± 0.04 

b 

120 ± 

7 

–2.84 ± 0.03 

3.1tBu b 3600 ± 

500 b 

–4.85 ± 0.08 

b 

460 ± 

50 b 

–3.63 ± 0.06 

b 

1700 ± 

200 b 

–4.40 ± 0.07 

b 

110 ± 

20 b 

–2.78 ± 0.11 

b 

3.1NMe2 1660 ± 

100 

–4.39 ± 0.04 360 ± 

40 

–3.48 ± 0.06 1120 ± 

150 

–4.15 ± 0.08 85 ± 8 –2.63 ± 0.06 

aAll values were obtained by fitting 1H NMR titration data to 1:1 binding isotherm model with the error as 

the standard deviation of three titrations.30 Minimum error is assumed to be 5% of Ka value. bValues were 

previously reported by our groups in references 29 (3.1H) and 35 (3.1tBu). 

 

3.2.3 LFERs reveal anion-dependent ΔGbinding trends 

With Kas and ΔGbinding values determined for each host/guest combination, we 

endeavored to use LFERs to visualize binding energy trends within a host/guest series 

with one anion and across a range of anions. Plotting ΔGbinding of each host/guest complex 

against σp of the –R substituent (Figure 3.5) revealed a strong linear response of the HCh– 

and halide anion binding energies to the electron-withdrawing or -donating nature of the 

–R substituent. Table 3.2 summarizes the parameters of the linear fit for each anion, 

determined through linear regression. For each anion, more than 90% of the change in 

ΔGbinding can be attributed to the electronics of the –R substituent (0.91 ≤ R2 ≤ 0.97). The 

LFER for HSe– has the lowest R2 value, which we attribute to slight reactivity of HSe– 

with the receptors that is not detectable by 1H NMR spectroscopy over the titration 

timescale but has been observed previously over several hours.35 Competing receptor 
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reactivity has been shown in other systems to adversely affect fits.93 Importantly, the p-

values for the contribution of the slopes and intercepts to all the regressions are 

statistically significant, meaning that both σp and ΔGbinding at the intercept are meaningful 

predictors of anion binding in our systems. The p-values for overall models also reveal 

that all the LFERs are statistically significant. 

 

 

Figure 3.5. LFER between ∆Gbinding and σp values for 3.1R with HS–, HSe–, Cl–, and Br–. 

Dashed lines represent the 95% confidence interval for each linear trend. 
 

Table 3.2. Fitting statistics for the LFER between ΔGbinding and σp for all four anions. 
Guest Slope Intercept p-value R2 R2

adj. 

Slope Intercept Model 

HS– -0.97 ± 0.10 -5.14 ± 0.04 < 0.01 < 0.01 < 0.01 0.96 0.95 

HSe– -0.43 ± 0.07 -3.78 ± 0.03 < 0.01 < 0.01 < 0.01 0.91 0.88 

Cl– -0.35 ± 0.03 -4.45 ± 0.01 < 0.01 < 0.01 < 0.01 0.97 0.96 

Br– -0.30 ± 0.03 -2.86 ± 0.01 < 0.01 < 0.01 < 0.01 0.96 0.96 
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Several trends can immediately be extracted from this LFER study. First, each 

LFER has a negative slope, indicating that more electron-withdrawing para substituents 

favor guest binding for all four anions as expected. This trend is likely due to the 

increasing polarization, and by extension acidity, of the C–Ha HB donor, as noted in 

previous LFERs of HB receptors with anionic guests.93,94 Additionally, we previously 

observed that 3.1tBu binds smaller, more basic anions with a higher affinity.35 These 

trends were again observed in this study: for similarly sized anions (e.g., HS– vs. Cl– and 

HSe– vs. Br–), the more basic anion is more strongly bound by each receptor, whereas 

between the anions in the same Group (e.g., HS– vs. HSe– and Cl– vs. Br–), the smaller 

anion is more strongly bound. Stronger bases would clearly form stronger HBs with the 

host, and the more diffuse nature of the larger anions may weaken their HB affinity. 

As a result of these trends, the LFERs reveal that all six receptors bind HS– (a 

small, basic guest) the strongest, with a preference for this anion over the other anions 

investigated. Surprisingly, we also saw that when the polarization of the aryl C–H HB 

donor increases with more electron-withdrawing substituents, the preference of our 

receptors for HS– over the other anions increases (Figure 3.5). The most electron-

donating receptor 3.1NMe2 shows little preference for HS– over Cl– (ΔΔGbinding = –0.24 ± 

0.09 kcal mol–1), whereas the most electron withdrawing receptor 3.1CF3 has the largest 

difference in binding energy between the two anions (ΔΔGbinding = –1.30 ± 0.08 kcal  

mol–1), which corresponds to an approximately nine-fold increase in selectivity (Table 
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3.2). This unexpected result is significant because polar C–H HB donors may provide a 

route to future, more selective supramolecular receptors for HS–.i  

 

3.2.4 Hammett plots reveal anion-dependent substituent effects 

To better understand and visualize differences in anion binding sensitivity, we 

used Hammett relationships (log(Ka
R/Ka

H) vs. σp) generated by fitting Ka data to Equation 

3.1. Table 3.3 summarizes the parameters of each linear fit, determined through linear 

regression. These were fit to a modified Hammett equation that includes an origin offset 

value (ε). The reported p-values for each slope, ρ, indicate that σp is a significant 

predictor of anion sensitivity to the polarity of the C–H HB donor in our systems, and the 

p-values of the regression models show the Hammett plots for each anion are statistically 

significant. Non-significant p-values for the contribution of ε to the overall model 

indicates that factors beyond the electronics of the –R substituent described by σp do not 

have a meaningful effect on the change in binding energies for the individual anion 

guests. Indeed, forcing the Hammett plot through the origin of the graph does not result 

in appreciably different slopes (Appendix B, Table B.20). 

log
Ka

R

Ka
H  = ρσp+ ε      (3.1) 

The Hammett plots for HSe–, Cl–, and Br– (Figure 3.6) show a smaller substituent 

effect than the benchmark deprotonation of benzoic acid in water at 25 °C,95 with slopes 

ranging from 0.22 to 0.32. These slopes are similar to our previously reported receptors27 

and other HB donor and acceptor systems.96 In our system these values represent a 

 
i Exhaustive efforts to use computational experiments to explain the preference and increasing selectivity of 

our receptors for HS– compared to the other anions unfortunately proved unfruitful. See Appendix C for 

more details. 
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description of how sensitive anion binding is to the polarization and strength of the aryl 

C–H HB donor. Using analysis of covariance (ANCOVA) to compare the linear 

regression models of HSe–, Cl–, and Br–, we found that the slopes of the three Hammett 

plots are not statistically different (Appendix B, Table B.21). These anions may have very 

different binding energies in our host system (Table 3.1, Figure 3.5), but the substituent 

effect on binding is independent of the identity of the three anions. Stated another way, 

HSe–, Cl–, and Br– have experimentally identical effects from C–H HB donor modulation 

in this receptor class. 

 

 

Figure 3.6. Hammett plot between 3.1R and HS–, HSe–, Cl–, and Br–. The slope of HS– is 

significantly different from HSe–, Cl–, and Br– illustrating the increased sensitivity of HS– 

to substituent effects. 
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Intriguingly, the larger magnitude of the slope for the Hammett plot of HS– 

binding (ρ = 0.71 ± 0.07, Table 3.3) is statistically significantly larger than that of the 

other anions, confirmed by ANCOVA (Appendix B, Table B.21). These results show that 

HS– is more sensitive to the polarization of the C–H HB donor than the other anions. To 

investigate these results further, we used Swain-Lupton parameters to investigate the 

relative inductive/field and resonance contributions to the observed substituent effect in 

each anion binding event, and electrostatic potential (ESP) surface maps to interrogate 

the strength of each C–H…A– HB. 

 

Table 3.3. Fitting statistics for Hammett plots for HS–, HSe–, Cl–, and Br–. 
Guest ρ ε p-value R2 R2

adj. 

ρ ε Model 

HS– 0.71 ± 0.07 0.07 ± 0.03 < 0.01 0.08 < 0.01 0.96 0.95 

HSe– 0.32 ± 0.05 0.06 ± 0.02 < 0.01 0.06 < 0.01 0.90 0.88 

Cl– 0.25 ± 0.02 0.02 ± 0.01 < 0.01 0.16 < 0.01 0.97 0.96 

Br– 0.22 ± 0.02 0.02 ± 0.01 < 0.01 0.16 < 0.01 0.96 0.96 

 

3.2.5 Field/inductive vs. resonance substituent effects on anion binding 

We first hypothesized the increased sensitivity of HS– to changing the –R 

substituent could be attributed to differences in the relative resonance contribution from 

the –R substituent to the aryl C–H HB in binding with each anion. To test this hypothesis 

we fit experimentally determined Kas to  the Swain-Lupton equation (Equation 3.2), 

which splits the ρσp term in the Hammett equation (Equation 3.1) into contributions from 

field/inductive effects (denoted by ρfF) and contributions from resonance effects (denoted 

by ρrR).97 Although our systems should not exhibit any important resonance contributors 

involving the aryl C–H HB donors (Appendix B, Figure B.37), resonance effects have 

been shown to play a significant role in anion binding within our scaffolds.27 Table 3.4 
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summarizes the parameters of each linear fit, determined through multivariable linear 

regression. The linear regression of each anion has an excellent fit to Swain-Lupton 

parameters F and R (0.96 ≤ R2 ≤ 0.99). The reported p-values for the contribution of ρf 

and ρr to the regressions for all anions indicate that inductive/field effects and resonance 

are both meaningful contributors to anion binding. In addition, the overall models for the 

Swain-Lupton plots are statistically significant. Non-significant p-values for the 

contribution of the intercept I to the regressions (Table 3.4) indicate that factors beyond 

field/inductive and resonance substituent effects, such as polarizability and steric 

interactions, do not make meaningful contributions to the change in binding energies. 

Again, forcing the plot through the origin of the graph does not significantly affect results 

(Appendix B, Table B.22). 

log
Ka

R

Ka
H  = ρ

f
F + ρ

r
R + I      (3.2) 

To better compare the regression results in Table 3.4, we calculated the percent 

resonance contribution (%R) to anion binding with Equation 3.3.27 Previous 

computational studies have shown no resonance contribution to anion binding in other C–

H HB donor systems in the gas phase.90,98 This does not take into account the role of 

solvent, however, which may be crucial in allowing resonance effects to participate in 

anion binding; in fact, our system shows a high %R contribution to anion binding, 

ranging from 36 to 47%. We were also able to directly compare the %R contribution for 

the halides in 10% DMSO-d6/CD3CN (solvent dielectric constant ε ~ 42)99 with 

previously published %R for the halides in a similar receptor series in H2Osat./CHCl3 (ε ~ 

4.9).27,99 We found that despite moving from a comparatively non-competitive solvent 
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system (H2Osat./CHCl3) to a competitive solvent system (10% DMSO-d6/CD3CN), all the 

%R contributions are identical within error.27  

%R = 
𝜌𝑟

𝜌𝑓+𝜌𝑟
× 100      (3.3) 

We also found that the %R contributions for all the anions in 10% DMSO-

d6/CD3CN are identical within error, despite HS– having much larger coefficients for ρf 

and ρr.  Therefore, we cannot ascribe such a big difference in sensitivity seen for HS– to a 

change in the relative contributions from resonances substituent effects. However, 

analysis of the linear fits of the anions with alternative Hammett parameters σm and σp
+, 

which give more weight to field/inductive effects and resonance effects, respectively,97 

indicates that resonance contributions from the substituent may still play a larger role in 

binding the halides than HCh– (Appendix B, Section B.8).  

 

Table 3.4. Fitting statistics from the multivariable linear fit to the Swain-Lupton equation 

for the Ka values for HS–, HSe–, Cl–, and Br–. 
Guest ρf ρr I p-value R2 R2

adj. %R 

ρf ρr I Model 

HS– 1.00 ± 

0.08 

0.62 ± 

0.04 

-0.02 ± 

0.03 

< 0.01 < 0.01 0.50 < 0.01 0.99 0.99 38 ± 3 

HSe– 0.48 ± 

0.09 

0.27 ± 

0.05 

0.00 ± 

0.03 

0.01 0.01 0.94 0.01 0.96 0.93 36 ± 8 

Cl– 0.28 ± 

0.06 

0.25 ± 

0.03 

0.01 ± 

0.02 

0.02 < 0.01 0.71 0.01 0.97 0.94 47 ± 9 

Br– 0.26 ± 

0.05 

0.20 ± 

0.03 

0.00 ± 

0.02 

0.01 < 0.01 0.96 0.01 0.97 0.95 43 ± 8 

 

3.2.6 Estimation of aryl C–H…A– strength through LFERs 

Our next step was to analyze the LFER between ∆Gbinding of each anion and the 

electrostatic potential (ESP) surface of the aryl hydrogen atom participating in anion 

binding (Figure 3.7), similar to previous work.27 ESP maps at the 0.02 Å isoelectronic 

surface for the six receptors were computed at the PBE/6-31G(d) level of theory.100–102 
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The ESP value of the C–H HB donor was used to ascertain the electronic effect that the   

–R substituent has on the C–H HB donor, and by extension the binding strength of the 

four anions. The statistically significant linear fit (Table 3.5) agrees with previous work 

that anion binding in our systems and others is often strongly governed by 

electrostatics.27,90,98,103 The fact that HS– and Cl– seem to have a better fit (0.97 ≤ R2 ≤ 

0.98) than HSe– and Br– (0.93 ≤ R2 ≤ 0.95) could point to attractive binding forces other 

than electrostatics, such as induction and dispersion,104 playing a more significant role in 

binding the larger anions in our systems. The ChelpG charges, which give atomic charges 

that map to the ESP,105 for the key C–H HB donor did not reveal statistically significant 

linear fits. This showed that it is not the average charge of the C–H atoms that are 

meaningful to explain the binding; instead, the anisotropy of the ESP map is crucial to 

explain the chemistry of binding in these receptors. 

 

 

Figure 3.7. (a) Free receptors 3.1R can twist into the “W” conformation.44 (b) 

Representative ESP maps of 3.1CF3, 3.1H, and 3.1NMe2, calculated at the PBE level of 

theory. The values describe the energy at the 0.02 Å isoelectric surface of the C–H HB 

donor para to the –R substituent. 

 

Table 3.5. Fitting statistics for the LFER between ∆Gbinding and ESP Surfaces of the 

model compounds for HS–, HSe–, Cl–, and Br–. 
Guest Slope Intercept p-value R2 R2

adj. 

Slope Intercept Model 

HS– -105 ± 9 -3.17 ± 0.17 < 0.01 < 0.01 < 0.01 0.97 0.97 

HSe– -48 ± 5 -2.89 ± 0.10 < 0.01 < 0.01 < 0.01 0.95 0.94 

Cl– -37 ± 3 -3.75 ± 0.06 < 0.01 < 0.01 < 0.01 0.98 0.97 

Br– -31 ± 4 -2.27 ± 0.08 < 0.01 < 0.01 < 0.01 0.93 0.92 



37 

This LFER was used in conjunction with previously published Equation 3.4 to 

estimate the strength of the aryl C–H…A– HB.27 The equation assumes that at the 

intercept (when the ESP at the C–H HB is equal to 0), all of the remaining binding energy 

is due to attractive interactions other than the C–H HB. Subtracting out all other attractive 

interactions from the experimental ΔGbinding should provide an estimate for the C–H…A– 

HB strength. Note that since the binding of anions in our hosts is a cooperative event 

between the N–Hb/c urea and aryl C–Ha HBs,28 and other forces such as contribution from 

solvent are not accounted for, the following data are simply estimates. 

Aryl CH…A– HB Strength = ∆Gbinding – intercept (3.4) 

The estimated aryl C–H…A– HB bond strengths for each of the six receptors with 

each of the four anions are shown in Table 3.6. Unlike the Swain-Lupton analysis, the 

plot of binding strengths vs. ESP shows a clear difference between HS– relative to the 

other three anions (Figure 3.8), reflecting the differences in Hammett plots of the anion 

guests. The strength of the aryl C–H…A– HBs are very similar for each of the six 

receptors with HSe–, Cl–, and Br–. Conversely, HS– shows considerably stronger C–H HB 

strengths for all the receptors in this system. From these data, it is clear that the aryl C–H 

donor has a preference for HS– binding over the other anions, emphasizing the 

importance of using such moieties in the design of HS– sensitive and selective probes and 

materials, and indicating that the nature of the C–H…A– interaction is the cause of the 

difference in slopes in the Hammett plot.  
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Figure 3.8. Estimated aryl C–H…A– HB strengths for all six receptors, with all four 

anions. While HSe–, Cl–, and Br– show similar HB strengths, HS– shows a stronger 

binding with the C–H HB donor motif. 

 

Table 3.6. Estimated aryl C–H...A– HB strengths between 3.1R and all four anions. 

  HS– HSe– Cl– Br– 

Host ESP 

(kcal mol-1) 

Aryl C–H…A– HB Strength (kcal mol-1) 

3.1CF3 0.0234 -2.52 ± 0.18 -1.17 ± 0.11 -0.86 ± 0.24 -0.78 ± 0.08 

3.1Cl
 0.0219 -2.18 ± 0.19 -1.08 ± 0.11 -0.83 ± 0.24 -0.63 ± 0.08 

3.1F 0.0200 -2.17 ± 0.18 -0.91 ± 0.11 -0.72 ± 0.24 -0.63 ± 0.08 

3.1H 0.0176 -1.87 ± 0.19 -0.82 ± 0.12 -0.68 ± 0.24 -0.57 ± 0.08 

3.1tBu 0.0166 -1.68 ± 0.19 0.74 ± 0.12 -0.65 ± 0.25 -0.52 ± 0.13 

3.1NMe2
 0.0114 -1.22 ± 0.17 -0.60 ± 0.12 0.40 ± 0.25 -0.36 ± 0.10 

 

3.3 Conclusions  

Efforts by many others in the field,85,90,106–116 as well as our studies on equilibrium 

isotope effects28 and LFERs on aryl C–H…A– HBs,27 have helped establish C–H HBs as 

an important anion recognition motif in supramolecular chemistry. We endeavored to 
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apply this study to HCh–, due to previous speculation that aryl C–H…A– HBs could be 

important to binding these anions.26,29,35  

We therefore used our model aryl ethynyl bisurea anion-binding systems to report 

the first example of a LFER with HCh– receptors in this manuscript. During this process, 

we also expanded the family of receptors shown to reversibly bind the reactive 

hydrochalcogenide anions. Importantly, we observed significant differences in HS– 

binding in comparison to Cl–, HSe–, and Br– anions. The LFERs of ΔGbinding vs. σp show 

that our receptors prefer to bind smaller, more basic anions. Additionally, selectivity for 

HS– over the other anions increased with increasing C–H HB donor acidity. Furthermore, 

Hammett plots illustrated a significantly greater substituent effect on HS– binding when 

compared to that of the other three anionic guests. Finally, the estimate of the aryl         

C–H…A– HB bond strength again revealed unique behavior for HS– binding, where 

significantly higher C–H HB strengths were observed. 

Taken together, the insights from our investigation highlight the design principles 

needed for the next generation of selective hosts, materials, and probes for HCh– anion 

binding. These studies demonstrate the importance of polarization of aryl C–H HB 

donors for HS–, which may be utilized to bind this anion more tightly and selectively for 

a variety of applications in biomedical and environmental research.  In addition, our 

studies on a fairly simple model systems may shed light on more complicated systems 

where C–H…Ch HBs and HCh– recognition are gaining attention in molecular and 

structural biology. It has been well established that C–H…O HBs are important in 

organocatalysis117,118 and in defining the structure and function of biomolecules such as 

DNA, RNA, and proteins.119,120 Moving down the periodic table, C–H HBs and other 
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non-covalent binding interactions with chalcogens are less well studied. Methionine     

C–H…S HBs have been found to be important in the catalytic activity and substrate 

specificity of methionine aminopeptidase.84 Furthermore, a bacterial cell ion channel for 

HS– was found to use only non-covalent molecular recognition in transport of the 

anion,121 and HS– has been found in the turnover state of a nitrogenase enzyme, held in 

place by HB interactions.122 Perhaps our studies on fairly simple model systems lead to a 

hypothesis that CH HBs are over-represented in biological examples of sulfur compound 

recognition. 
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CHAPTER IV 

DEUTERIUM EQUILIBRIUM ISOTOPE EFFECTS IN A SUPRAMOLECULAR 

RECEPTOR FOR THE HYDROCHALCOGENIDE AND HALIDE ANIONS 

This chapter includes previously published and co-authored material from Fargher, H.A.; 

Nickels, R.A.; de Faria, T.P.; Haley, M.M.; Pluth, D.W.; Johnson, D.W. RSC Adv. 2021, 

11, 26581–26585. This manuscript was written by Hazel A. Fargher with editorial 

support from Professors Michael M. Haley, Michael D. Pluth, and Darren W. Johnson. 

The project in this chapter was developed by Hazel A. Fargher and Professors Michael 

M. Haley, Michael D. Pluth, and Darren W. Johnson. Synthesis in this chapter was 

performed by Russell A. Nickels. Analytical work and data analysis was performed by 

Hazel A. Fargher. Mass spectra were obtained by Thaís P. de Faria.  

 

4.1 Introduction 

Molecular recognition and host-guest binding in both biological and synthetic 

systems are often driven by a mixture of competitive and additive primarily non-covalent 

interactions. Understanding the role of each of these forces in a host-guest system can 

reveal insights into the driving forces behind binding and help inform in the molecular 

design of future hosts.123–125 Equilibrium isotope effects (EIE), also referred to as binding 

isotope effects (BIE) in structural molecular biology,126 measure the effect of isotopic 

substitution on supramolecular interactions through changes in the vibrational energy of 

the substituted bond. These studies can be used to elucidate the complex non-covalent 

forces involved in host conformational changes and host-guest binding.127–130  
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 Examples from structural molecular biology have demonstrated that EIEs can 

reveal mechanistic information in enzyme-ligand binding events.126,131 Isotopic 

substitution in synthetic supramolecular systems has been used both for labelling 

purposes and for studying individual non-covalent interactions. For example, Bergman, 

Raymond, and coworkers used deuterium equilibrium isotope effects (DEIE) to study 

benzylphosphonium cation guest binding in a self-assembled supramolecular complex in 

aqueous solution.132 From these DEIE studies, the authors found that attractive cation…π 

interactions in the interior of the host were important for promoting guest binding, and 

that C–H…π and π…π interactions were relatively small contributors. In another example, 

Shimizu and coworkers studied the DEIE on the strength of C–H…π interactions in their 

molecular balances.133 Both computational and experimental results showed that the 

strength of C–H…π and C–D…π interactions were about equal, settling the debate on 

which interaction is stronger and easing concerns about using deuteration for 

spectroscopic and labelling applications.  

 Previously, we used a DEIE to study Cl– binding with the arylethynyl bisurea 

anion receptor 4.1H/D (Figure 4.1) in DMSO-d6.28 We found an experimental DEIE of 

1.019 ± 0.010, which matched the computationally-predicted DEIE of 1.020. Further 

computational analysis determined that the DEIE was due to a distorted N–H…Cl– 

hydrogen bond geometry, which lead to changes in the C–H/D bond vibrational energy in 

the host-guest complex. In addition, Paneth and coworkers performed a computational 

study with 4.1H and other hydrogen bonding supramolecular Cl– receptors to determine 

the EIE of 35/37Cl binding in these hosts.134 Because isotope effects, both equilibrium and 

kinetic, originate solely from changes in the vibrational energy of the isotopically 
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labelled bond, the EIE arising from this study came from changes in the vibrational 

energies of the bonds in the supramolecular hosts when participating in hydrogen 

bonding with Cl– isotopes. Indeed, a linear relationship was observed between the 

hydrogen bond donor (D) D–H bond lengths in the host-guest complex and the computed 

35/37Cl EIE. 

 

 

Figure 4.1. Arylethynyl bisurea receptors 4.1H and 4.1D used in our previous DEIE study 

of Cl– binding. Related receptors 4.2H and 4.2D are used in the current study to avoid 

reaction with HS–.36 

 

Previous EIE studies with receptor 4.1H/D have focused on Cl– binding; however, 

to the best of our knowledge, no work has yet investigated the EIE of hydrosulfide (HS–) 

binding in this or other systems. HS– is a highly reactive anion that plays crucial roles in 

biology. At physiological pH, HS– is favored in solution by a 3:1 ratio over its conjugate 

acid, hydrogen sulfide (H2S). H2S  has been identified as the third physiological 

gasotransmitter alongside CO and NO and plays essential roles in physiological systems.9 

Despite its high nucleophilicity and reducing potential, HS– has been observed to be 

bound through non-covalent interactions in the protein crystal structure of a bacterial ion 

channel121 and in the turn-over state of vanadium-containing nitrogenase.122 The 
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supramolecular chemistry of HS– is under-studied in synthetic supramolecular receptors, 

likely due to the inherent high reactivity of HS–. Indeed, we are aware of only three 

families of receptors that have been shown to reversibly bind HS–.29,31,32,36 

 Recently, we used a series of arylethynyl bisurea anion receptors to investigate 

and demonstrate a linear free energy relationship between the polarity of a non-traditional 

C–H hydrogen bond donor and the solution binding energy of HS–, HSe–, Cl–, and Br–.36 

A major and unexpected finding of this study was that HS– demonstrated a significant 

increase in sensitivity towards the polarity of the C–H hydrogen donor over HSe–, Cl–, 

and Br–. Although increasing the polarity of the C–H hydrogen bond donor did not lead 

to changes in selectivity between HSe–, Cl–, and Br–, we observed a 9-fold increase in 

selectivity for HS– over Cl–, suggesting a fresh approach to selective HS– recognition 

using non-covalent interactions. In this current study, we label the C–H hydrogen bond 

donor in an arylethynyl bisurea receptor with a deuterium atom (4.2H/D, Figure 4.1) to 

further investigate this apparent preference of polar C–H hydrogen bond donors for HS– 

over Cl– and Br– through DEIE.  

 

 

4.2 Methods 

Receptor 4.2H is a previously reported anion receptor for HS–, Cl–, and Br– and 

was prepared by established methods.36 Deuterium labelling of the isotopologue 4.2D was 

achieved by selective monodeuteration of intermediates through methods similar to those 

reported in the literature (Scheme 4.1).135 The diazonium salt 4.3 was synthesized in a 

71% yield from 2,6-diiodo-4-trifluoromethylaniline.136 Dediazonation in DMF-d7 is 

catalyzed by FeSO4 and allows for selective synthesis of monodeuterated intermediate 
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4.4D. The deuteration step proceeds through a radical pathway that uses DMF-d7 as the 

deuterium source. This deuteration reaction provides efficient deuterium incorporation 

even with up to 50% by volume H2O in the reaction solution due to the differential bond 

strengths in DMF and H2O.135 Sonogashira cross-coupling reaction of 4.4D and 4-t-butyl-

2-ethynylaniline137 afforded 4.5D in 45% yield. Subsequent addition with 4-

methoxyphenyl isocyanate gave 4.2D in 34% yield. Compound 4.2D and intermediates 

were characterized through 1H, 2H, 13C{1H}, and 19F NMR spectroscopy and high-

resolution mass spectrometry (see Appendix C). 

 

 

Scheme 4.1. Synthetic route for the selective deuteration of anion receptor 4.2D. 
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Previous work on the DEIE of Cl– binding with 4.1H/D in DMSO revealed an 

experimental isotope effect of 1.019 ± 0.010. Therefore, we expected similar small 

DEIEs for HS–, Cl–, and Br– binding with 4.2H/D. Typical methods to determine binding 

constants (Ka) in supramolecular systems use non-linear regression fitting of titration 

data. Results from this method can be affected by small errors in the known initial host 

and guest concentration, quality of the titration isotherm, and subsequent data fitting, 

which when taken together often results in 2-15% errors in Ka. To increase the precision 

in Ka
H/Ka

D data for this study, we used the Perrin method of competitive titrations,138 

which has been shown previously to reduce errors in EIE values significantly with errors 

as small as 0.0004.139 In this method, a linearized plot of the chemical shifts of 4.2H (𝛿𝐻) 

and 4.2D (𝛿𝐷) in fast exchange with an anionic guest is fit by linear regression to 

Equation 4.1. The slope of the linear regression is equal to the DEIE of the system. 

Because the linear regression only relies on chemical shift values and is independent of 

host and guest concentration, the precision of the method is limited to the precision of the 

NMR instrument and quality of data fitting. 

(𝛿𝐻
0 − 𝛿𝐻)(𝛿𝐷 − 𝛿𝐷

𝑓
) = 𝐷𝐸𝐼𝐸(𝛿𝐷

0 − 𝛿𝐷)(𝛿𝐻 − 𝛿𝐻
𝑓

) (4.1) 

In addition, 13C NMR spectroscopy is sensitive to isotopic labelling and can show 

changes in chemical shifts between isotopomers. We were able to differentiate between 

the 13C NMR signals for Cab, C1, and C2 for free and bound 4.2H and 4.2D (Figure 4.2a) in 

10% DMSO-d6/CD3CN, which were similar to those reported for 4.1H/D in DMSO.28 

Competitive 13C NMR spectroscopy titrations were performed in anaerobic and 

anhydrous 10% DMSO-d6/CD3CN at 25 °C with mixtures of 4.2H and 4.2D in combined 

concentrations between 5.71 and 13.46 mM. Aliquots of the tetrabutylammonium (TBA) 
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salts of HS–, Cl–, and Br– were added until the system had reached saturation (Titration 

Method A, Appendix C). In an effort to decrease reactivity of HS– with 4.2H/D and DMSO 

over long periods of time and decrease oxygen and water contaminations, some titrations 

with HS– were performed by splitting the host solution of 4.2H/D between four J-young 

NMR tubes. For each point in the competitive titration, TBASH was added to a new 

solution of 4.2H/D inside an N2-glovebox shortly before obtaining a 13C NMR spectra 

(Titration Method B, Appendix C). The Cab, C1, and C2 13C NMR signals were tracked 

for 4.2H and 4.2D in each titration for each anion. A representative competitive titration 

and linearized plots for Cl– binding is shown in Figure 4.2.  

 

4.3 Results and Discussion 

The DEIE calculated from tracking the chemical shifts of the Cab, C1, and C2 13C 

NMR signals from Cl– and Br– binding are summarized in Table 4.1. The results shown 

are an average of three trials. Analysis of the data for competitive titrations of 4.2H/D with 

Cl– reveals a normal DEIE of 1.014 ± 0.002, calculated from monitoring the C2 13C NMR 

signal. The Cab and C1 13C NMR signals have the largest percent error in the calculated 

DEIE and show no statistically significant DEIE (i.e., DEIE = 1) for Cl– binding; 

however, because there is only one DEIE in the system, these positions must not be 

sensitive enough to the vibrational energy of the C–H/D bond in the free host and the 

host-guest complex to reveal the normal DEIE. 
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Figure 4.2. Representation of the host-guest equilibrium between 4.2H/D and Cl–. 

Differences in the chemical shifts between the 4.2H and 4.2D isotopologues are observed 

in the 13C NMR signals for the Cab, C1, and C2 carbons. b) 13C NMR signals for the Cab, 

C1, and C2 carbons in 4.2H and 4.2D are tracked throughout a titration. c-e) Linearized 

plots from fitting the chemical shifts of the Cab, C1, and C2 throughout a titration to 

Equation 4.1. 

 

Table 4.1. Calculated DEIE for Cl– and Br– binding. Goodness of fit (R2) of the titration 

data to Equation 4.1 through linear regression is included in parentheses. 

13C NMR Signal 
DEIE (R2) 

Cl– Br– 
Cab 0.983 ± 0.017 (0.997) 1.006 ± 0.010 (0.999) 
C1 1.006 ± 0.007 (0.999) 1.009 ± 0.018 (0.997) 
C2 1.014 ± 0.002 (1.00) 0.990 ± 0.046 (0.981) 

 

Notably, our experimental DEIE value for Cl– binding with 4.2H/D in 10% DMSO-

d6/CD3CN is smaller than the computed value of 1.020 for Cl– binding with 4.1H/D in 

DMSO-d6.28 Our previously published computational study revealed that the DEIE of Cl– 

binding resulted from distorted urea N–H…Cl– hydrogen bonding geometry affecting the 
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vibrational frequency of the C–H/D bond in the host-guest complex. Replacing the NO2 

functional group in 4.1H/D (σp = 0.78) with a CF3 functional group (σp = 0.54) in 4.2H/D 

decreases the polarization of the C–H/D bond and subsequently makes it a slightly poorer 

hydrogen bond donor. In addition, the DEIE of Cl– binding in this current study is in a 

less polar solvent system (10% DMSO/CH3CN, ε ~ 42) compared to the previous study 

(DMSO, ε = 47). We hypothesize that the decreased polarization of the C–H/D bond and 

the lower solvent polarity either relieve the distorted N–H…Cl– hydrogen bonding 

geometry or decreases its influence on the vibrational frequency of the C–H/D bond in 

the host-guest complex. To deconvolute and better understand the role of both C–H/D 

hydrogen bond donor polarity and solvent on the DEIE of Cl– binding in these receptors, 

a systematic study of these two variables would be required, similar to those previously 

reported.25,27,36 

Analysis of the data for competitive titrations of 4.2H/D with Br– revealed no DEIE 

at any of the tracked 13C NMR signals; however, each calculated DEIE has a relatively 

large percent error (0.99 – 4.64%, compared to 0.20% for the DEIE of Cl– binding), 

which could potentially obscure small DEIEs. We attribute these large percent errors to a 

limitation in the Perrin method that assumes that the hosts are fully bound by guest at 

saturation. This limitation can potentially decrease the precision of this method for 

weakly bound guests with low Ka, such as Br– which has a Ka of 173 ± 9 with 4.2H in 

10% DMSO-d6/CD3CN at 25 °C.36  

Using the combined data from 11 experiments, we were unable to determine the 

DEIE for HS– binding. The C1 13C NMR signal appeared to be the most sensitive to the 

change in vibrational energy of the C–H/D bond in the free host and the host-guest 
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complex; however, in over half these trials, data from the C1 13C NMR signal showed a 

poor linear fit (R2 < 0.99). In addition, we were unable to triplicate any DEIE from the 

data which showed a good linear fit (R2 > 0.99). We hypothesize that the high 

nucleophilicity and air and water sensitivity of HS– made it incompatible with the long 

experiment times needed for 13C NMR spectroscopy titrations. In addition, HS– is the 

only protic guest investigated in these studies, and it is also possible that vibrational 

coupling between the S–H motif and the receptor may further complicate the 

measurement of these small EIEs. Such coupling between S–H and other motifs has been 

implicated previously in the IR inactivity of S–H stretching modes in many metal-

sulfhydryl complexes.140  

 

 

4.4 Conclusion 

Deuterium equilibrium isotope effects (DEIE) can be used to elucidate non-

covalent driving forces behind anion binding in our arylethynyl bisurea receptors. We 

endeavored to use DEIE studies to further investigate a preference of polarized C–H 

hydrogen bond donors for HS– over Cl– and Br– which we reported previously.36 In this 

current work, we highlight a convenient method to selectively and completely deuterate 

the aryl C–H hydrogen bond donor in our supramolecular anion receptors. We then found 

a DEIE of 1.014 ± 0.002 for Cl– binding with 4.2H/D. This DEIE was smaller than the 

computed DEIE of Cl– binding with 4.1H/D which features a more polarized C–H 

hydrogen bond donor and in a more polar solvent. Finally, we reveal challenges in using 

the Perrin method and 13C NMR spectroscopy titrations in determining small and precise 

EIE for weakly binding or highly reactive guests. 
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From this work, we have highlighted several areas that need further research. The 

first is to study how solvent and hydrogen bond donor polarity affect EIE of guest 

binding. A computational study from Paneth and coworkers suggest that both these 

variables can be used to influence 35/37Cl EIE in supramolecular hosts.134 We also were 

unable to determine a DEIE of HS– binding in our receptors, likely due to its high 

reactivity. A new method to determine small, precise EIE of reactive species such as HS– 

is needed in order to learn more about the supramolecular chemistry of this biologically 

relevant anion. 
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CHAPTER V 

C–H…S HYDROGEN BONDING INTERACTIONS 

This chapter includes unpublished and co-authored material. This manuscript was written 

by Hazel A. Fargher and Dr. Tobias J. Sherbow with editorial support from Professors 

Michael M. Haley, Darren W. Johnson, and Michael D. Pluth. The project in this chapter 

was developed by Hazel A. Fargher, Dr. Tobias J. Sherbow, and Professor Michael D. 

Pluth. Data collection and analysis was performed by Hazel A. Fargher and Dr. Tobias J. 

Sherbow.  

 

5.1 Introduction 

The past century has provided significant advances in understanding chemical 

bonding. Works such as “The Nature of the Chemical Bond” from Linus Pauling have 

detailed covalency through valence bond theory.141 More recently, “The Nature of the 

Mechanical Bond” expanded bonding ideas to included threaded supramolecular 

assemblies and molecular machines.142 We understand that non-covalent interactions play 

crucial roles in both small molecule and macromolecular structure, ranging from the 

impact of hydrogen bonding and π-stacking interactions DNA to the London dispersion 

forces that stabilize sterically crowded inorganic and organometallic compounds.143 

While we continue to learn about these phenomena and their effects on contemporary 

chemical systems, we also understand that certain non-covalent interactions may have 

been overlooked and are just now being realized for their potential.144–146  

Hydrogen bonding (HB) interactions are among the strongest, most directional, 

and most dynamic of the many reversible, weak, primarily non-covalent interactions. 
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These are especially important interactions because without HB, terrestrial life would not 

exist. The HB is responsible for the increased density of frozen water, the folding of 

proteins, and the self-complementarity of nucleic acids. A HB must feature both an 

attractive interaction and evidence of bond formation between a hydrogen atom bonded 

to a donor (D), which is more electronegative than the hydrogen, and a HB acceptor 

(A).147–149 Parameters that are often measured in HB systems include the H…A (L1) and 

D…A (L2) distances, and the D–H…A (A1) and R–A…H (A2) bond angles. Generally, 

shorter L1 distances and A2 angles approaching 180° contribute to stronger HB 

interactions (Figure 5.1).  

 

 

Figure 5.1. Bond lengths and bond angles often measured in HB systems and will be 

described throughout the text. 

 

  Hydrogen bonding interactions are derived from a mixture of attractive and 

repulsive forces that include electrostatics, polarization, charge transfer, dispersion, and 

exchange repulsion.149 Electrostatic forces are typically the largest contributing force in a 

HB and are directional based on the electrostatic potential of the D–H and A atoms. 

Electrostatic interactions can be enhanced by increasing partial charges on the donor and 

acceptor atoms, and therefore can be easily modified through functionalization. The 

strength of electrostatic interactions diminishes the slowest of all the attractive forces 

with increasing H…A distances. Polarization relates to the ability of the HB acceptor to 

reorganize electron density to better participate in hydrogen bonding. Charger transfer 
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forces are caused by the overlap of a filled lone pair orbital on the HB Acceptor with the 

empty D–H antibonding orbital. These forces require high linearity and diminish greatly 

with deviation from optimal HB geometry and with increasing distance. Finally, 

dispersion and exchange repulsion forces are often referred together as van der Waals 

forces, which when combined can be approximated by the Lennard-Jones potential.150 

These forces are isotropic and generally weak, which often makes them primary 

contributors to non-linear hydrogen bonds. 

 

5.1.1 C–H hydrogen bond donors 

Studies surrounding the large field of hydrogen bonding are generally focused on 

traditional, strong hydrogen bonds, which are typically found between a highly 

electronegative HB donor, such as oxygen or nitrogen, and an electronegative HB 

acceptor. These strong interactions tend to be short and highly linear, with the D–H…A 

bond angle between 170 and 180°. The strength of these HB is generally measured by the 

distance between the hydrogen and acceptor atom in the solid state; however, 

spectroscopic techniques, such as 1H NMR and vibrational spectroscopy, can also be used 

to characterize hydrogen bonds. With this emphasis on strong hydrogen bonds, weaker 

HB—which rely on a mixture of electrostatic, polarization, and Van der Waals forces—

have historically been overlooked. For example, despite the moderate electronegativity of 

carbon, C–H motifs have emerged as a newly recognized class of HB 

donors.85,107,114,116,151 Early pKa measurements of substituted benzoic acids showed an 

increased acidity of ortho-toluic acid in comparison to the para structural isomer, which 

was postulated to be due to a C–H…O intramolecular interaction between the methyl 
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group and the carboxylate to stabilize the conjugate base (Figure 5.2).152 With many 

additional examples, including extensive theoretical calculations, of C–H…O HB 

interactions demonstrated since this initial observation, it is now widely accepted that   

C–H…O interactions can be classified as a hydrogen bond.153 This classification has been 

expanded to include C–H…O, C–H…N, C–H…Cl, and C–H…Br HB interactions and has 

been well established in molecular biology,154 organocatalysis,155,156 and molecular 

recognition.157,158 In fact, recent studies indicate C–H HB acidities follow predictable 

linear free energy relationships (LFER) and show modest isotope effects.27,28  

 

 

Figure 5.2. Absence and presence of C–H HB in p-toluic acid and o-toluic acid, 

respectively.  

 

5.1.2 C–H…S hydrogen bonding  

Simply moving one row down the periodic table, however, we find that C–H…S 

HB interactions are underappreciated. Studies of S-based HB acceptors generally focus 

on N–H, O–H, and other more traditional HB donors, with little investigation of C–H…S 

HB.159–162 We find this omission surprising, as both work from our labs and others has 

shown that C–H HB donors exhibit a specific preference for sulfur-based HB 

acceptors.36,106,108 In our work in supramolecular anion recognition, we were inspired to 
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investigate C–H HB donors for binding hydrosulfide (HS–) after successful application of 

these receptors for Cl– binding.26 In 2016 we published an archetypal example of 

supramolecular receptors for HS–. Using 1H NMR spectroscopy titrations and single 

crystal X-ray diffraction structural analysis of the host-guest complex, we showed that an 

aryl C–H functional group in the binding pocket participated in hydrogen bonding with 

HS– and Cl– (Figures 5.3a-5.3b).29 In 2019 we found that even when the aryl C–H bond 

was depolarized by an electron donating t-Bu functional group (Figure 5.3c), it still 

participated in hydrogen bonding with HS–, HSe–, Cl–, and Br–.35 This finding inspired a 

subsequent LFER investigation, in which we studied how modulating the polarity of the 

aryl C–H HB donor affected the anion-binding strength of HS–, HSe–, Cl–, and Br–.36 We 

found that our hosts displayed a preference for HS– over the other three anions, which 

increased with increasing polarization of the C–H HB donor. In fact, HS– was 

significantly more sensitive towards changing C–H HB donor polarity than the other 

three anions, which suggests a distinct sensitivity to C–H hydrogen bonding to the sulfur-

containing guest. The only other two supramolecular hosts for HS–,31,32 both published in 

2018, also use C–H HB donors (Figure 5.4) in the anion binding pocket, which further 

supports the idea that polarized C–H HB donors may be particularly important in HS– 

recognition. 

Recent work from our laboratory has also studied how reactive sulfur species 

(RSS) interact with metal-sulfur containing bonds which lead to the further isolation of 

compounds containing short C–H…S stabilizing contacts. The reactivity of a 

molybdenum tetrasulfido complex, [NBu4][TpMoS(S4)] (Tp = hydrotris(3,5-

dimethylpyrazol-1-yl)borate), was studied with HS– and we found that HS– is oxidized to 
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form polysulfides and a tris(sulfido) Mo complex [NBu4][TpMoS3] byproduct.163 Upon 

further inspection of the molecular structure of the [NBu4][TpMoS3] byproduct, we found 

that the Mo=S bond lengths vary by up to 0.019 Å and that the longest Mo=S moieties 

displayed C–H…S contacts as short as 2.681 Å to the [NBu4]+ counterion. Further 

evidence of a HB interaction was confirmed by comparing the 1H NMR spectroscopic 

resonances of the [NBu4]+ in the starting [NBu4][TpMoS(S4)] complex, in which short  

C–H…S contacts were not observed, to the 1H NMR resonances of the [NBu4]+ in the 

[NBu4][TpMoS3] byproduct, where shifts of up to 0.65 ppm were observed for [NBu4]+ 

resonances. As described later in this manuscript, there are numerous examples of         

C–H…S–M contacts with sulfur-metal bound species, and many of these may help to 

stabilize reactive species and promote reactivity in catalysis and enzymatic systems. 

Additional evidence for C–H…S HB interactions is supported by a recent study by 

Wategaonkar and coworkers using both gas-phase vibrational spectroscopy and ab initio 

quantum chemical calculations.164 Despite the weak nature of both the HB donor and 

acceptor, C–H…S interactions exhibited all the characteristics of a conventional hydrogen 

bond, and even displayed binding strengths comparable to more traditional HB in their 

system. Although S is a less electronegative element than other traditional HB acceptors, 

S is large and polarizable, allowing it to better participate in dispersion interactions. 

Indeed, using natural energy decomposition analysis calculations, they found that 

dispersion was the dominant hydrogen bonding force in all the C–H…S interactions in 

their system.164 Importantly, because dispersion is an isotropic component of hydrogen 

bonding, it is possible that C–H…S HB in the solid state that deviate from linearity are 

commonly overlooked. 
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Figure 5.3. Crystal structures of arylethynyl bisurea receptors shown to bind (a) Cl–, (b) 

HS–, and (c) HSe– in the solid state. All three anions interact with the aryl C–H HB donor 

on the central ring. 
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Figure 5.4. The other two supramolecular hosts that have been shown to reversibly bind 

HS–. Both hosts feature C–H HB donors in their design (highlighted in red). 

 

 More broadly, other researchers have specifically commented on the 

consequential roles of C–H…S interactions in enzymatic binding pockets. For example, 

work by Addlagatta and coworkers studying the substrate specificity and catalytic cycle 

of type 1 methionine aminopeptidase, an enzyme responsible for cleaving methionine 

from around 70% of proteins in living cells, identified a key C–H HB donor that had been 

evolutionarily preserved in the enzyme.84 The authors showed that a hydrogen bond 

between a S HB acceptor in cysteine and a C–H HB donor in methionine was responsible 

for the substrate specificity and efficiency in the catalytic cycle. As part of this work, a 

search of the Protein Databank (PDB) found 20 other instances of C–H…S contacts with a 

maximum distance of 4 Å between methionine and methionine analog C–H HB donors in 

ligands and S cysteine and methionine HB acceptors. Only a few of the 20 instances were 

from methionine aminopeptidase enzymes, which suggests a broader generality of this 

interaction among other types of enzymes. 

In general, attractive non-covalent interactions with S may be more important 

than has been previously appreciated. For example, in a review by Meanwell and 

coworkers146 that focused on the role of the S σ-hole in S…O, S…N, and S…π interactions 
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in medicinal and organic chemistry, the authors point out that “because the role of 

noncovalent interactions involving sulfur in compound conformation and ligand-protein 

interactions may be underappreciated, this phenomenon may have been overlooked in 

many drug design campaigns”. Similarly, other research on more electron-rich sulfur 

species has revealed that S…π and S–H…π interactions may be particularly important 

stabilizing forces in both biological and synthetic systems.165  

 

5.1.3 Scope of review 

Inspired by these prior examples pointing to an increased potential importance of 

non-covalent interactions, our work here advances our understanding of C–H…S 

interactions by analyzing existing data on C–H…S interactions across multiple 

disciplines. Using the CSD, we interrogate these short C–H…S contacts and we have 

grouped these interactions into different categories: 1) the S atom coordination number, 

2) the types of C–H HB donors, and 3) its varying oxidation state. We then also compare 

C–H…S interactions when S is bound to an organic molecule or a metal. We present the 

analysis of these results using 3D histograms and compare these interactions to other 

established HB acceptors to further cement that C–H…S interactions should not be 

neglected. Lastly, we provide examples from our own work as well as others that contain 

previously overlooked C–H…S interactions that may have influenced reactivity and the 

stabilization of unusual conformations in the solid state. In this process, we demonstrate 

that these underappreciated interactions are found in molecular biology, catalysis, and 

supramolecular systems, and may even be a privileged interaction providing stronger and 

more selective HB in the overall molecular architecture. More broadly, this work shows 
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that non-traditional hydrogen bonding, such as C–H…S HB interactions, should not be 

overlooked and instead should be considered in the further development of research 

where non-covalent interactions are used to direct reactivity and/or enhance stability.  

 

5.2 Results and Discussion 

5.2.1 Organic molecules with sulfur hydrogen bond acceptors.  

C–H…S HB have higher dispersion character than more traditional HB motifs, 

therefore these C–H…S contacts likely have different angle and distance preferences. To 

better understand these angle and distance HB metrics, we used available solid-state 

structural information from the CSD to find all C–H…S contacts with organic based S HB 

acceptors. Contacts used in this study were restrained to only include instances where the 

C–H…S (Figure 5.1, A1) and H…S---R (Figure 5.1, A2) angles fell between 90–180° and 

H…S (Figure 5.1, L1) and C…S (Figure 5.1, L1) bond lengths fell between 0–4.0 Å and 

0–5.0 Å, respectively. These L1 and A1 parameters provide search parameters that 

encompass a wide array of contacts including weaker interactions, in which A1 is closer 

to 90° and L1 distances are longer, as well as stronger interactions, in which A1 is more 

linear and L1 distances are shorter. The L2 and A2 parameters are also incorporated to 

filter out longer contacts and angles that would not be considered hydrogen bonding 

interactions. 

To visualize the > 423,000 C–H…S contacts from this dataset we plotted a 3D 

histogram of H…S distance (Å) versus C–H…S bond angle (°) (Figure 5.5a). The plot 

reveals that the majority of C-H…S contacts are not linear. The most common H…S 

contact is found between 3.125–3.250 Å and 121.5–126.0°, which encompasses 6,615 
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contacts. Any hydrogen bonding occurring at this contact angle and distance would likely 

be classified as a weak interaction due to the primary attractive forces being entirely 

electrostatic and dispersion type interactions. These contacts can be significant, however, 

because numerous weak inter- and intramolecular forces are additive and can greatly 

affect the physical and chemical properties of an overall system.166,ii 

 

 

Figure 5.5. a) 3D histogram visualizing over 423,000 C–H…S contacts identified in the 

CSD. b) Cone angle of hydrogen bonding. c) Cone-corrected 3D histogram of all C–H…S 

contacts. The white dashed line represents estimate of the sum of the van der Waal radii 

of H and S. 

 

 Although a 3D histogram can provide useful information about the most common 

interaction geometry in the solid state, the low angle contacts are statistically favored due 

to the HB “cone-angle” (Figure 5.5b), which biases interpretations of the 3D histogram. 

This phenomenon has previously been shown to skew 2D histograms of contact angles of 

traditional O-H HB systems away from linearity.74 This statistical bias toward low-angles 

can be removed by applying a simple cone-angle correction that weights each bin of the 

 
ii For example, the presence of multiple low-angle C-H…S HB were shown to significantly affect the overall 

structure and host-guest ability in perthio-bambusuril macrocyles. Unlike bambus[6]urils, which bind 

anions through C–H…anion HB inside a macrocycle cavity, Reany and coworkers showed that perthio-

bambus[6]urils did not exhibit any significant anion binding ability due to several low-angle C–H…S 

interactions that led to a compact structure and weakened the anion binding ability of the macrocycle. See 

reference 166 for more details. 
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histogram by 1/sin(θ), where θ is the C–H…S contact angle. The resultant cone-corrected 

data reveals the relative importance and preferred geometry of high-angle contacts in the 

solid state (Figure 5.5c).167  

The cone-corrected 3D histogram displays a clear geometric preference of         

C–H…S contacts. Many of the contacts fall below the sum of the van der Waal radii of H 

and S (𝑟𝑤
𝐻 + 𝑟𝑤

𝑆, shown as a white dashed line in Figure 5.5c). At these shortest distances 

(< 3.00 Å), high-angle contacts are favored, revealing an attractive interaction promoting 

linear contacts. Even at distances greater than the sum of the van der Waals radii, the    

C–H…S contacts show strong geometric preferences. For example, there is a preference 

for linear contacts between 3.00–3.125 Å, and as the distance increases (3.125–3.625 Å) 

the low-angle contacts become equally or more important than high-angle (linear) 

contacts. Finally, at longer distances (3.625–4.00 Å) the angle dependence decreases, and 

it is less likely that strong, directional hydrogen bonding occurs at these distances; 

instead, we see more random, geometrically- and statistically-driven contacts, more 

reminiscent of interactions dominated by dispersion interactions.168,169  

As an example of such C–H…S interactions impacting structural outcomes, we 

have re-assessed work from our own group and have identified previously overlooked  

C–H…S contacts that likely contribute to the observed solid-state packing. In 2016 we 

isolated a crystal of a novel tetrameric disulfide cyclophane (Figure 5.6), which 

surprisingly was found to fold in on itself and form several strained C–S–S–C torsional 

angles rather than bind a smaller solvent or guest molecule.170 Reanalysis of this structure 

revealed a very short, linear intramolecular C–H…S contact (2.810 Å, 170.4°, highlighted 

in Figure 5.6), which may contribute to the stabilization of the more compact structure. 
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Further analysis also identified three additional intramolecular C–H…S contacts with 

longer H…S distances of 3.682–3.935 Å. These distances, however, fall within the region 

of the weighted histogram that shows little contact angle preference, and so are likely not 

forming a HB. Finally, we identified 27 intermolecular contacts with C–H…S angles 

ranging between 100.8 and 174.9° and H…S distances ranging between 2.811 and 3.890 

Å, some of which may have directed and stabilized the overall compact packing of the 

macrocycle in the solid state. 

 

 

Figure 5.6. A relatively short and linear C–H…S contact in a disulfide cyclophane may 

help stabilize strained torsional angles. 

 

5.2.1.1 S HB acceptors with traditional HB donors 

Comparing the cone-corrected 3D histograms of S contacts with traditional N–H 

(Figure 5.7a) and O–H (Figure 5.7b) donors displayed different interaction profiles. C–H 

HB donors show flexible geometric preference for either high-angle or low-angle 

contacts and support a wide range of H…S distances, whereas weighted contacts with    

N–H and O–H HB donors are only found in a narrow geometric window. These 

traditional N–H and O–H HB donors prefer to only make short and linear contacts with 
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few examples in the CSD showing deviations from this idealized geometry. These data 

suggest that the hydrogen bonding interaction between sulfur and traditional N–H and  

O–H HB donors is generally stronger than with C–H hydrogen bond donors and likely 

have more charge-transfer character at these short distances and linear contact angles. 

However, C–H…S interactions, which have more dispersion character, can out-perform 

N–H and O–H HB donors at long distances and more bent contact angles. 

 

 
Figure 5.7. 3D histogram of (a) N–H and b) O–H hydrogen bond donors with S.  

 

5.2.1.2 Comparing hydrogen bond acceptors 

 We also analyzed the C–H…S contacts with other HB acceptors from neighboring 

elements on the periodic table (N, O, F, P, Cl, Se, Br, Te, I) (Figure 5.8). Oxygen had the 

greatest number of inter- and intramolecular contacts (> 7,898,000), followed by F (> 

3,540,000), Cl (> 1,338,000), and N (> 1,082,000), perhaps suggesting that the acceptance 

of C–H HB with O, Cl, and N may be in part due to their ubiquity in the solid state. 

Comparison of the resultant histograms shows that the flexible contact angle geometry of 

the C–H HB donor is conserved. In addition, almost all C–H…A contacts occur at 

distances greater than 2.2 Å, which is significant because contacts greater than this 

distance have generally been defined as weak HB with mostly electrostatic and dispersion 
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character by Jeffrey171 and later Steiner.74 Although these data do not allow for 

determination of the absolute strength of these interactions, we used distances and contact 

angles inspired by Jeffrey and Steiner to broadly categorize ‘strong’, ‘moderate’, and 

‘weak’ C–H…A interactions (Table 5.1). C–H…A contacts that fall in the region of the 

cone corrected 3D histogram that shows little preference for either high- or low-angle 

contacts are likely not being driven by significant attractive interactions. 

 

Table 5.1. Parameters used to broadly categorize C-H HB as strong, moderate, and weak. 

Distance and angle ranges are inspired by analyses of hydrogen bonding in the solid state 

by Jeffrey and Steiner.74,171  
 Strong Moderate Weak 

H…A Distance ≤ 𝑟𝑤
𝐻 + 𝑟𝑤

𝐴 > 𝑟𝑤
𝐻 + 𝑟𝑤

𝐴 > 𝑟𝑤
𝐻 + 𝑟𝑤

𝐴 

C–H…A Angle (°) > 130 > 130 > 90 

 

The second-row elements N, O, and F are among the smallest, least polarizable, 

and most electronegative atoms (Figure 5.8a-c). In their weighted 3D histograms, these 

elements make the highest proportion of strong HB contacts. This driving force toward 

short contacts, however, makes these elements poor C–H HB acceptors at longer 

distances. An example of this point is highlighted in work studying cis/trans 

isomerization in amide and thioamide containing peptoids.172 The authors found that a  

C–H…S interaction in the thioamide derivative caused a greater preference for the cis 

conformer than was observed in the amide derivative. A crystal structure of the thioamide 

showed that the key intramolecular C–H…S HB had a bond length of 2.9 Å (Figure 5.9), 

which could be considered a strong C–H…S HB but is much longer than most C–H…O 

interactions. Despite generally being a weaker HB acceptor than O, the S-containing 

thioamide formed a strong HB over the greater distance whereas the O-containing amide 
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could not. This observation is further reflected by work from the Shimizu group, which 

shows that S-π interactions are more favorable than O-π interactions at long distances.165 

 

 

Figure 5.8. Cone-corrected 3D histograms of C–H…A contacts found in the CSD with a) 

N, b) O, c) F, d) P, e) S, f) Cl, g) Se, h) Br, i) Te, and j) I. White dashed line represents 

estimate of the sum of the van der Waal radii of H and A. 
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Figure 5.9. a) cis/trans isomerization of synthetic peptoids. A C–H…A HB helps favor 

the cis conformation. b) Crystal structure shows a C–H…S HB in the solid state helps 

favor the cis conformation in the thioamide derivative.  

 

The propensity for S acceptors to make longer contacts with C–H donors than N, 

O, and F may contribute to prior underappreciation of C–H…S interactions. For example, 

Goel and coworkers found that inter- and intramolecular C–H…N and C–H…O HB were 

crucial in the aggregation induced emission (AIE) mechanism for a novel class of 

luminogens (Figure 5.10). Studying the published crystal structure, we also find highly 

linear C–H…S contacts (177.6°) that may assist in rigidifying the aggregates. The C–H…S 

contacts were found at a much longer C–H…A distance (3.191 Å) than the other types of 

C–H contacts (2.52–2.58 Å).173 Other work by Tang  and coworkers supports this 

possibility, showing that strong, linear C–H…S HB contribute to AIE in their systems.174 

Although the second-row elements favor short contacts, the rest of the HB 

acceptors in the third, fourth, and fifth-rows tend toward making moderate-to-weak 

contacts. In this regime, as the electronegativity of the HB acceptor decreases, more 

linear C–H…A contacts are favored. This trend is best seen in third row elements P, S, 

and Cl. Chlorine, the most electronegative atom in this series, has the highest number of 

weighted low-angle contacts and P, the least electronegative atom in this series, has the 

least number of weighted low-angle contacts. This across-row trend also holds true for 

the small, electronegative second-row elements. From the third-row down, we also see 
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that this trend holds down a periodic column, which is best visualized by comparing Cl, 

Br, and I. Cl, the most electronegative atom in this series, again has the greatest number 

of weighted low-angle contacts, whereas I, the least electronegative in this series, has the 

least. To explain this trend, we have to consider each attractive force in a HB. The 

attractive interaction from charge transfer decreases the fastest over distance (diminishing 

approximately following e–r), and therefore cannot explain the trends in the weak-to-

moderate contacts that extend past the sum of the van der Waal radii of H and A. 

Electronegativity does not increase the preference for linearity, so electrostatic 

interactions also likely do not explain the trends. Furthermore, dispersion interactions are 

isotropic and so would not favor any contact angle. Polarizability, which is the ability of 

the HB acceptor to redistribute its electron density, must be the most important acceptor 

character driving linear contact angles. This observation would explain why the second-

row elements, which are small, and not very polarizable, behave differently from the rest 

of the acceptors. 

  

 

Figure 5.10. a) Crystal packing of the luminogen reveals C–H…O (atom denoted in red), 

C–H…N (blue) and C–H…S (yellow) intermolecular C–H HB. 
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 The chalcogen atoms S and Se have generally been considered poor HB acceptors 

due to their low electronegativity. Both these elements, however, are polarizable and 

therefore are more likely to be C–H HB acceptors. C–H…S/Se contacts behave similarly, 

with a strong preference for linear contacts and a weaker preference for low-angle 

contacts. Even Te appears to show a preference for linear contacts, although there are far 

fewer of these instances (3,677 inter- and intra-molecular contacts), perhaps reflecting the 

synthetic challenges working with this highly reactive element. Nevertheless, there are 

two published examples of C–H…Te interactions.175,176 The most recent example, 

published in 2020, studied the C–H…A interactions of a series of 

bis(silanechalcogenones). Using evidence from crystal structures and computations, the 

authors found that S made the strongest C–H HB bonds compared to Se and Te; however, 

the size of Te allowed it to make both inter- and intramolecular HB. Given that the 

weighted 3D histogram of C–H…Te contacts reveals a preference for linear geometries, 

perhaps there are already examples of these contacts that have been missed. 

Finally, we note the striking similarity between the behavior of C–H…S contacts 

and C–H…Cl contacts. Cl is a well-established C–H HB acceptor. The S and Cl contacts 

occur at similar distances, but S is a more polarizable element, and so should act as a 

better C–H HB acceptor. Indeed, we see more of a linear preference in S contacts. If     

C–H…Cl HB have been identified as salient non-covalent interactions, C–H…S HB should 

be equally established. 
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5.2.1.3 S-character affects preferred hydrogen bonding angles 

5.2.1.3.1 S oxidation state  

For a main group element, sulfur is unique because it is readily found in many 

stable oxidation states, ranging from –2 to +6.177 3D cone-corrected histograms of         

C–H…S interactions of sulfur in the S2–, S1–, and S0 oxidation states clearly show that 

oxidation state influences the preferred geometry of this interaction (Figure 5.11).   

 

 

Figure 5.11. Cone-corrected 3D histograms of S in different oxidation states: a) S2–, b) 

S1–, and c) S0. 
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 Roughly 93% of the C–H…S contacts identified in our CSD analysis were found 

in the oxidation state –2. S2– is the best oxidation state for hydrogen bonding because it is 

in the most electron-rich state and is most polarizable than other oxidation states.  In 

addition, S2– is more prevalent than S1– and S0 in crystal structures containing S and C–H 

functional groups, regardless of whether a contact is occurring. Only about 6% of C–H…S 

contacts were in the S0 and S1– oxidation state, combined. These contacts are longer than 

those to S2– and almost none of the weighted contacts can be considered strong. Although 

these are weaker interactions, S1– and S0 HB acceptors still play important roles in crystal 

packing. For example, Hisaki and coworkers found C–H…S contacts between a 

trisdehydrotribenzo[12]annulene derivative and DMSO, a commonly used organic 

solvent containing S0, to be essential in the supramolecular assembly of the system.178 

The overall ordered architecture formed from C–H…S0 HB allowed the structure to have 

anisotropic charge mobility, making it a candidate for organic semiconductor materials. 

 

5.2.1.3.2 S coordination number 

The number of atoms that S is bonded to, defined here as the coordination 

number, can affect the electrostatic and steric environment as well as the polarizability of 

the HB acceptor, which should in turn change the nature of the C–H…S interactions. 

Indeed, the weighted 3D histograms of C–H…S contacts when S is bonded to one (SR), 

two (SR2), and three (SR3) other non-metal atoms reveal major differences in the 

important contact geometries (Figure 5.12). When the S HB acceptor is bonded to one 

other atom, the contacts are shorter and more linear, perhaps due to less steric crowding 

around the S HB acceptor. Regions of both high-angle and low-angle contacts are 
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important when S is bonded to two other atoms, and most contacts are moderate to weak. 

The 3D histogram of C–H…S contacts when S is bonded to three other atoms closely 

resembles that of S0 (Figure 5.11c) as the contacts in these two categories largely overlap. 

 

 

Figure 5.12. Cone-corrected 3D histograms of S bonded to a) one non-metal atom, b) 

two non-metal atoms, and c) three non-metal atoms. 

 

Although we cannot definitively identify why bent interactions are favored in SR2 

and SR3 contacts, we can see evidence of their importance in published examples. For 

example, in 2017 Anderson and coworkers reported an unexpected attractive interaction 

between a pyridine ligand and the alkyl straps in sulfur-strapped Zn-porphyrins.179 2D 
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NMR spectroscopy, UV-vis spectroscopy, and crystal structure analysis revealed the 

formation of both an expected out isomer (Figure 5.13a) and also an unexpected, more 

sterically hindered in isomer (Figure 5.13b). The formation of the in isomer is attributed 

to C–H…π interactions between the alkyl C–H groups on the strap and the pyridine ring. 

The authors also comment that “there may also be an attractive interaction between the 

sulfur atom and the α C–H of the pyridine”. Investigating the published crystal structure, 

we clearly see that while the C–H…S contacts are bent, one falls squarely in the region of 

important low-angle C–H…S contacts with an H…S distance of 3.140 Å and a C–H…S 

contact angle of 123.5°.   

 

 

Figure 5.13. a) Out isomer and b) in isomer of sulfur-strapped Zn-porphyrins. 

 

5.2.1.4 Alkyl vs. aryl based C–H donors  

In general, the C–H atoms of carbons with more s-character are more acidic and 

are typically viewed as better HB donors. When comparing cone corrected 3D histograms 

of alkyl and aryl C–H HB donors, however, we observed that linear contacts are more 

important with alkyl C–H HB donors whereas low angle contacts are more important 

with aryl C–H HB donors (Figure 5.14). Even though this outcome seems counter-

intuitive, it may reflect that aryl C–H HB donors are better at accommodating bifurcated 
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hydrogen bonds than alkyl C–H donors. For example, we found that about 37% of        

C–H…S contacts with aryl C–H HB donors are bifurcated between two adjacent aryl C–H 

HB donors. A 3D histogram of just these bifurcated C–H…S…H–C contacts (Appendix D, 

Figure D.3) shows a strong preference for the same low-angle contacts that are observed 

for all aryl C–H…S contacts. 

 

 

Figure 5.14. Cone-corrected 3D histograms of C–H…S contacts with a) sp3 alkyl C–H 

HB donors and b) sp2 aryl C–H HB donors. 

 

Alkyl and aryl C–H HB donors are not relegated to synthetic systems, and there is 

also evidence for both sp3 and sp2 C–H HB donors interacting with sulfur in biological 

systems. For example, we revisited the crystal structure of the first discovered bacterial 

ion channel for HS– and found C…S contact distances between valine and leucine amino 

acids and HS– that were about the same distance or shorter than the majority of weighted 

C–H…S contacts (Figure 5.15, Figure D.2e).121 In addition, we found evidence of both sp3 

and sp2 C–H HB donors from threonine and tryptophan residues in streptavidin in contact 

with the thioether (Figure 5.16). The streptavidin-biotin complex is one of the strongest 

non-covalent binding events known in nature, in part due to the high geometric 

complementarity of the host-guest complex and a high degree of hydrogen bonding. 
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Figure 5.15. Leucine and valine amino acid residues in contact with either Cl– or HS– in 

the first discovered bacterial ion channel for HS–. (PDB: 3TDX) 

 

 

Figure 16. Tryptophan and threonine amino acid residues in contact with the biotin 

thioether in the streptavidin-biotin complex. (PDB: 6M9B) 

 

5.2.1.5 Hydrogen bond acceptor directionality 

Geometric preference of hydrogen bonding in the solid state also extend to the 

HB acceptor. Strong HB often have clear R---A…H acceptor directionality (A2, Figure 

5.1), whereas weak HB lose this directionality. For example, the acceptor directionality in 

a strong HB may be driven by the required geometry of charge transfer or electrostatic 
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potential. On the other hand, a weak HB with high dispersion character would lose much 

of its directionality. 

The acceptor directionality in both linear and bent C–H…S contacts can be 

visualized by using a 3D histogram of C–H…S contact angle vs. R---S…H contact angle in 

which both axes of contact angles are weighted by the cone angle correction (Figure 

5.17e). These bi-weighted 3D histograms do not show the most common donor and 

acceptor contact angles, but rather show what combinations of C–H…A and R---A…H 

angles are particularly important geometries. For example, at C–H…S angles between 90° 

and 94.5° there is no preferred R---S…H directionality, meaning that each bin should have 

about the same low importance. These contacts are either statistically-driven or Van der 

Waals contacts. On the other hand, C–H…S angles between 175.5 and 180° either prefer a 

linear R---S…H acceptor angle or a bent acceptor angle between about 108–126°. As the 

C–H…S bond angle deviates farther from linearity, specific acceptor directionalities start 

to lose importance, perhaps reflecting the increasing dispersion contribution to hydrogen 

bonding at bent contact angles. 

Most HB acceptors with C–H HB donors favor a highly linear acceptor 

directionality and only occur at linear C–H…A contact angles (Figure 5.17). As the       

C–H…A angle deviates from linearity, preference for any acceptor directionality 

gradually disappears. Sulfur is the exception to this trend. Sulfur HB acceptors show an 

‘island’ of important R---S…H angles at low-angle C–H…S contacts. Although the donor 

directionality in this island is weak, S is the only HB acceptor that shows any acceptor 

directionality for this bent, weak HB. This unique geometry is completely removed with 

SR1 acceptors (Figure D.4), and is exaggerated with SR2 acceptors (Figure D.5b). 
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Notably, this geometry is not seen with OR2 acceptors (Figure D.5a) but is present with 

SeR2 acceptors (Figure D.5c). Because there is some (albeit weak) attractive interaction 

or environment that is promoting this unique contact geometry, S may be a stronger C–H 

HB acceptor at bent angles compared to other acceptors. 

 

5.2.2 Sulfur hydrogen bonding interactions in metal sulfur ligated complexes 

Similar to the established hydrogen bonding interactions between sulfur as a HB 

acceptor with N–H and O–H HB donors in organic molecules, sulfur atoms coordinated 

to metal centers also participate in hydrogen bonding. S HB donor ligands are widely 

known in many subfields of inorganic chemistry ranging from the active site of 

bioinorganic cofactors, such as nitrogenase, to catalytic systems. Model systems have 

highlighted how certain R–H…S HB motifs can be consequential in catalytic turnover and 

reactivity. An example from Riordan and coworkers in 2003 focused on investigating 

sulfur alkylation rates by functionalized zinc thiophenolates in the presence of ortho and 

para N–H amide HB donors.180 In this work, the second-order rate constants for the 

alkylation of functionalized zinc thiophenolates with BnBr in the presence of ortho and 

para N–H amide HB donors were 1.3 × 104 M–1s–1 and 44 × 104 M–1s–1, respectively. The 

different rates were attributed to stabilizing ortho-N–H HB donors significantly 

diminishing the nucleophilicity of the bound thiophenolates. This interaction was 

confirmed by 1H NMR and IR spectroscopy and observed by the short N–H…S distance 

in the solid state with a H…S bond length of 2.49(2) Å. The authors speculate that similar 

R–H…S HB interactions may play a role in other zinc thiolates of metalloproteins. 
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Figure 5.17. Bi-weighted 3D histograms of C–H…A contacts found in the CSD with a) 

N, b) O, c) F, d) P, e) S, f) Cl, g) Se, h) Br, i) Te, and j) I. 

 

 Efforts to establish C–H HB interactions with atoms in the primary coordination 

sphere of metal complexes has been studied and an elegant example was recently shown 

using a modified phenanthroline (phen) ligand. Functionalization of the phen ligand with 
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–CF2H, a known C–H HB donor with similar donating strength to amines and thiols,181 at 

the 2-position allowed for close contacts between the CF2H group and the primary 

coordination sphere of the metal. Szymczak and coworkers synthesized complexes of Pd 

(PdX2(phen) where X = F–, Cl–, Br–, and OR–) and showed a C–H…X HB interaction 

between the CF2H group and the X-type ligand in the primary coordination sphere of the 

Pd complex (Figure 5.18).182 These results were shown by solid state structural analysis 

and confirmed by spectroscopic data and computational studies. Hydrogen bonding 

interactions with H…O distances were found to be as short as 2.002 Å. Furthermore, an 

interesting result from this work showed that while the CF2H group is a great HB donor, 

the CH(CH3)2 group is also capable of providing stabilizing HB interactions. Both 

PdCl2(phen) complexes where an ortho-CF2H and ortho-CH(CH3)2 of the phen ligand 

were synthesized and comparative bond lengths of the C–H…Cl interaction were 

observed with distances of 2.339 and 2.496 Å for ortho-CF2H and ortho-CH(CH3)2 

complexes, respectively. While this example does not include S-based HB acceptors, it 

demonstrates that C–H HB donors can dramatically affect the stability and reactivity of 

ligand donor atoms in the primary coordination sphere.  

 

 

Figure 5.18. C–H hydrogen bonding interactions in the primary coordination sphere of 

metal complexes as demonstrated by Szymczak and coworkers.  
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 To expand the analysis of C–H…S HB interactions in organic molecules (vide 

supra), we searched for hydrogen bonding interactions involving C–H…S–M motifs 

where S is bound to a metal. This analysis knits together work by others that highlight the 

importance of hydrogen bonding through influencing model chemistry of 

metalloenzymatic reaction pathways through N–H…S HB and the ability of C–H HB 

donors to form C–H…X–M HB interactions in the primary coordination spheres of metal 

complexes. Similar to the metal sulfur interactions observed in organic compounds, we 

focused on CSD search parameters for C–H…S–M contacts to included C–H…S (A1) and 

H…S–M (A2) angles of 90–180° and H…S (L1) and C…S (L2) bond lengths of 0–4.0 Å 

and 0–5.0 Å, respectively. Our initial searches were aimed at determining whether short 

C–H…S–M contacts are common in d-block metals. The results of the initial search 

provided 45,733 molecules with these parameters and a total of 487,171 intra- and 

intermolecular C–H…S–M contacts (Figure 5.19).  

 

 

Figure 5.19. Lengths and angles referred to in this section, where A is bound to a metal. 

 

 The cone corrected 3D histogram for the C–H…S–M contacts for d-block metals 

reveals that the majority of the weighted contacts include bond lengths between 3.00–

3.25 Å at angles > 144 °, with notable ‘islands’ of favorable contact geometry at lower 

angles of 12–135 ° and at longer distances of 3.00–3.375 Å. We also compared             

C–H…Cl–M HB contacts based on the similarity of Cl and S as well as prior work 

demonstrating the importance of C–H…Cl–M interactions. Chlorine and S are nearly 
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identical in size with van der Waals radii of 2.05 and 2.06 Å, respectively,183 and so a 

comparison of these H…Cl contacts would validate the observed H…S seen in Figures 

5.20 as HB interactions. The cone corrected C–H…Cl–M contacts plotted in Figure 5.20b 

shows data from 77,677 molecules with 920,886 inter- and intramolecular contacts. The 

major difference between the plots of Cl HB contacts and S HB contacts is that Cl HB 

contacts show a greater consolidation of contacts above 100 ° and at distances between 

2.750–3.000 Å. These data suggest that C–H…Cl–M contacts may be stronger and more 

directional than C–H…S–M contacts, and may be attributed to higher steric bulk of 

thiolates in comparison to bound Cl in coordination complexes, or to slight differences in 

the dipole moment between Cl and S because Cl is more electronegative than S. It is 

worth noting that such discrepancies between Cl HB contacts and S HB contacts is not 

observed when A is not bonded to a metal. Differences between Cl and S may also be 

attributed to their valency. Chloride is a monovalent ligand, while sulfide-based ligands 

are divalent and the ability for a shorter and more directional HB interaction for chloride 

could be due to steric interactions. The similarities in shape and localization of areas with 

high frequency in Figure 5.20 do suggest that Cl and S behave similarly as HB acceptors 

despite a weaker interaction with S. Lastly, the cone corrected 3D histogram of C–H…S 

contacts where the S atom is bonded to a metal (Figure 5.20a) and non-metal (Figure 5.5c 

and 5.8e) look strikingly similar. The majority of the contacts include bond lengths 

between 3.00–3.25 Å at angles > 135 °, which further validates that both organic 

molecules and metal complexes engage in C–H…S HB. 

We next aimed to identify if certain groups in the d-block contained more          

C–H…S–M contacts than others. In comparison to nitrogen and oxygen, S is relatively 
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large and polarizable, and so we expect that complexes with the more polarizable late 

transition metals will have greater affinity for thiolate and S-bound ligands, resulting in 

more HB contacts. A survey of groups 3-12 from the periodic table confirms that early 

transition metals have far fewer C–H…S–M contacts in comparison to groups 7-12. Cone 

corrected 3D histograms are shown for groups 7-12 (Figure 5.21). The group with the 

shortest C–H…S–M contacts was group 10, which included 11,986 molecules with 96,423 

inter- and intramolecular contacts. As we move from left to right in the periodic table 

across the d-block elements, a trend emerges where the most concentrated or highest 

frequency of weighted C–H…S–M contacts occurs with less directionality. For group 1 

metals, only 170 molecules matched the search criteria. Although there were regions of 

increased C–H…S–M contacts near 3.125 Å and angles above 155° the small data set 

does not allow for further analysis.iii 

 

      

Figure 5.20. 3D histogram visualizing the cone corrected a) C–H…S–M, and b)             

C–H…Cl–M contacts in d-block metals where S or Cl are in the primary coordination 

sphere. The white line for each plot indicates the sum of the van der Waal radii between 

A and H. 

 
iii We observed similar trends for groups 3-5. Group 6 metals (Cr, Mo and W), did show localized trends C–

H…S–M at higher angles and shorter distances. With 4,589 molecules found from the search criteria in the 

CSD, we observe many contacts at distances shorter than 3.125 Å and angles above 135 degrees. Group 13 

metals (Al, Ga, and In) included 1,089 molecules matching the search criteria; however, the data depicted 

in the cone corrected histogram demonstrated a more delocalized pattern of contacts  ranging in H…S 

between 2.00 and 3.50 Å. 
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Figure 5.21. Cone corrected histograms of C–H…S–M of groups a) 7, b) 8, c) 9, d) 10, e) 

11, and f) 12 of the transition metals. 

 

 5.2.2.1 Structures exhibiting short C–H…S–M contacts 

 With the designation of H2S as the third gasotransmitter, extensive research has 

focused on understanding its role as a signaling molecule, transport throughout biological 

systems, and reactivity with metalloproteins.9,184–187 The bivalve mollusk Lucina 

Pectinata is a species of clam that has been found in sulfur rich environments and further 
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found to bind hydrosulfide with high affinities. We revisited the HS–-bound hemoglobin I 

(HbI) structure determined in 1994 by Bolognesi and coworkers.188 The active site 

revealed what is now referred to as the “Phe cage”, which is a hydrophobic pocket around 

the HbI, and a glycine residue that is a hydrogen bond acceptor to HS– to further stabilize 

the reactive HS– anion. In tandem, the Phe cage, which is believed to prevent water 

molecules from displacing the bound HS–, and the glycine residue, which aids in HS– 

coordination, are the thought to be the major contributing factors for the high binding 

affinities of HS– to the Fe center. Reanalysis of the structural data of sulfide-bound HbI 

from L. Pectinata showed that there is a short C…S contact of 3.9 Å between the Phe-43 

residue and the S atom bound to Fe. Although the H atom on the metal sulfide was not 

located, the short C…S distance suggests that the H…S distance could be as short as 2.8 Å, 

which would be considered one of the stronger C–H…S–M contacts according to the data 

collected by Bolognesi shown in Figure 5.22 (PDB: 1MOH). 

Later work by Banerjee and coworkers discovered that human Hb can support 

catalytic H2S oxidation to form thiosulfate and polysulfides prompting further 

investigation of how sulfide binds human Hb.185 In subsequent work focused on 

structural and mechanistic insights into this process, the crystal structure of sulfide bound 

human Hb was reported (Figure 5.22b, PDB: 5UCU).189 There are key differences in the 

active site between the sulfide bound Hb structures from L. Pectinata and humans. In 

human Hb, the hydrogen bond acceptor to the bound sulfide is His rather than Gly in L. 

Pectinata. In addition, the Phe residue in the human Hb has a longer C…S contact at 4.3 

Å, which would suggest a weaker C–H…S–M interaction. Single site mutagenesis of Hb1 

from L. Pectinata has been studied to understand how H2S oxidation is affected by the 
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hydrophobic pocket of L. Pectinata.190 When the Phe residues are modified with more 

polar, hydrogen bond accepting residues, which are more similar to those of human Hb, 

the rate of H2S oxidation is increased. Based on the short, potentially strong C–H…S 

contact in the primary coordination sphere of sulfide bound to Hb1 from L. Pectinata, we 

postulate that these short stabilizing contacts may contribute to the slowed rate of sulfide 

oxidation. It is possible that the C–H…S–Fe hydrogen bond causes the bound sulfide to be 

less readily oxidized by Fe due to an attractive force between the partial negative charge 

on S and the partial positive charge of the hydrogen atom involved in hydrogen bonding, 

thus limiting its reducing power and slowing down the oxidation process. 

 

 

Figure 5.22. X-ray structures of (a) sulfide bound Hb1 isolated from L. Pectinata and (b) 

sulfide bound Hb isolated from human myoglobin. The labeled lengths correspond to C–

S distances.  

 

Stabilizing interactions within other metal hydrosulfide complexes by C–H…S–M 

interactions were also found when using the same search criteria for C–H…S–M contacts 

of the d-block. Searching the CSD for short contacts for structures in which the sulfur HB 
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acceptor was a M–SH moiety revealed 202 molecules with 1,476 contacts (Figure 5.23). 

The cone corrected 3D histogram shows the majority of contacts have an angle greater 

than 150 ° at distances < 3.125 Å. Such interactions, which include the example from L. 

Pectinata, would be considered moderate in strength. 

  

 

Figure 5.23. Cone corrected histograms of C–H…(SH)–M with d-block metals. 

 

Zn–S complexes are widely studied in biological sulfur chemistry due to the 

known affinity for the formation of Zn–S bonds, such as in Zn finger proteins. Zn–SH 

have been demonstrated to form through ligand metathesis reactions of Zn–OH with H2S, 

leading others to study the reactivity of these compounds as models in biological 

reactivity. For example, Galardon and Artaud have studied tris(pyrazol)boratezinc 

hydrosulfide (TpZnSH) species, in which the TpZnOH precursors are structurally similar 

to the carbonic anhydrase active site, to further understand their roles in persulfidation 

reactivity via Zn–SH intermediates.191 In this work, an isopropyl functionalized Tp ligand 

(iPrTp) is used to isolate a iPrTpZnSH complex. Further inspection of this structure shows 

multiple short C–H…S–Zn hydrogen bonding interactions (Figure 5.24). All three 

isopropyl groups of the iPrTp ligand show the tertiary C–H bond pointing towards the 
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bound Zn–S. The H…S bond lengths and C–H…S bond angles are 3.066, 3.110, 3.289 Å 

and 150.5, 153.6, 135.5 °, respectively. The Zn–S bond distance is 2.230 Å and slightly 

shorter in comparison to some other Zn–SH species where C–H…S hydrogen bonds are 

weaker.192  

 

 

Figure 5.24. Graphical representation of C-H…S-Zn hydrogen bonding interactions 

observed in a iPrTpZnSH complex.  

 

5.3 Conclusions 

 This work provides evidence for hydrogen bonding interactions between C–H 

bonds as hydrogen bond donors and sulfur atoms as hydrogen bond acceptors. Although 

specific C–H…S have been observed previously in selected systems, the analyses 

provided here highlight that these close contacts are significantly more common than 

currently appreciated. This generality is supported by the tens of thousands of solid-state 

structures with C–H…S interactions that provide the framework to study the details of 

such contacts and associated trends. Following the standard definition of a hydrogen 

bond, we establish that C–H…S close contacts are indeed hydrogen bonding interactions, 

with the most defining factor being the distance between a hydrogen atom and the 

acceptor. The prevalence of such contacts in organic molecules and metal complexes 

with S in the primary coordination sphere provides the ability to compare these 
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interactions through the use of 3D histograms. These analyses provide clear trends for 

preferential distances and angles for C–H…S close contacts.  

These analyses reveal that that C–H…S hydrogen bonds out-perform more 

traditional N–H…S and O–H…S hydrogen bonds at long distances and bent contact 

angles. This marked difference in contact angle geometry and distance may help explain 

why C–H…S contacts have been traditionally overlooked. Prior work by Addlagatta and 

coworkers84 identified 20 C–H…S contacts with C…S distances up to 4 Å in enzyme-

ligand binding sites reported in the PDB. Now, informed by the over 423,000 C–H…S 

contacts found in molecular structures of small molecules, we see that this 4 Å cut-off 

may be too short (Figure D.2e). We suspect lengthening the allowed range of C…S 

contact distances would reveal even more overlooked C–H…S hydrogen bonds present in 

enzyme-ligand binding sites in the PDB. In addition to our own analyses that establishes 

C–H…S close contacts as hydrogen bonds, we highlighted selected prior examples in 

which C–H…S contacts are present, but that were not identified in the earlier analyses. 

One such example from the hydrosulfide Hb complexes in L. Pectinata and human 

myoglobin may explain the disparate reactivity observed between the two Hb species.  

 As a whole, this work demonstrates that C–H…S close contacts can be classified 

as hydrogen bonding interactions and should no longer be overlooked. The 3D 

histograms presented provide a convenient tool for identifying relatively strong, 

moderate, and weak C–H…S hydrogen bonds present in the solid state. Moving forward, 

C–H…S interactions should be included in the design, analysis, and function of 

compounds in diverse areas of chemistry ranging from supramolecular chemistry to 

structural biology to materials characterization.  
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CHAPTER VI 

CONTROLLING THE REACTIVITY OF HYDROSULFIDE WITH A 

SUPRAMOLECULAR HOST 

This chapter includes unpublished co-authored material from Fargher, H.A.; Longnight, 

F.; de Faria, T. P.; Nickels, R.A.; Haley, M.M.; Johnson, D.W.; Pluth, M.D. This 

manuscript was written by Hazel A. Fargher with editorial assistance by Professors 

Michael M. Haley, Darren W. Johnson, and Michael D. Pluth. The project in this chapter 

was developed by Hazel A. Fargher, Michael M. Haley, Darren W. Johnson, and Michael 

D. Pluth. The experimental work and data analysis were performed by Faith Longnight. 

Mass spectra were obtained by Thaís P. de Faria. Supramolecular receptors were 

synthesized by Russell A. Nickels.  

 

6.1 Introduction  

Supramolecular host-guest chemistry studies the non-covalent, intermolecular 

binding interactions between two or more molecules, and often serves as a simplified 

synthetic imitation of protein-ligand binding in biology. Much like protein-ligand 

interactions, the supramolecular host binding pocket can control the microenvironment of 

a bound guest and as a result catalyze reactions,38–40,193–196 change the product 

distribution of a reaction,197–199 and shift equilibria.200–202 Host-guest chemistry can even 

stabilize highly reactive and fleeting molecules.203–205 Notably, in 1991 Cram and 

coworkers found that dimerization of the highly reactive, antiaromatic molecule 

cyclobutadiene was prevented when incarcerated inside a hemicarcerand supramolecular 

host.41 This host-guest stabilization allowed the authors to study the spectroscopic 
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properties of this otherwise unstable molecule for the first time. Another representative 

example highlighting the effectiveness of host-guest stabilization includes research by 

Nitschke and coworkers who showed that white phosphorus (P4), a highly pyrophoric 

compound when exposed to air, is unreactive towards water and oxygen when 

encapsulated in a tetrahedral container molecule.42  

  Recently, we have reported an arylethynyl bisurea supramolecular receptor for 

hydrosulfide (HS–) with high binding affinities (Ka ~ 15,000 M–1) in organic solvents 

(6.1, Figure 6.1).36 HS– is an important biomolecule; at physiological pH, HS– is favored 

over its conjugate acid hydrogen sulfide (H2S, pKa = 7.00), which has been classified as 

the third endogenously produced gasotransmitter and plays a role as a signaling molecule 

in major biological systems.9,30 The supramolecular chemistry of HS–, however, remains 

understudied. HS– is a nucleophilic and reducing anion and as such supramolecular hosts 

must be carefully designed to prevent undergoing reaction with this guest. As a result, we 

are aware of only three families of supramolecular receptors that have shown reversible, 

non-covalent binding with HS–.29,31,32,35,36 Nonetheless, evidence of the importance of 

supramolecular interactions with HS– has emerged in nature. For example, HS– has been 

found bound by hydrogen bonding interactions in the turn-over state of vanadium-

containing nitrogenase.122 In addition, a recently discovered bacterial ion channel uses 

non-covalent interactions for the molecular recognition and cell membrane transport of 

HS–.121 

In this work, we study how supramolecular anion binding modulates the reactivity 

of HS– in organic solvents. The rate of reaction of HS– with a nitrobenzoxadiazole (7-

nitro-1,2,3-benzoxadiazole, NBD) thioether (6.2, Scheme 6.1) is monitored in the 
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presence and absence of supramolecular receptor 6.1. NBD thioether derivatives have 

been established as a colorimetric probe for HS– in aqueous solution and are known to 

undergo nucleophilic aromatic substitution (SNAr) with the analyte.206 Reaction product 

6.3 is UV-active and can be used to monitor the reaction progress via UV-vis 

spectroscopy. By comparing rate constants (k) and rate of reactions (ν), we aim to 

understand the extent of HS– stabilization through supramolecular binding with 6.1, and 

perhaps mimic design strategies of nature in controlling this reactive biomolecule. 

 

 

Figure 6.1. Supramolecular receptor for HS– used in this study. 

 

 

Scheme 6.1 Reaction of HS– with 6.2 in the presence and absence of various equivalents 

of 6.1. 

 

 

 



93 

 

6.2 Methods 

 Host 6.1 is a previously reported anion receptor for HS– and was prepared by 

established methods.36 6.2 was chosen for this study as the rate of reaction with HS– was 

slow enough to be measured via UV-vis spectroscopy but proceeded to completion before 

HS– reactivity with 6.1 could occur.35,36 Furthermore, both NBD-thioether 6.2 and 

reaction products 6.3 and 6.4 are unlikely to compete with HS– binding with 6.1. NBD-

thioether 6.2 was synthesized through methods similar to those reported in literature206 

and was characterized through 1H and 13C NMR spectroscopy and high-resolution mass 

spectrometry (Appendix E).  

The reaction of HS– with NBD thioether derivative 6.2 in anhydrous and 

anaerobic 10%-DMSO/MeCN at 25 °C was monitored via UV-vis spectrophotometry in 

the presence and absence of supramolecular receptor 6.1 (see Appendix E for 

experimental details). NBD-thioether 6.2 absorbs around 420 nm in 10% DMSO/MeCN, 

consistent with other NBD-thioether derivatives in aqueous 50 mM PIPES buffer (Figure 

6.2a).206 After reaction with HS–, the UV-vis trace of reaction product 6.3 can be 

observed with a local λmax at around 570 nm. This local λmax is more red-shifted than 6.3 

in aqueous 50 mM PIPES buffer which is consistent with fewer hydrogen bond donors in 

the organic solvent compared to water (Figure 6.2a).206 Derivatives of receptor 6.1 have 

previously been shown to absorb in the UV-vis region;26,27,29 however, the UV-vis trace 

of 6.2 and 6.3 in the presence of 5 equiv. 6.1 revealed similar local λmax for 6.1 + 6.2 (420 

nm) and 6.1 + 6.3 (570 nm) (Figure 6.2b). 
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Figure 6.2. a) UV-vis spectra of 6.2 (yellow trace) and 6.3 (pink trace) after reaction of 

6.2 with HS–. b) UV-vis spectra of 6.2 and 5 equiv. 6.1 (orange trace) and 6.3 and 5 

equiv. 6.1 (blue trace) after reaction of 6.2 with HS–. 

 

6.3 Results and Discussion 

To best understand the effect of 6.1 on the rate of the reaction in Scheme 6.1, we 

compared the reaction kinetics of 1 equiv. TBASH with 1 equiv. NBD-thioether 6.2 in 

the presence and absence of 5 equiv. 6.1. The reaction progress in both cases were 

monitored by collection of UV−vis absorption data of the reaction product 6.3 at 570 nm 

in 0.9 s intervals (Figure 6.3a-b). Initial data points before ~5 s were not observed due to 

the speed of the reaction; however, we were able to determine a rate constants (k) for the 

reaction with and without 6.1 present by fitting UV-vis absorption data to the 2nd order 

rate equation through non-linear regression (Figure 6.3c). Kinetic experiments were 

performed in duplicate or triplicate. Table 6.1 summarizes the results from a 

representative trial and average rate constants (kave) from multiple trials. Comparing kave 
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for the two reactions, we see that even at the 99.7% confidence interval the reaction 

proceeds significantly slower in the presence of 5 equiv. 6.1. 

 

 

 

Figure 6.3. a) UV-vis spectra of the reaction of 10 μM TBASH with 10 μM 6.2. b) UV-

vis spectra of the reaction of 10 μM TBASH with 10 μM 6.2 in the presence of 5 equiv. 

6.1. b) Time course data of the absorbance at 570 nm in the presence (blue trace) and 

absence (red trace) of 5 equiv. 6.1 fit to a 2nd order non-linear regression model (dashed 

black trace). 

 

Table 6.1. Rate constant and initial starting material concentrations for the reaction of 10 

μM TBASH with 10 μM 6.2 in the presence and absence of 5 equiv. 6.1, calculated by 

the 2nd order rate equation non-linear regression model.  
Equiv. 6.1 Representative results from one trial kave (M–2∙s–1) 

k (M–2∙s–1) [TBASH]0 (Abs) [6.2]0 (Abs) R2 

0 0.681 ± 0.009 0.270 ± 0.002 0.283 ± 0.002 0.995 0.670 ± 0.008 

5 0.44 ± 0.02 0.140 ± 0.002 0.196 ± 0.004 0.994 0.44 ± 0.03 

 

 In addition, the initial concentrations for TBASH and 6.2, calculated by the non-

linear regression model, can provide more information about the equilibria and kinetics 

happening in solution. To the best of our efforts, we keep the TBASH and 6.2 initial 
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equivalent ([TBASH]0 and [6.2]0, respectively), unless otherwise noted. In the absence of 

6.1, the non-linear regression model consistently returns 1.06 ± 0.01 for the ratio of 

[6.2]0/[TBASH]0, confirming a 1:1 starting concentration equivalency. However, in the 

presence of 5 equiv. 6.1, despite aiming for a 1:1 equivalency, the non-linear regression 

model returns a [6.2]0/[TBASH]0 ratio of 1.406 ± 0.002, suggesting that 0.4 equiv. of the 

injected TBASH is not contributing to the rate of reaction in the 2nd order rate equation. 

This may suggest that the rate of dissociation (koff) of the host-guest complex of [6.1∙HS–] 

is slower than the rate of the reaction. More work to determine kon and koff is required to 

further explore this idea. Furthermore, kon/koff may not be equal to the association 

equilibrium constant (Ka ~15,000 M–1) if the reaction with NBD-thioether 6.2 proceeds 

faster than equilibrium can be reached in solution. 

 Finally, we also studied the kinetics of the reaction in Scheme 6.1 in the presence 

of 1 equiv. 6.1. Time course data of the absorbance of reaction product 6.3 was fit to the 

2nd order rate equation through non-linear regression. Although each of the three trials are 

well-fit by the model, k is inconsistent across the three trials (Table 6.2), and at times 

greater than the rate constant in the absence of a receptor (Table 6.1). We hypothesize 

that small changes in the absorbance at 570 nm due to host-guest complexation with 6.1 

may contribute to more variability at a 1:1 host:guest equivalency. In addition, 

developing a model which better reflects the kon and koff rate constants is likely more 

important at a 1:1 host:guest equivalency, and could contribute to more consistent results. 
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Table 6.2. Rate constant and initial starting material concentrations for the reaction of 10 

μM TBASH with 10 μM 6.2 in the presence of 1 equiv. 6.1, calculated by the 2nd order 

rate equation non-linear regression model.  
Trial k (M–2∙s–1) [TBASH]0 (Abs) [6.2]0 (Abs) R2 

1 0.63 ± 0.01 0.241 ± 0.002 0.278 ± 0.003 0.996 

2 0.519 ± 0.008 0.380 ± 0.003 0.39 ± 0.01 0.997 

3 0.75 ± 0.02 0.278 ± 0.002 0.299 ± 0.003 0.995 

 

6.4 Conclusion and Future Outlook 

Inspired by supramolecular hosts which have been shown to stabilize reactive 

species, we show that receptor 6.1, which has a strong affinity for HS–, reduces the 

reactivity of the anion in organic solvent and slows down the rate of reaction of HS– 

towards SNAr with NBD thioether 6.2. Although this study serves as a proof of concept, 

future generations of supramolecular hosts may be used to control the equilibria and 

product distribution of systems with HS– as a starting material. 

Future work includes further characterizing the kinetics of the reaction with and 

without the receptor present. Kinetic experiments must be performed to determine kon and 

koff of the host-guest complex.  In addition, work is already underway comparing the 

effect of 6.1 on the initial rate (ν0) of reaction. Table 6.3 summarizes those results so far. 

By changing the concentration of 6.1 and keeping TBASH concentration constant we will 

be able to determine at what point the reaction is saturated by receptor. By changing the 

concentration of TBASH throughout these studies we will be able to better discern 

important differences in ν0 stemming from host:guest equivalency. 

Finally, this system allows us to compare the effect of different supramolecular 

receptors on the rate of reaction. In particular, supramolecular host 4.2D (a deuterium-

labelled isotopologue of 6.1) was used in Chapter IV to study the deuterium equilibrium 

isotope effect (DEIE) of a C–H/D hydrogen bond donor on anion binding. Because of the 
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reactivity of HS–, we were unable to determine the DEIE of HS– binding with 4.2D; 

however, the use of a fast, high-precision instrument that could monitor all reactants in 

solution, such as a reactIR, could provide insight into the rate constants and association 

constants in Scheme 6.1, and ultimately allow us to determine the DEIE of anion binding 

through kinetic experiments. 

 

Table 6.3. Initial rates of reactiona of various concentrations of TBASH and 6.1 with 10 

μM 6.2. 
 ν0 (∆Abs/∆s) 

TBASH conc. (μM) 0 μM 6.1 10 μM 6.1 20 μM 6.1 50 μM 6.1 100 μM 6.1 

0 0 0 0 0 0 

2.5 — — — — — 

5 0.008 ± 0.004 — — — — 

10 0.020 ± 0.001 0.028 ± 0.005 — 0.0087 ± 0.0004 — 

20 — — — — — 
aRates determined over 6.8 ± 0.1 s. 
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CHAPTER VII 

ARYLETHYNYL UREA ANION RECEPTORS FOR DISRUPTION OF THE 

HOFMEISTER BIAS IN TETRABUTYLPHOSPHONIUM SALT LIQUID-

LIQUID EXTRACTION 

This chapter includes unpublished co-authored material from Fargher, H.A.; Haley, 

M.M.; Johnson, D.W.; Moyer B.A. This manuscript was written by Hazel A. Fargher 

with editorial assistance by Professors Michael M. Haley and Darren W. Johnson and Dr. 

Bruce A. Moyer. The project in this chapter was developed by Hazel A. Fargher and Dr. 

Bruce A. Moyer. The experimental work and data analysis were performed by Hazel A. 

Fargher with support from Dr. Bruce A. Moyer. 

 

7.1 Introduction  

Separation of inorganic salts for purification is a major challenge in industry, 

mining,207,208 environmental remediation,209,210 sensing,211 and waste treatment.212,213 

Host-mediated liquid-liquid extraction, in which a host is employed in extraction of salt 

guests from one immiscible liquid to another (typically water and an organic solvent, 

respectively), has emerged as a powerful technology in the separation of salts.214,215 Hosts 

can be designed to impart selectivity and high binding affinities for extracted salts.216  

 Research into host-mediated liquid-liquid extraction has explored the influence of 

receptors on cation,217–219 anion,77 and ion-pair220,221 extraction. A significant body of this 

work has focused on the development and study of cation receptors in liquid-liquid 

extraction; lagging behind is the study of anion receptors in extraction.214 This constitutes 

a major gap in research in the field of salt extraction and separation. Co-extraction of the 
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counter anion will strongly influence the extractability and even selectivity of the targeted 

cation.222,223  

Without the presence of a receptor for the counter anion, extraction of a salt from 

water into an organic phase is strongly related to the hydrophilicity or lipophilicity of the 

anion. Therefore, salt extraction is highly dependent on the position of the counter anion 

in the Hofmeister series (an empirical ranking of ions based on their hydrophilicity or 

lipophilicity) making the selective liquid-liquid extraction of a salt with a hydrophilic 

counter anion challenging with only a cation receptor.222 Selective anion receptors with 

strong binding affinities could disrupt this Hofmeister bias in anion extraction, much in 

the same way cation receptors have been shown to impart selectivity for specific cations. 

In this work, we use previously published arylethynyl urea anion receptors 7.1 

and 7.2 (Figure 7.1a and b, respectively) to study their impact in disrupting the 

Hofmeister bias in liquid-liquid salt extraction. 7.1 was chosen due to its high affinity for 

Cl– (Ka ~ 7,900) and NO3
– (Ka ~ 5,520) and simple 1:1 host:guest binding in 

chloroform.27 7.2 was chosen for its selectivity for NO3
– over Cl–, Br–, and I– in 10% 

DMSO-d6/CDCl3.18 In addition, the tripodal architecture of 7.2 may be useful for 

extracting larger oxoanions such as ReO4
– and TcO4

– in future work. 

 

7.2 Methods  

Anion receptors 7.1 and 7.2 were used in liquid-liquid extraction of 

tetrabutylphosphonium (TBP+) salts from water into nitrobenzene. 7.1 and 7.2 have 

previously been reported and were synthesized according to established methods.18,27 

TBP salts were chosen for extraction experiments because P concentration in aqueous 



101 

 

solution can be determined by ICP-MS with limits of detection (LOD) in the ppt range 

and background equivalent concentrations (BEC) in the ppb range. TBP salts were 

synthesized by reaction of TBPOH with various acids and characterized by 31P NMR 

(Appendix F). Nitrobenzene was chosen as the extractant solvent to minimize ion-pairing 

in the organic phase and was purified according to previous methods.224  

 

 

Figure 7.1. Anion receptors chosen for this study. 

  

7.2.1 Liquid-liquid extraction experiments 

Aqueous phases of 18 MΩ deionized water contained variable concentrations of 

TBP salts (TBPX, where X–= Cl–, Br–, I–, and  NO3
–). The organic phases of nitrobenzene 

contained variable concentrations of 7.1, 7.2, or no receptor. Equal volumes (0.3 mL 

each) of the organic and aqueous phases were equilibrated by repeated inversion at 8 

RPM by a rotator for 2 h. Temperature was held around 25 °C by heating a bead bath 

beneath the rotator and covering the bead bath, rotator, and headspace with a double layer 

of aluminum foil. After rotation, samples were centrifuged at 3000 RCF for 20 min at 25 
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°C in a refrigerated centrifuge. After centrifugation, 0.2 mL of the aqueous phase was 

removed and prepared for analysis by ICP-MS (Appendix F). All extractions were 

performed in duplicate or triplicate. 

 

7.3 Results and Discussion 

7.3.1 Calculating energy of partitioning for TBP+  

Gibbs free energy of extraction of dissociated TBPX ions (∆G°ex±) in host-

mediated liquid-liquid extraction is the sum of Gibbs free energy of partitioning (∆G°p) 

of both TBP+ and X– and Gibbs free energy of formation (∆G°f) of the host-guest 

complex (Equation 7.1). Therefore, understanding salt partitioning from water into 

nitrobenzene is a key first step before studying the effect of an anion receptor on salt 

extraction. ∆G°p values for anion partitioning from water into nitrobenzene have been 

well-documented;225 however, ∆G°p(TBP+) is so-far unknown. ∆G°p(TBPX) can be 

represented as the partition equilibrium constant (Kp) according to Equation 7.2. In the 

following equations 𝑦 represents the Debye-Hückel activity coefficients of the species in 

solution and a bar denotes that the species is in the organic phase. 

∆𝐺𝑒𝑥±
° = ∆𝐺𝑝

° (𝑇𝐵𝑃+) + ∆𝐺𝑝
° (𝑋−) + ∆𝐺𝑓

°(𝑅𝑚𝑋−)     (7.1) 

∆𝐺𝑝
° (𝑇𝐵𝑃+)+∆𝐺𝑝

° (𝑋−)

2.303𝑅𝑇
= log (𝐾𝑝(𝑇𝐵𝑃𝑋)) = log (

𝑦̅
𝑇𝐵𝑃+[𝑇𝐵𝑃+̅̅ ̅̅ ̅̅ ̅̅ ]𝑦̅𝑋[𝑋−̅̅ ̅̅ ]

𝑦𝑇𝐵𝑃+[𝑇𝐵𝑃+]𝑦𝑋−[𝑋−]
)     (7.2) 

The distribution ratio (DP) is a measure of TBP+ concentration in the organic and 

aqueous phase after extraction and is represented by Equation 7.3. DP can be substituted 

into Equation 7.2, thereby relating ∆G°p(TBP+) to DP. 

𝐷𝑃 =
[𝑇𝐵𝑃+̅̅ ̅̅ ̅̅ ̅̅ ]

[𝑇𝐵𝑃+]
=

[𝑋−̅̅ ̅̅ ]

[𝑋−]
     (7.3) 
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Liquid-liquid extractions of various concentrations of TBPX salts were performed 

with nitrobenzene in the absence of a host. ICP-MS analysis of P concentration in the 

aqueous phase before and after extraction was used to calculate the distribution ratio in 

the absence of any receptor (DP,0). Experimental log(DP,0) were plotted against initial salt 

concentration ([TBPX]0) for Cl–, Br–, I–, and NO3
– . (Figure 7.2a–7.2d, respectively) to 

reveal that log(DP,0) is independent of salt concentration, consistent with Equation 7.2. 

 

 

Figure 7.2. Experimentally determined log(DP,0) values vs. log[TBPX]0 for a) TBPCl, b) 

TBPBr, c) TBPI, and d) TBPNO3. 

 

Values for log(Kp) for TBPCl, TBPBr, TBPI, and TBPNO3 were calculated from 

DP,0 according to Equation 7.2. An average Kp for each salt was used to independently 

calculate ∆G°p(TBP+) (Table 7.1). An average of these values reveals a favorable Gibbs 

free energy of –24 ± 1 kJ mol–1 for TBP+ partitioning from water into nitrobenzene at 25 

°C. A large negative partitioning energy means that TBP+ is a highly lipophilic cation, 
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making TBP salts an excellent candidate for studying extraction with hydrophilic anions. 

In addition, TBP+ is more lipophilic than the tetrabutylammonium (TBA+) cation which 

has a ∆G°p of –9 kJ mol–1, perhaps due to the greater dispersion character of P compared 

to N. With a value for ∆G°p(TBP+) we can now study the effect of an anion receptor on 

the extraction of TBP salts. 

 

Table 7.1. ∆G°p (TBP+) calculated from experimental logKp for TBPCl, TBPBr, TBPI, 

and TBPNO3 partitioning from water into nitrobenzene at 25 °C.  
Salt Average log Kp ∆G°p (X–) (kJ mol–1)225 ∆G°p (TBP+) (kJ mol–1) 

TBPCl –1.8 ± 0.3 35 –25 ± 1 

TBPBr –0.79 ± 0.04 29 –25 ± 1 

TBPI 0.98 ± 0.06 18 –24 ± 1 

TBPNO3 0.06 ± 0.01 24 –24 ± 1 

Average ∆G°p (TBP+) (kJ mol–1) –24 ± 1 

 

7.3.2 Host-mediated extraction by 7.1  

Host-mediated liquid-liquid extraction can be represented as a series of equilibria 

(Figure 7.3). Under conditions in which ions are dissociated in both phases, the extraction 

constant of dissociated ions (Kex±, Equation 7.4) is the product of Kp(TBPX) and the 

formation constant (Kf, Equation 7.5) of anion binding with host R. When initial anion 

receptor concentration ([R]0) is much greater than the concentration of TBPX in the 

organic phase after equilibrium is reached ([TBPX]org, ~10x) we can make two key 

assumptions: 1) [R]0 is approximately equal to free receptor concentration ([R]); and 2) 

almost all X– in the nitrobenzene phase are bound by R, i.e. DP,TBPX = [RnX–]org/[X–]aq. 

With these two key assumptions we can substitute DP,TBPX into Equation 7.4 and 

rearrange to give Equation 7.6. Equation 7.6 can be analyzed through linear slope 

analysis in which [R]0 is the independent variable and logDP,TBPX is the dependent 

variable. 
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Figure 7.3. Equilibria present in host-mediated liquid-liquid extraction of TBPX salts. 

 

𝐾𝑒𝑥±(𝑇𝐵𝑃𝑋) =
𝑦̅

𝑇𝐵𝑃+[𝑇𝐵𝑃+̅̅ ̅̅ ̅̅ ̅̅ ]𝑦̅𝑅𝑛𝑋[𝑅𝑛𝑋−̅̅ ̅̅ ̅̅ ̅̅ ]

𝑦𝑇𝐵𝑃+[𝑇𝐵𝑃+]𝑦𝑋−[𝑋−](𝑦̅𝑅)𝑛[𝑅̅]𝑛 = 𝐾𝑝 ∙ 𝐾𝑓     (7.4) 

𝐾𝑓 =
𝑦̅𝑅𝑛𝑋[𝑅𝑛𝑋−̅̅ ̅̅ ̅̅ ̅̅ ]

𝑦̅𝑋[𝑋−̅̅ ̅̅ ](𝑦̅𝑅)𝑛[𝑅̅]𝑛     (7.5) 

2 log 𝐷𝑃 = 𝑛 log[𝑅̅] + log 𝐾𝑒𝑥± + log (
𝑦

𝑇𝐵𝑃+ ∙𝑦𝑋−

𝑦̅𝑇𝐵𝑃+ ∙𝑦̅𝑅𝑋−
)     (7.6) 

Liquid-liquid extractions of a fixed concentration of TBPX salts (0.02 – 0.03 mM) 

were performed with nitrobenzene as the water-immiscible high-dielectric-constant 

organic diluent in the presence of various concentrations of host 7.1 (1, 0.5, 0.1, 0.07, and 

0.05 mM) (See Appendix F). ICP-MS analysis of P concentration in the aqueous phase 

before and after extraction was used to calculate DP,TBPX. Experimental log(DP,TBPX) were 

plotted against free receptor concentration ([7.1]) for Cl–, Br–, I–, and NO3
– (Figures 7.4a–

7.4d, respectively) to reveal that log(DP,TBPX) is linearly related to [7.1], consistent with 

Equation 7.6. Note, for each data point [7.1] was estimated by assuming that the 

concentration of the host-guest complex is far greater than the concentration of free guest 

in organic solution and subtracting n×[X–]org (where n is the binding stoichiometry) from 

initial receptor concentration, [7.1]0. This assumption becomes weaker at lower [7.1]0. 
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Figure 7.4. Experimentally determined log(DP,TBPX) values vs. log[7.1] for a) TBPCl, b) 

TBPBr, c) TBPI, and d) TBPNO3. 

 

 Equations 7.1 and 7.6 and our calculated ∆G°p(TBP+) were used to determine 

Kex±, ∆G°ex±, host:guest binding stoichiometry, Kf(RnX–), and ∆G°f(RnX–) (Table 7.2). In 

cases where a 1:1 host:guest binding stoichiometry is determined (i.e., slope = 0.5, and n 

= 1), Kf(RX–) is equal to the association constant (Ka) of 1:1 host-guest formation. 

Otherwise, Kf(RnX–) is the product of association constants in the step-wise formation of 

RnX–.  

 

Table 7.2. Experimental values determined through slope analysis for TBPCl, TBPBr, 

TBPI, and TBPNO3.    
 n Kf(RnX–) M–1 ∆G°f(RnX–) (kJ mol–1) Kex± (M–1) ∆G°ex± (kJ mol–1) R2

model 

TBPCl 1.44 ± 0.04 –– –– –– –– 0.997 

TBPBr 1.02 ± 0.08 900 ± 300 –17.1 ± 0.9 160 ± 60 –12.6 ± 0.9 0.988 

TBPI –– –– –– –– –– –– 

TBPNO3 0.95 ± 0.04 160 ± 30 –13.0 ± 0.5 180 ± 40 –12.6 ± 0.5 0.993 
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 Comparing the binding stoichiometry (n, Table 7.2) of 7.1 with each anion, we 

see that binding stoichiometry is anion dependent, even among these simpler anions. We 

were only able to calculate a 1:1 host:guest binding stoichiometry for Br– and NO3
–. We 

found the slope of the linear analysis with Cl– to be 1.44, suggesting complex binding 

stoichiometry and may even be indicative of multiple species in solution. Because of this 

complex binding stoichiometry, we were unable to determine any more extraction 

parameters with Cl–. Finally, we were unable to determine a binding stoichiometry with 

I– due to low extraction efficiency. We found that at the lowest receptor concentrations 

(0.05, 0.07, and 0.1 mM), log(DP,TBPBr) is within error of background extraction by 

nitrobenzene alone. Therefore, these three points cannot be used in slope analysis. These 

findings were somewhat unexpected as previous work had determined 1:1 binding 

stoichiometry with all of these anions with 1 – 5 mM 7.1 and closely related derivatives 

in CDCl3,26,27 10% DMSO-d6/CD3CN,36,29,35 CH3CN,29 and CD2Cl2:DMSO-d6 mixtures25 

through 1H NMR and UV-vis spectroscopy titrations. However, previous work also notes 

an anion-dependence in linear free energy relationships of derivatives of host 7.1 with the 

halides, nitrate, and hydrochalcogenide anions,27,36 perhaps suggesting that host binding 

stoichiometry and conformation with these anions is more diverse than previously 

appreciated. 

 We were only able to determine Kf(RnX–) values for TBPBr and TBPNO3, due to 

their host:guest binding stoichiometry of 1:1. We calculated a Kf(R∙Br–) of 900 ± 300 M–1 

and a Kf(R∙NO3
–) of 180 ± 40 M–1 which are similar to Ka of Cl– binding with a derivative 

of 7.1 in DMSO-d6,25 an organic solvent with a similar dielectric constant to nitrobenzene 

(46.7 and 34.8, respectively). 
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Finally, we calculated ∆G°ex± for TBPBr and TBPNO3 (Table 7.2) and see some 

evidence of disruption of the Hofmeister series. Although Br – and NO3
– have different 

∆Gp° (29 and 24 kJ mol–1, respectively)225 they have the same ∆G°ex±. This result can 

only be due to the presence of a receptor, highlighting the utility of future generations of 

anion receptors in selective extraction of anions, despite their position on the Hofmeister 

series. 

 

7.3.3 Host-mediated extraction by 7.2 

 We also investigated host-mediated liquid-liquid extraction of TBPX salts (0.03–

0.06 mM) with variable concentration 7.2 (0.4, 0.1, 0.07, 0.04, 0.004 mM). Due to 

limitations with host solubility in nitrobenzene (~0.4 mM), and ICP-MS limit of detection 

and precision for P concentrations in aqueous solution, we were unable to get sufficient 

data for linear slope analysis; however, analysis of log(DP) values can still give us 

valuable information about the influence of 7.2 on salt extraction. 

Plotting log(DP,TBPX) vs. log([R]0/[TBPX]0) we can more easily compare the effect 

of 7.2 on distribution ratios of TBPCl, TBPBr, TBPI, and TBPNO3 (Figure 7.5a). Despite 

partitioning energies which range from the unfavorable (TBPCl and TPBr) to the 

favorable (TBPI), the presence of excess 7.2 (log([R]0/[TBPX]0) > 0) result in similar 

log(DP,TBPX) values across the range of salts. Furthermore, plotting log(DP,TBPX) – 

log(DP,0) vs. logKp([R]0/[TBPX]0), where DP,0 represents the distribution ratio of TBPX 

salts in the absence of any receptor, shows the increase in the log(DP) due to anion 

binding with 7.2 (Figure 7.5b). Figure 7.5b shows that TBPCl enjoys the greatest increase 

in DP due to the presence of 7.2, at all ratios of [R]0/[TBPX]0. This is indicative of 
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stronger binding of Cl– with 7.2 compared to the other anions, consistent with its greater 

charge density. DP
 values for TBPBr and TBPNO3 are similarly affected. Binding may be 

seen to follow the Hofmeister order in Fig. 7.5b. This result is somewhat surprising; we 

chose to study 7.2 for its selectivity for NO3 in anion binding in 10% DMSO-d6/CDCl3. 

However, selectivity in 10% DMSO-d6/CDCl3 was found to be due to favorable anion…π 

interactions between NO3
– and 7.2. Perhaps this decrease in selectivity for NO3

– in 

nitrobenzene is indicative of competing anion…π interactions from the solvent. Finally, 

we see that DP values for I– are least affected by the presence of 7.2, suggesting weaker 

anion binding. While we see that binding follows the Hofmeister order, the order of 

extraction overall does not follow this order (Fig. 7.5a). Nitrate is most strongly extracted 

overall. 

 

 

Figure 7.5. a) Comparing the effect of 7.2 on distribution ratios of TBPX salts. b) Plots 

reveal the contribution of 7.2 towards the distribution ratio of TBPX. 

 

7.4 Conclusion 

 Host-mediated liquid-liquid extraction has proven a useful method in the 

separation and purification of salts in industrial, environmental, and waste management 

settings. In particular, work on cation receptors has now allowed for the selective 
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extraction of targeted salts, for example the use of cation receptors in the removal of Cs+ 

from radioactive waste. Lagging far behind, however, is the use of anion receptors for the 

selective removal of the counter anion. Development of such receptors could be hugely 

beneficial in liquid-liquid extraction applications, from helping to improve extraction 

efficiencies, to targeting anions of interest, and even influencing cation selectivity.  

 In this work, we study the effect of two previously published arylethynyl urea 

receptors on TBPX salt extraction from water into nitrobenzene. Both receptors have 

previously been shown to bind the halides and NO3
– in organic solvents, allowing us to 

study anion receptor effect on a series of TBPX salts with anions from across the 

Hofmeister series. A tetrabutylphosphonium (TBP+) counter cation was chosen so that 

salt distribution ratios could be determined through ICP-MS analysis of phosphorus 

concentration in aqueous solution.  

Herein, we report the Gibbs free energy of partitioning of TBP+ into nitrobenzene 

at 25 °C, previously unreported. This value will be useful for other researchers using 

TBP+ to study anion extraction. In addition, we show that receptors 7.1 and 7.2 

significantly disrupt the anion Hofmeister bias in extraction, and at the highest 

concentration of receptors (0.4 – 1 mM) studied, we see similar distribution ratios for all 

TBPX salts, regardless of the hydrophilicity or lipophilicity of the anion. Finally, we 

explain the equilibria in host-mediated liquid-liquid extraction and show how slope-

analysis can be used to determine host-guest binding stoichiometry and the formation 

equilibrium constant of anion binding. Research and progress in this field should lead to 

the development of selective extraction of anions through host-mediated liquid-liquid 

extraction, regardless of the anion’s place on the Hofmeister series.  
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CHAPTER VIII 

CONCLUSIONS AND FUTURE OUTLOOK 

 

 The research in this thesis highlights the utility of supramolecular host-guest 

chemistry in both fundamental and application-driven work. Steady advancements in the 

field of organic synthetic chemistry have given the supramolecular chemist the freedom 

to design, build, and study the binding properties of almost any supramolecular host. 

Size, geometry, and non-covalent interactions are all factors that can be tailored in a 

binding pocket and studied to ask questions about the strength and specificity of host-

guest interactions. The careful design of a series of supramolecular hosts allows for 

physical organic methods to isolate the role of specific non-covalent interactions amongst 

a mixture of additive and competitive forces. In addition, targeting new and understudied 

guests can provide insights into their unique supramolecular chemistry, both in biological 

and abiological settings. 

 Asking these fundamental questions is an essential first step before useful and 

relevant applications can be developed. At the time this thesis was written, a search on 

Google Scholar for “chloride supramolecular ‘anion binding’” returns 4,830 results. This 

plethora of research has led to innovative applications for Cl– host-guest chemistry. These 

include mapping Cl– concentrations in subcellular organelles,226 Cl– transport across cell 

membranes as a potential therapeutic for disease states such as cystic fibrosis,82,83,227 

detection of Cl– in sweat as a non-invasive method to monitor disease,228 

organocatalysis,229,230 and even NaCl extraction from water.107 In Chapters II–IV of this 

thesis, we use Cl– binding as a benchmark to understand hydrochalcogenide binding and 
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in Chapter V, C–H…S contact geometry is compared with C–H…Cl contact geometry to 

establish the former as an important non-covalent interaction in supramolecular 

chemistry. Finally, in Chapter VII, we explore how supramolecular receptors can be used 

to improve Cl– extraction from water. In contrast, a search on Google Scholar for 

“hydrosulfide OR hydroselenide OR hydrochalcogenide supramolecular ‘anion binding’” 

returns 234 results, and we are only aware of three families of supramolecular receptors 

which have been shown to reversibly bind the hydrochalcogenide anions.29,31,32,35,36 As 

the research on these anions expands, so too should their supramolecular applications. 

The work in this thesis has revealed design elements in supramolecular hosts that 

are both compatible and show a preference for the hydrochalcogenide anions. This is 

somewhat unusual; although reports have shown the importance of non-covalent 

interactions in binding with the hydrochalcogenide anions in biology,121,122 the high 

reactivity of these anions can make their supramolecular chemistry challenging to study. 

We have shown that unreactive and poorly acidic hydrogen bond donors such as urea and 

amide N–H functional groups are compatible with the nucleophilic, reducing, and basic 

nature of the hydrochalcogenide anions. In Chapter II we warn of slow addition of the 

hydrochalcogenide anions to hosts with an alkyne functional group and in Chapter VI 

demonstrate nucleophilic aromatic substitution of HS– with sufficiently electron-deficient 

aromatic rings. Chapters II through IV highlight challenges in studying the host-guest 

chemistry of HS– in organic solvent that is contaminated with small amounts of oxygen 

and water, and over long experiment times. Finally, in Chapter III, we found a preference 

of a polarized C–H hydrogen bond donor for HS– over other anions studied, which 

suggests that future generations of HS– selective supramolecular hosts should employ this 
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motif. C–H…S hydrogen bonds may already be a key factor in a published chemical field-

effect transistor for HS– detection in aqueous solution231 and has inspired the use of our 

supramolecular receptors in an ion-selective electrode.232  

Despite these advances in our understanding of hydrochalcogenide anion binding, 

we are still lagging far behind the extensive work on Cl– binding. The S–H and Se–H 

bonds in the hydrochalcogenide anions set them apart from other spherical mono-atomic 

anions such as the halides. In addition, the hydridic nature of these hydrogens differ from 

other protic anions. We do not believe that these hydrogens interact with traditional 

hydrogen bond acceptors. On the contrary, in Chapters II and III we show that the 

hydrochalcogenide hydrogens have chemical shifts in the hydride region of 1H NMR 

spectra and shift upfield upon binding with a supramolecular host. A greater 

understanding of the behavior and character of these hydrogens during host-guest binding 

can inform design rules for the geometry and types of non-covalent interactions used in 

future host binding pockets. 

Other binding motifs such as anion…π interactions and σ-hole interactions such as 

halogen, chalcogen, and pnictogen bonding, need to be explored further for compatibility 

and binding strength. Solvent studies to understand the effect of solvation, polarity, and 

solvent hydrogen bonding on the supramolecular chemistry of HS– and HSe– are needed 

to eventually translate understanding of synthetic supramolecular host-guest chemistry to 

protein-ligand interactions in biological settings. Finally, further EIE studies are needed 

to elucidate how binding affects the vibrational energy of the bonds present in both host 

and guest.  
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 In conclusion, we have demonstrated that aryl ethynyl urea anion receptors 

provide a versatile and modifiable scaffold for supramolecular host-guest binding with a 

variety of guests, from the well-behaved halide anions, to large protic oxoanions, and the 

highly reactive and understudied hydrochalcogenide anions. In using these receptors to 

understand the fundamental supramolecular host-guest chemistry of the 

hydrochalcogenide anions, we have explored compatible and preferable 

hydrochalcogenide binding motifs which inform the design of supramolecular hosts in 

future applications. The insights gained from expanding the scope of supramolecular 

anion binding to the hydrochalcogenide anions should inspire future work on other 

understudied biologically relevant anions and small molecules such as nitrosopersulfide 

(SSNO–) and nitroxyl (HNO), respectively.  
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APPENDIX A 

SUPPLMENTARY CONTENT FOR CHAPTER II 

Experimental Details 

Materials and Methods.  

All manipulations were performed under an inert atmosphere using an Innovative 

Atmospheres N2-filled glove box unless otherwise noted. All reagents were purchased 

from commercial sources and used as received, unless otherwise noted. Solvents were 

degassed by sparging with Ar followed by passage through a Pure Process Technologies 

solvent purification system to remove water and stored over 4Å molecular sieves in an 

inert atmosphere glove box. CD3CN and DMSO-d6 were distilled from calcium hydride 

then deoxygenated by three freeze-pump-thaw cycles and stored in an inert atmosphere 

glove box. Tetrabutylammonium hydrosulfide (NBu4(SH))70 and host 2.1tBu were all 

synthesized according to previous reports.27,70 Note: Hydrogen sulfide, hydrogen 

selenide, and related salts are highly toxic and should be handled carefully to avoid 

exposure. MS was collected on a Xevo Waters ESI LC/MS instrument. The following 

naming conventions were used to describe NMR couplings: (s) singlet, (d) doublet, (t) 

triplet, (q) quartet, (dd) doublet of doublets, (m) multiplet, (b) broad. 
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Guest and Receptor Synthesis.  

Tetrabutylammonium hydroselenide (NBu4SeH). This preparation was adapted from 

previous reports.69 NBu4BH4 (0.743 g, 2.90 mmol) was dissolved in dry CH3CN (10 mL) 

and treated with Se0 (0.242 g, 3.10 mmol) in a dry box. After stirring for 7 d, the solvent 

was removed in vacuo and the resulting yellow oil was washed with THF. The resulting 

white powder was filtered using a fine porosity glass-fritted funnel and redissolved in 

CH3CN and layered under Et2O to afford colorless crystals (0.152 g, 0.500 mmol, 16% 

yield). 1H NMR (600 MHz, CD3CN) δ: 3.09 (m, 8H), 1.60 (p, J = 7.9 Hz, 8H), 1.35 (h, J 

= 7.3 Hz, 8H), 0.97 (t, J = 7.4 Hz, 12H), –6.61 (SeH, s, 1H). 13C{1H} NMR (150 MHz, 

CD3CN) δ: 59.3, 24.32, 20.34, 13.79. 

 

N,N',N''-(Nitrilotris(ethane-2,1-diyl))tris(3,5-bis(trifluoromethyl)benzamide) (2.2CF3). 

This preparation was adapted from previous reports.31,233 Tris(2-aminoethyl)amine 

(0.0770 g, 0.530 mmol) and NaOH (0.230 g, 5.75 mmol) were dissolved in H2O (20 mL), 

and a solution of 3,5-bis(trifluoromethyl)benzoyl chloride (0.437 g, 1.58 mmol) in ethyl 

acetate (EtOAc, 20 mL) was added dropwise and the reaction mixture was stirred 

overnight under N2 at room temperature. The organic layer was washed three times with 

H2O (30 mL) then dried with Na2SO4. After filtration, the solvent was removed under 

vacuum to afford a white powder (0.246 g, 54% yield). 1H NMR (600 MHz, DMSO-d6) 

δ: 8.86 (NH, t, J = 5.5 Hz, 3H), 8.29 (s, 6H), 8.14 (s, 3H), 3.34 (q, J = 5.9 Hz, 6H), 2.75 

(t, J = 6.2 Hz, 6H). 13C{1H} NMR (150 MHz, DMSO-d6) δ: 163.36, 136.37, 130.14 (q, J 

= 33.3 Hz), 127.78, 124.49, 122.98 (q, J = 272.8 Hz), 53.44, 38.10. 
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NMR Studies. 

General Methods. NMR spectra were acquired on a Brüker Avance-III-HD 600 

spectrometer with a Prodigy multinuclear broadband cryoProbe at 25.0 °C or on a Varian 

500 MHz spectrometer. Chemical shifts are reported in parts per million (δ) and are 

referenced to residual solvent resonances (CD3CN 1H 1.94 ppm, 13C{1H} 118.26 ppm 

and DMSO-d6 1H 2.50 ppm, 13C{1H} 39.52 ppm).  

 

General Procedure for NMR Titrations. Method A. A solution of host in 10% DMSO-

d6/CD3CN or CD3CN (1.8-2.2 mM, 3 mL) was prepared and 500 μL was added to a 

septum-sealed NMR tube. The remaining host solution (2.5 mL) was used to prepare a 

host/guest (10-25 mM) stock solution. Aliquots of the host/guest solution were added to 

the NMR tube using Hamilton gas-tight syringes, and 1H NMR spectra were recorded at 

25 °C after each addition of guest. The Δδ of the various NH and aromatic CH protons 

were used to follow the progress of the titration, and association constants were 

determined using the Thordarson method.71,72  

 

Method B. A solution of receptor 2.1tBu in 10% DMSO-d6/CD3CN (0.8-1.2 mM) was 

prepared and 500 μL was added to a septum-sealed NMR tube. A stock solution of guest 

(NBu4SeH) was prepared in 10% DMSO-d6/CD3CN (18.6-27.0 mM). Aliquots of the 

guest solution were added to the NMR tube using Hamilton gas-tight syringes, and 1H 

NMR spectra were recorded at 25 °C after each addition of guest. The Δδ of the NH and 
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the central aromatic CH proton was used to follow the progress of the titration, and 

association constants were determined using the Thordarson method.71,72  

 

Decomposition Studies with 2.1tBu and HSe–. Stock solutions in 10% DMSO-d6/CD3CN 

of 2.1tBu (2 mM,) and NBu4(SeH) (25 mM) were prepared. A septum sealed NMR tube 

was charged with 500 μL of the 2.1tBu solution. 20 equiv. NBu4SeH was added to the 

receptor solution using a Hamilton gas-tight syringe, and the δ of the NH and various 

aromatic CH protons were monitored by 1H NMR at 25 °C to determine the effect of 

HSe– binding on 2.1tBu (Figure A.3). These samples were then collected and the solvent 

removed under vacuum for MS analysis. 

 

HSe– Binding Reversibility Studies with 2.1tBu and Zn(OAc)2. Stock solutions in 10% 

DMSO-d6/CD3CN of receptor 2.1tBu (2 mM,) and NBu4SeH (11 mM) were prepared, as 

was a stock solution of Zn(OAc)2 (78 mM) in DMSO-d6. A septum sealed NMR tube was 

charged with 500 μL of 2.1tBu. After 6 equiv. NBu4SeH was added using a Hamilton gas-

tight syringe, the δ of the NH and various aromatic CH protons were monitored by 1H 

NMR at 25 °C over the course of 3 h. (Figure A.5) 20 equiv. Zn(OAc)2 was added using 

a Hamilton gas-tight syringe to determine the effect of Zn(OAc)2 on HSe– binding. 

 

HSe– Binding Reversibility Studies with 2.2CF3 and Zn(OAc)2. Stock solutions in 10% 

DMSO-d6/CD3CN of 2.2CF3 (2 mM,), NBu4SeH (20 mM), and Zn(OAc)2 (40 mM) were 

prepared. A septum sealed NMR tube was charged with 350 μL of the 2.2CF3 solution, 
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then 2 equiv. NBu4SeH and 12 equiv. Zn(OAc)2 were sequentially added using Hamilton 

gas-tight syringes. The δ of the NH and various aromatic CH protons were monitored by 

1H NMR at 25 °C to determine the effect of Zn(OAc)2 on HSe– binding. 

 

X-ray Crystallography 

General Methods. Diffraction intensities for NBu4SeH, 2.2CF3, and NBu4[2.1tBu(SeH)] 

were collected at 173 K on a Bruker Apex2 CCD diffractometer using CuK radiation, 

= 1.54178 Å. Space groups were determined based on systematic absences (NBu4SeH, 

NBu4[2.1tBu(SeH)]) and intensity statistics (2.2CF). Absorption corrections were applied 

by SADABS.234 Structures were solved by direct methods and Fourier techniques and 

refined on F2 using full matrix least-squares procedures. All non-H atoms were refined 

with anisotropic thermal parameters. H atoms in all structures were refined in calculated 

positions in a rigid group model, except the H atom bonded to the Se atom in NBu4SeH. 

Position of this H atom was found on the residual density map and refined with isotropic 

thermal parameters. Solvent molecules (hexane in 2.2CF3 and diethyl ether in 

NBu4[2.1tBu(SeH)]) fill out a large empty space between the main molecules in the 

packing. They are highly disordered and were treated by SQUEEZE.235 The corrections 

of the X-ray data by SQUEEZE are 132 and 212 electron/cell; the expected values are 

100 and 168 electron/cell, respectively, for 2.2CF3 and NBu4[2.1tBu(SeH)]. Due to a lot of 

disordered –CF3 groups in the structure of 2.2CF3, diffraction at high angles from crystals 

of this compound is very weak and reflection statistics at high angles are poor. Even 

using a strong Incoatec IµS Cu source it was possible to collected data only up to 2θmax = 



120 

 

99.98°. However, diffraction data collected for 2.2CF3 provide appropriate numbers of 

measured reflections per refined parameters: 8261 per 1118. Thermal parameters for the 

F atoms in the disordered –CF3 groups are significantly elongated displaying their 

significant disorder. Diffraction data for NBu4[2.1tBu(SeH)] has been collected up to 

2θmax = 133.46° but reflection at high angles are also very weak due to disordered 

terminal groups in a counter-ion NBu4 and solvent Et2O molecule. The disordered 

fragments have been refined with restrictions on its geometry and using RIGU option in 

SHELXL. All calculations were performed by the Bruker SHELXL-2014 package.236 

In contrast to the structure of NBu4SH,70 determined in high symmetry R-3c with 

the H atom at the S atom disordered over several positions, the structure of NBu4SeH was 

determined in monoclinic system with one position for the H atom on the Se atom. The 

difference in size of the S and Se atoms appear to provide the difference in crystal 

packing and as a result crystal symmetry in case of the Se atom is reduced from 

hexagonal to monoclinic. 
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Table A.1. Crystallographic data for NBu4SeH, 2.2CF3, and NBu4[2.1tBu(SeH)]. 

 NBu4SeH 2.2CF3 NBu4[2.1tBu(SeH)] 

formula C16H37NSe C36H31F18N4O3 C74H111N5O6Se 

fw 322.42 909.65 1245.63 

T (K) 173(2) 173(2) 173(2) K 

crystal system Monoclinic Triclinic Monoclinic 

space group C2/c P-1 P21/n 

a (Å) 14.1628(5) 13.8015(7) 9.5547(4) 

b (Å) 14.0547(5) 18.0488(9) 30.3155(13) 

c (Å) 19.8443(7) 18.1383(9) 26.1228(10) 

α (°) 90 103.008(3) 90 

β (°) 110.832(2) 102.996(3) 90.476(2) 

γ (°) 90 105.924(3) 90 

Z 8 4 4 

V (Å3) 3691.9(2) 4030.4(4) 7566.4(5) 

δcalc (mg/m3) 1.160 1.499 1.093 

indep. reflections 3260 8261 13148 

R1 0.0442 0.0656 0.0921 

R1(I>2σ(I)) 0.0722 0.0899 0.1124 

wR2 0.1118 0.1674 0.2381 

GOF 1.025 1.047 1.050 

max/min res. e– den. (eÅ-3) +0.377/–0.337 +0.672/–0.343 +1.061/–0.814 

CCDC# 1846890 1846891 1846892 

 

wR2 = [[w(Fo
2–Fc

2)2] / [w(Fo
2)2] ]1/2 

R1 = ||Fo|–|Fc|| / |Fo| 

GOF = S = [[w(Fo
2–Fc

2)2] / (n-p)]1/2 where n is the number of reflections and p is the 

total number of parameters refined. 



122 

 

 

Figure A.1. Space-filling model of (a) [2.1tBu(SeH)]– and (b) NBu4 [2.1tBu(SeH)], (C 

atoms of NBu4
+ in black) demonstrating that the aliphatic C–H bonds of NBu4

+ counter 

ion interacts with the bound HSe– anion.  

 

 

Figure A.2. Thermal ellipsoid diagram (at 50% probability) depicting the molecular 

structure of 2.2CF3. Only N–H hydrogen atoms are shown for clarity. 
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NMR Studies 

Decomposition Studies with 2.1tBu and HSe–. Stock solutions in 10% DMSO-d6/CD3CN 

of 2.1tBu (2 mM,) and NBu4(SeH) (25 mM) were prepared. A septum sealed NMR tube 

was charged with 500 μL of the 2.1tBu solution. 20 equiv. NBu4SeH was added to the 

receptor solution using a Hamilton gas-tight syringe, and the δ of the NH and various 

aromatic CH protons were monitored by 1H NMR at 25 °C to determine the effect of 

HSe– binding on 2.1tBu (Figure A.3). 

 

Figure A.3. Stacked 1H spectrum of receptor 2.1tBu and subsequent decomposition over 

43 h upon addition of 20 equiv. NBu4SeH. 
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Figure A.4. (a) Zoomed MS (negative mode, ESI) of further reacted products, with the 

proposed identity of these fragments, from the reaction of receptor 2.1tBu with 20 equiv. 

NBu4SeH. Simulated spectra are in grey above the experimental spectra. (b) Full MS 

(negative mode, ESI) with the proposed identity of certain peaks specified. 
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HSe– Binding Reversibility Studies with 2.1tBu and Zn(OAc)2. Stock solutions in 10% 

DMSO-d6/CD3CN of receptor 2.1tBu (2 mM,) and NBu4SeH (11 mM) were prepared, as 

was a stock solution of Zn(OAc)2 (78 mM) in DMSO-d6. A septum sealed NMR tube was 

charged with 500 μL of 2.1tBu. After 6 equiv. NBu4SeH was added using a Hamilton gas-

tight syringe, the δ of the NH and various aromatic CH protons were monitored by 1H 

NMR at 25 °C over the course of 3 h. (Figure A.5) 20 equiv. Zn(OAc)2 was added using 

a Hamilton gas-tight syringe to determine the effect of Zn(OAc)2 on HSe– binding. 

 

 

Figure A.5. (a) 1H spectrum of unbound 2.1tBu. (b) 1H spectrum of 2.1tBu bound with 

HSe– after 1 h and (c) after 3 h. (d) Addition of Zn(OAc) shows a return to the original, 

unbound spectrum of 2.1tBu, demonstrating reversibility. 
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HSe– Binding Reversibility Studies with 2.2CF3 and Zn(OAc)2. Stock solutions in 10% 

DMSO-d6/CD3CN of 2.2CF3 (2 mM,), NBu4SeH (20 mM), and Zn(OAc)2 (40 mM) were 

prepared. A septum sealed NMR tube was charged with 350 μL of the 2.2CF3 solution, 

then 2 equiv. NBu4SeH and 12 equiv. Zn(OAc)2 were sequentially added using Hamilton 

gas-tight syringes. The δ of the NH and various aromatic CH protons were monitored by 

1H NMR at 25 °C to determine the effect of Zn(OAc)2 on HSe– binding. 

 

 

Figure A.3. (a) Molecular depiction of Zn extrusion to show reversibility of receptor 

2.2CF3. (b) 1H spectrum of unbound 2.2CF3. (c) 1H NMR spectrum of 2.2CF3 bound with 

HSe–. (d) Addition of Zn(OAc)2 shows a return to the original, unbound spectrum of 

2.2CF3, demonstrating reversibility. 
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1H NMR Data 

Table A.2. Representative titration of receptor 2.1tBu with HSe– in 10% DMSO-

d6/CD3CN. 

Entry VGuest (μL) [Host] (M) [HSe–] (M) Equiv. δ NHf 

(ppm) 

δ NHg 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.873 7.937 7.790 

1 5 2.0E-03 2.7E-04 0.13 8.991 7.969 7.854 

2 10 2.0E-03 5.3E-04 0.27 9.098 8.000 7.906 

3 15 2.0E-03 7.9E-04 0.40 9.187 8.028 7.950 

4 25 1.9E-03 1.3E-03 0.67 9.343 8.071 8.035 

5 35 1.9E-03 1.8E-03 0.94 9.475 8.101 8.101 

6 55 1.8E-03 2.7E-03 1.47 9.670 8.165 8.201 

7 95 1.7E-03 4.3E-03 2.55 9.913 8.229 8.327 

8 145 1.6E-03 6.1E-03 3.89 10.078 8.274 8.405 

9 205 1.4E-03 7.8E-03 5.50 10.176 8.312 8.456 

10 265 1.3E-03 9.3E-03 7.10 10.254 8.336 8.489 

11 325 1.2E-03 1.1E-02 8.71 10.307 8.354 8.507 

12 385 1.1E-03 1.2E-02 10.32 10.331 8.361 8.516 

13 485 1.0E-03 1.3E-02 13.00 10.367 8.380 8.525 

 

Figure A.7. Representative binding isotherm for HSe– titration of receptor 2.1tBu in 10% 

DMSO-d6/CD3CN determined by 1H NMR spectroscopy. 

  

7.7

7.9

8.1

8.3

8.5

8.7

8.9

9.1

9.3

9.5

9.7

9.9

10.1

10.3

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

δ
 (

p
p

m
)

[G]/[H]

Binding Isotherm of [SeH–]

NHb Experimental NHb Predicted

NHc Experimental NHc Predicted

CHa Experimental CHa Predicted

-0.02

0

0.02

0 2 4 6 8 10 12 14

R
e
s
id

u
a

ls

[G]/[H]

NHb

NHc

CHa



128 

 

Table A.3. Representative titration of receptor 2.1tBu with HS– in 10% DMSO-

d6/CD3CN. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NHf 

(ppm) 

δ NHg 

(ppm) 

δ CHa 

(ppm) 

0 0 1.0E-03 0.0E+00 0.00 8.868 7.934 7.790 

1 5 1.0E-03 1.8E-04 0.18 9.205 8.003 7.969 

2 10 1.0E-03 3.6E-04 0.36 9.507 8.060 8.153 

3 15 1.0E-03 5.3E-04 0.53 9.770 8.116 8.313 

4 20 1.0E-03 7.0E-04 0.70 9.999 8.161 8.448 

5 30 1.0E-03 1.0E-03 1.04 10.363 8.233 8.644 

6 40 1.0E-03 1.4E-03 1.36 10.580 8.282 8.758 

7 50 1.0E-03 1.7E-03 1.67 10.723 8.314 8.835 

8 65 1.0E-03 2.1E-03 2.11 10.857 8.340 8.908 

9 80 1.0E-03 2.5E-03 2.53 10.944 8.361 8.953 

10 95 1.0E-03 2.9E-03 2.93 10.993 8.373 8.963 

11 115 1.0E-03 3.4E-03 3.43 11.036 8.385 8.970 

12 140 1.0E-03 4.0E-03 4.01 11.080 8.410 9.002 

13 170 1.0E-03 4.7E-03 4.65 11.110 8.407 9.005 

14 210 1.0E-03 5.4E-03 5.42 11.130 8.419 9.005 

15 260 1.0E-03 6.3E-03 6.27 11.155 8.413 9.013 

16 360 1.0E-03 7.7E-03 7.67 11.174 8.434 9.022 

17 510 1.0E-03 9.3E-03 9.25 11.206 8.445 9.032 

18 710 1.0E-03 1.1E-02 10.75 11.223 8.467 9.028 

 

Figure A.4. Representative binding isotherm for HS– titration of receptor 2.1tBu in 10% 

DMSO-d6/CD3CN determined by 1H NMR spectroscopy. 
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Table A.2. Representative titration of receptor 2.1tBu with Br– in 10% DMSO-d6/CD3CN. 

Entry VGuest (μL) [Host] (M) [Br–] (M) Equiv. δ NHf 

(ppm) 

δ NHg 

(ppm) 

δ CHa 

(ppm) 

0 0 1.0E-03 0.0E+00 0.00 8.878 7.936 7.797 

1 5 1.0E-03 2.5E-04 0.25 8.906 7.941 7.820 

2 10 1.0E-03 4.9E-04 0.49 8.923 7.945 7.836 

3 15 1.0E-03 7.2E-04 0.72 8.946 7.947 7.854 

4 20 1.0E-03 9.5E-04 0.95 8.967 7.952 7.875 

5 30 1.0E-03 1.4E-03 1.40 9.003 7.956 7.906 

6 40 1.0E-03 1.8E-03 1.83 9.035 7.962 7.939 

7 50 1.0E-03 2.3E-03 2.25 9.069 7.965 7.965 

8 65 1.0E-03 2.9E-03 2.85 9.108 7.971 8.002 

9 80 1.0E-03 3.4E-03 3.41 9.143 7.976 8.033 

10 95 1.0E-03 4.0E-03 3.95 9.177 7.982 8.066 

11 115 1.0E-03 4.6E-03 4.63 9.214 7.987 8.105 

12 135 1.0E-03 5.3E-03 5.26 9.247 7.991 8.132 

13 160 1.0E-03 6.0E-03 6.00 9.281 7.995 8.164 

14 190 1.0E-03 6.8E-03 6.82 9.318 8.001 8.196 

15 225 1.0E-03 7.7E-03 7.68 9.352 8.006 8.225 

16 265 1.0E-03 8.6E-03 8.58 9.385 8.011 8.256 

17 315 1.0E-03 9.6E-03 9.57 9.420 8.016 8.289 

18 375 1.0E-03 1.1E-02 10.61 9.455 8.022 8.316 

19 455 1.0E-03 1.2E-02 11.79 9.488 8.022 8.345 

20 555 1.0E-03 1.3E-02 13.02 9.516 8.030 8.367 

21 695 1.0E-03 1.4E-02 14.40 9.530 8.036 8.383 

22 885 1.0E-03 1.6E-02 15.82 9.560 8.036 8.410 

        

 

Figure A.5. Representative binding isotherm for Br– titration of receptor 21tBu in 10% 

DMSO-d6/CD3CN determined by 1H NMR spectroscopy. 
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Table A.5. Representative titration of receptor 2.1tBu with Cl– in 10% DMSO-d6/CD3CN. 

Entry VGuest (μL) [Host] (M) [Cl–] (M) Equiv. δ NHf 

(ppm) 

δ NHg 

(ppm) 

δ CHa 

(ppm) 

0 0 8.8E-04 0.0E+00 0.00 8.866 7.934 7.788 

1 5 8.8E-04 2.0E-04 0.23 9.083 7.956 7.969 

2 10 8.8E-04 4.0E-04 0.45 9.256 7.973 8.117 

3 15 8.8E-04 5.9E-04 0.67 9.397 7.989 8.238 

4 20 8.8E-04 7.7E-04 0.88 9.514 8.001 8.336 

5 30 8.8E-04 1.1E-03 1.30 9.696 8.018 8.484 

6 40 8.8E-04 1.5E-03 1.70 9.820 8.031 8.593 

7 50 8.8E-04 1.8E-03 2.09 9.910 8.039 8.667 

8 65 8.8E-04 2.3E-03 2.64 10.006 8.050 8.746 

9 80 8.8E-04 2.8E-03 3.17 10.069 8.061 8.800 

10 100 8.8E-04 3.4E-03 3.83 10.130 8.062 8.847 

11 125 8.8E-04 4.0E-03 4.59 10.181 8.073 8.891 

12 155 8.8E-04 4.8E-03 5.43 10.219 8.080 8.920 

13 195 8.8E-04 5.7E-03 6.44 10.259 8.082 8.946 

14 245 8.8E-04 6.6E-03 7.55 10.293 8.090 8.969 

15 345 8.8E-04 8.2E-03 9.38 10.328 8.100 8.988 

16 495 8.8E-04 1.0E-02 11.42 10.361 8.108 9.006 

17 695 8.8E-04 1.2E-02 13.36 10.374 8.114 9.013 

 

Figure A.6. Representative binding isotherm for Cl– titration of receptor 2.1tBu in 10% 

DMSO-d6/CD3CN determined by 1H NMR spectroscopy. 
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Table A.3. Representative titration of receptor 2.2CF3 with HSe– in CD3CN.  

Entry VGuest (μL) [Host] (M) [HSe–] (M) Equiv. δ NH (ppm) δ CH (ppm) 

0 0 1.1E-03 0.00E+00 0.00 7.79 8.13 

1 5 1.1E-03 8.99E-05 0.08 7.81 8.14 

2 10 1.1E-03 1.78E-04 0.16 7.82 8.14 

3 20 1.1E-03 3.49E-04 0.32 7.85 8.15 

4 30 1.1E-03 5.14E-04 0.47 7.87 8.15 

5 45 1.1E-03 7.49E-04 0.68 7.91 8.16 

6 60 1.1E-03 9.72E-04 0.89 7.94 8.17 

7 80 1.1E-03 1.25E-03 1.14 7.97 8.17 

8 100 1.1E-03 1.51E-03 1.38 8.01 8.18 

9 130 1.1E-03 1.87E-03 1.71 8.06 8.19 

10 160 1.1E-03 2.20E-03 2.01 8.1 8.2 

11 200 1.1E-03 2.59E-03 2.37 8.15 8.21 

12 250 1.1E-03 3.03E-03 2.76 8.19 8.22 

13 310 1.1E-03 3.47E-03 3.17 8.23 8.23 

14 380 1.1E-03 3.92E-03 3.57 8.25 8.25 

15 460 1.1E-03 4.35E-03 3.97 8.27 8.27 

16 560 1.1E-03 4.79E-03 4.37 8.28 8.28 

17 710 1.1E-03 5.33E-03 4.86 8.3 8.29 

18 910 1.1E-03 5.86E-03 5.34 8.31 8.31 

19 1160 1.1E-03 6.34E-03 5.78 8.32 8.32 

 

 

Figure A.7. Representative binding isotherm for HSe– titration of receptor 2.2CF3 in 

CD3CN determined by 1H NMR spectroscopy. 
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Table A.4. Representative titration of receptor 2.2CF3 with HS– in CD3CN. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NH (ppm) δ CH (ppm) 

0 0 1.2E-03 0.0E+00 0.00 7.79 8.14 

1 10 1.2E-03 2.3E-04 0.19 7.99 8.18 

2 20 1.2E-03 4.5E-04 0.37 8.12 8.21 

3 30 1.2E-03 6.6E-04 0.54 8.28 8.24 

4 45 1.2E-03 9.6E-04 0.79 8.47 8.29 

5 60 1.2E-03 1.2E-03 1.03 8.65 8.32 

6 80 1.2E-03 1.6E-03 1.32 8.83 8.37 

7 100 1.2E-03 1.9E-03 1.60 8.99 8.4 

8 125 1.2E-03 2.3E-03 1.92 9.14 8.43 

9 150 1.2E-03 2.7E-03 2.21 9.24 8.46 

10 180 1.2E-03 3.1E-03 2.54 9.35 8.48 

11 210 1.2E-03 3.4E-03 2.83 9.43 8.5 

12 250 1.2E-03 3.9E-03 3.19 9.50 8.51 

13 300 1.2E-03 4.4E-03 3.59 9.58 8.53 

14 360 1.2E-03 4.9E-03 4.01 9.63 8.54 

15 440 1.2E-03 5.4E-03 4.49 9.68 8.56 

16 540 1.2E-03 6.0E-03 4.98 9.72 8.57 

17 640 1.2E-03 6.5E-03 5.38 9.75 8.57 

18 790 1.2E-03 7.1E-03 5.87 9.80 8.58 

19 990 1.2E-03 7.7E-03 6.37 9.79 8.58 

20 1240 1.2E-03 8.3E-03 6.83 9.82 8.14 

 

  

Figure A.8. Representative binding isotherm for HS– titration of receptor 2.2CF3 in 

CD3CN determined by 1H NMR spectroscopy. 
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Table A.8. Representative titration of receptor 2.2CF3 with Br– in CD3CN. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NH 

(ppm) 

δ CH (ppm) 

0 0 1.2E-03 0.0E+00 0 7.79 8.14 

1 5 1.2E-03 2.6E-04 0.21 7.81 8.14 

2 10 1.2E-03 5.1E-04 0.42 7.83 8.15 

3 20 1.2E-03 1.0E-03 0.83 7.86 8.15 

4 30 1.2E-03 1.5E-03 1.22 7.89 8.16 

5 45 1.2E-03 2.2E-03 1.78 7.93 8.17 

6 60 1.2E-03 2.8E-03 2.30 7.97 8.18 

7 80 1.2E-03 3.6E-03 2.97 8.01 8.19 

8 100 1.2E-03 4.3E-03 3.58 8.05 8.2 

9 130 1.2E-03 5.4E-03 4.44 8.1 8.21 

10 160 1.2E-03 6.3E-03 5.21 8.13 8.22 

11 200 1.2E-03 7.4E-03 6.14 8.17 8.23 

12 240 1.2E-03 8.5E-03 6.97 8.21 8.24 

13 290 1.2E-03 9.7E-03 7.89 8.25 8.25 

14 350 1.2E-03 1.1E-02 8.85 8.28 8.26 

15 430 1.2E-03 1.2E-02 9.94 8.32 8.27 

16 530 1.2E-03 1.3E-02 11.07 8.35 8.27 

17 680 1.2E-03 1.5E-02 12.39 8.38 8.28 

18 880 1.2E-03 1.7E-02 13.71 8.42 8.29 

19 1130 1.2E-03 1.8E-02 14.91 8.43 8.29 

20 1380 1.2E-03 1.9E-02 15.79 8.45 8.3 

 

  

Figure A.9. Representative binding isotherm for Br– titration of receptor 2.2CF3 in 

CD3CN determined by 1H NMR spectroscopy. 
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Table A.5. Representative titration of receptor 2.2CF3 with Cl– in CD3CN. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NH 

(ppm) 

δ CH (ppm) 

0 0 1.33E-03 0.00E+00 0.00 7.79 8.14 

1 10 1.33E-03 4.23E-04 0.32 8 8.19 

2 20 1.33E-03 8.30E-04 0.63 8.17 8.22 

3 30 1.33E-03 1.22E-03 0.92 8.32 8.26 

4 45 1.33E-03 1.78E-03 1.34 8.49 8.3 

5 60 1.33E-03 2.31E-03 1.74 8.63 8.33 

6 80 1.33E-03 2.98E-03 2.24 8.77 8.36 

7 100 1.33E-03 3.60E-03 2.71 8.87 8.39 

8 125 1.33E-03 4.32E-03 3.25 8.97 8.41 

9 150 1.33E-03 4.98E-03 3.75 9.04 8.43 

10 180 1.33E-03 5.71E-03 4.31 9.11 8.44 

11 210 1.33E-03 6.39E-03 4.81 9.16 8.46 

12 250 1.33E-03 7.20E-03 5.42 9.22 8.47 

13 300 1.33E-03 8.10E-03 6.10 9.26 8.48 

14 360 1.33E-03 9.04E-03 6.81 9.31 8.49 

15 440 1.33E-03 1.01E-02 7.61 9.35 8.5 

16 540 1.33E-03 1.12E-02 8.45 9.38 8.51 

17 690 1.33E-03 1.25E-02 9.43 9.42 8.52 

18 890 1.33E-03 1.38E-02 10.42 9.41 8.52 

19 1140 1.33E-03 1.50E-02 11.31 9.45 8.52 

20 1390 1.33E-03 1.59E-02 11.96 9.46 8.53 

 

 

Figure A.10. Representative binding isotherm for Cl– titration of receptor 2.2CF3 in 

CD3CN determined by 1H NMR spectroscopy. 
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APPENDIX B 

SUPPLMENTARY CONTENT FOR CHAPTER III 

Experimental Details 

General Methods. All manipulations were performed under an inert atmosphere using an 

Innovative Atmospheres N2-filled glove box unless otherwise noted. NMR spectra were 

acquired at room temperature on a Bruker Avance III HD 600 equipped with a Prodigy 

multinuclear cryoprobe (1H: 600 MHz, 13C: 151 MHz, 19F: 565 MHz). 1H and 13C 

chemical shifts (δ) are reported in ppm relative to residual CHCl3 (1H: 7.26 ppm, 13C: 

77.16 ppm) or DMSO (1H: 2.50 ppm, 13C: 39.52 ppm) shifts. 19F NMR shifts are 

referenced to CFCl3 (δ 0 ppm) as an external standard. Mass spectra data were acquired 

on a Waters SYNAPT HDMS ToF in positive ion mode with a Shimadzu Prominence LC 

front end. CD3CN and DMSO-d6 were distilled from calcium hydride then deoxygenated 

by purging with N2 and stored over 4Å molecular sieves in an inert atmosphere glove 

box. Tetrabutylammonium chloride (NBu4Cl) and tetrabutylammonium bromide 

(NBu4Br) were recrystallized by layering an anhydrous THF solution under anhydrous 

Et2O. Tetrabutylammonium hydrosulfide (NBu4SH),70 tetrabutylammonium 

hydroselenide (NBu4SeH),35 1,3-dibromo-5-(trifluoromethyl)benzene,237,238 4-tert-butyl-

2-((trimethylsilyl)ethynyl)-aniline (3.4),137,239 and hosts 3.1NMe2, 3.1tBu, 3.1H, 3.1F, and 

3.1Cl27 were all synthesized according to previous reports. All other reagents were 

purchased from commercial sources and used as received. Note: Hydrogen sulfide, 

hydrogen selenide, and related salts are highly toxic and should be handled carefully to 

avoid exposure. 
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Receptor Synthesis and Characterization. 

 

Scheme B.1. Synthetic scheme for 3.1CF3 starting from previously published intermediate 

3.4.137,239  

 

Dianiline 3.5. This preparation was adapted from previous reports.27 A suspension of 4-

tert-butyl-2-((trimethylsilyl)ethynyl)aniline137,239 (3.4, 2.40 g, 9.77 mmol), K2CO3 (6.04 

g, 43.70 mmol), MeOH (20 mL), and Et2O (10 mL) was stirred at 25 °C for 3 h. The 

suspension was diluted with water and extracted with CH2Cl2 (3x) and washed with brine 

(2x). The organic layer was dried (Na2SO4) and concentrated in vacuo to afford a dark 

brown oil. The oil was dissolved in THF (10 mL) and DIPA (10 mL) and purged with N2 

for 1 h. The solution was cannulated into an N2-purged solution of 1,3-dibromo-5-

(trifluoromethyl)benzene240,241 (0.81 g, 2.7 mmol), Pd(PPh3)4 (0.15 g, 0.13 mmol), CuI 

(0.02 g, 0.1 mmol), THF (20 mL), and i-PrNH2 (20 mL). The solution was stirred for 12 

h at 50 °C, cooled, and concentrated in vacuo. The resulting oil was dissolved in CH2Cl2 

and filtered through a 3 cm silica plug, which was washed with additional CH2Cl2. The 

filtrate was concentrated in vacuo and the resulting brown oil was purified by column 

chromatography (5:1 hexanes/EtOAc) to afford 3.5 (0.48 g, 0.98 mmol, 37%) as a beige 

solid. 1H NMR (600 MHz, CDCl3) δ 7.84 (s, 1H), 7.71 (s, 2H), 7.39 (d, J = 2.1 Hz, 2H), 

7.23 (dd, J = 8.5, 2.1 Hz, 2H), 6.70 (d, J = 8.5 Hz, 2H), 4.18 (s, 4H), 1.30 (s, 18H). 13C 
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NMR (151 MHz, CDCl3) δ 145.84, 141.19, 137.01, 131.55 (q, J = 32.8 Hz), 129.05, 

128.03, 127.37 (q, J = 3.6 Hz), 124.99, 123.52 (q, J = 272.7 Hz), 114.64, 106.61, 92.12, 

89.07, 34.09, 31.52. 19F NMR (565 MHz, CDCl3) δ –63.09. HRMS (ESI-TOF-MS+) m/z 

calcd for C31H32N2F3 [M+H]+ 489.2518, found 489.2523. 

 

Receptor 3.1CF3. This preparation was adapted from previous reports.27 All glassware 

was dried in a 150 °C oven overnight. A round bottom flask was charged with dry 

toluene (100 mL) and dianiline 3.5 (0.41 g, 0.84 mmol). 4-Methoxyphenyl isocyanate 

(0.40 mL, 3.1 mmol) was added dropwise and the solution was stirred for 12 h at 50 °C. 

The reaction became cloudy upon completion, and the precipitate was collected, then 

recrystallized in toluene to afford 3.1CF3 (0.15 g, 0.20 mmol, 24%) as a fine white 

powder. 1H NMR (600 MHz, DMSO-d6) δ 9.31 (s, 2H), 8.32 (s, 1H), 8.17 (s, 2H), 8.11 

(s, 2H), 8.04 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 2.4 Hz, 2H), 7.46 (dd, J = 8.8, 2.4 Hz, 2H), 

7.38 (d, J = 8.9 Hz, 4H), 6.85 (d, J = 8.9 Hz, 4H), 3.70 (s, 6H), 1.30 (s, 18H). 13C NMR 

(151 MHz, DMSO-d6) δ 154.65, 152.40, 144.47, 138.33, 137.79, 132.41, 130.36 (q, J = 

31.7 Hz), 128.96, 127.82 (q, J = 3.9 Hz), 127.46, 124.29, 123.41 (q, J = 273.3 Hz), 

120.24, 119.74, 114.06, 110.26, 92.27, 88.58, 55.15, 33.98, 31.0. 19F NMR (565 MHz, 

DMSO-d6) δ –61.47. HRMS (ESI-TOF-MS+) m/z calcd for C47H46N4O4F3 [M+H]+ 

787.3471, found 787.3457. 
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NMR Spectra. 

 

Figure B.1. 1H NMR spectrum of dianiline 3.5. * = silicon grease 

 

 

Figure B.2. 13C{1H} NMR spectrum of dianiline 3.5. * = silicon grease 
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Figure B.3. 19F NMR spectrum of dianiline 3.5. 

 

 

Figure B.4. 1H NMR spectrum of receptor 3.1CF3. 
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Figure B.5. 13C{1H} NMR spectrum of receptor 3.1CF3. 

 

 

Figure B.6. 19F NMR spectrum of receptor 3.1CF3.  



141 

 

Linear free energy relationship (LFER) analysis of substituent effect on 1H NMR 

chemical shift (δ) of free host hydrogen bond (HB) donors at 0.8-2.2 mM in 10% 

DMSO-d6/ CD3CN at 25 °C. 

 

 

Figure B.7. LFER between δ of HB donors in free host 3.1R and σp. Dashed lines 

represent the 95% confidence interval for each linear trend. 

 

Table B.1. Fitting statistics for the LFER between δ of HB donors in free host 3.1R and 

σp. 

HB Donor Slope Intercept p-value R2 R2
adj. 

Slope Intercept Model 

CHa 0.64 ± 0.11 7.85 ± 0.04 < 0.01 < 0.01 < 0.01 0.90 0.88 

NHb 0.03 ± 0.02 7.93 ± 0.01 0.12 < 0.01 0.12 0.49 0.36 

NHc -0.02 ± 0.02 8.88 ± 0.01 0.48 < 0.01 0.48 0.13 -0.09 
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Figure B.8. Linear regression residuals of δ of CHa in free host 3.1R and σp. 

 

 

Figure B.9. Linear regression residuals of δ of NHb in free host 3.1R and σp. 
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Figure B.10. Linear regression residuals of δ of NHc in free host 3.1R and σp. 

 

1H NMR Titrations. 

General Methods. 1H NMR spectra were acquired at room temperature on a Varian 

Inova 500 MHz spectrometer (1H: 500.11 MHz). 1H chemical shifts (δ) are expressed in 

ppm relative to residual CH3CN (1H: 1.94 ppm) shifts. 

 

General Procedure for NMR Titrations. Method A. A solution of host in 10% DMSO-

d6/CD3CN (0.8-2.1 mM) was prepared and 500 μL was added to a septum-sealed NMR 

tube. The remaining host solution (2.5 mL) was used to prepare a host/guest (NBu4Cl or 

NBu4Br) (18.5-27.9 mM) stock solution. Aliquots of the host/guest solution were added 

to the NMR tube using Hamilton gas-tight syringes, and 1H NMR spectra were recorded 

at 25 °C after each addition of guest. The Δδ of the various NH and aromatic CH protons 
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were used to follow the progress of the titration, and association constants were 

determined using the Thordarson method.71  

Method B. A solution of receptor host in 10% DMSO-d6/CD3CN (1.8-2.2 mM) was 

prepared and 500 μL was added to a septum-sealed NMR tube. A stock solution of guest 

(NBu4SH or NBu4SeH) was prepared in 10% DMSO-d6/CD3CN (14.6-24.3 mM). 

Aliquots of the guest solution were added to the NMR tube using Hamilton gas-tight 

syringes, and 1H NMR spectra were recorded at 25 °C after each addition of guest. The 

Δδ of the NH and the central aromatic CH proton was used to follow the progress of the 

titration, and association constants were determined using the Thordarson method.71  

  



145 

 

1H NMR Titration Representative Data 

Table B.2. Representative titration of receptor 1CF3 with HS– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.2E-03 0.0E+00 0.00 8.861 7.959 8.187 

1 5 2.2E-03 2.4E-04 0.11 9.12 8.013 8.351 

2 5 2.2E-03 4.8E-04 0.22 9.376 8.067 8.516 

3 5 2.2E-03 7.1E-04 0.33 9.628 8.119 8.68 

4 5 2.1E-03 9.4E-04 0.44 9.872 8.17 8.844 

5 5 2.1E-03 1.2E-03 0.55 10.118 8.22 8.996 

6 10 2.1E-03 1.6E-03 0.77 10.521 8.305 9.265 

7 10 2.0E-03 2.0E-03 0.98 10.827 8.366 9.471 

8 10 2.0E-03 2.4E-03 1.20 11 8.408 9.574 

9 10 2.0E-03 2.8E-03 1.42 11.093 8.438 9.618 

10 10 1.9E-03 3.2E-03 1.64 11.143 8.449 9.654 

11 10 1.9E-03 3.5E-03 1.86 11.174 8.469 9.667 

12 30 1.8E-03 4.5E-03 2.51 11.222 8.485 9.681 

13 70 1.6E-03 6.6E-03 4.05 11.268 8.522 9.681 

  

Figure B.11. Representative binding isotherm and residuals for HS– titration of receptor 

3.1CF3 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy. 
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Table B.3. Representative titration of receptor 3.1CF3 with HSe– in 10% DMSO-

d6/CD3CN at 25 °C. 

Entry VGuest (μL) [Host] (M) [HSe–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.883 7.965 8.203 

1 5 2.0E-03 0.2E-03 0.12 9.039 8.007 8.299 

2 5 1.9E-03 0.5E-03 0.25 9.166 8.042 8.38 

3 5 1.9E-03 0.7E-03 0.37 9.281 8.07 8.455 

4 10 1.9E-03 1.2E-03 0.62 9.476 8.124 8.585 

5 10 1.8E-03 1.6E-03 0.87 9.637 8.167 8.687 

6 10 1.8E-03 2.0E-03 1.12 9.757 8.203 8.77 

7 15 1.8E-03 2.6E-03 1.50 9.898 8.236 8.854 

8 15 1.7E-03 3.2E-03 1.87 10.001 8.271 8.935 

9 15 1.7E-03 3.7E-03 2.24 10.081 8.298 8.983 

10 20 1.6E-03 4.4E-03 2.74 10.15 8.32 9.032 

11 20 1.5E-03 5.0E-03 3.24 10.223 8.336 9.063 

12 25 1.4E-03 5.7E-03 3.86 10.283 8.353 9.105 

13 30 1.4E-03 6.5E-03 4.61 10.325 8.373 9.133 

14 40 1.3E-03 7.4E-03 5.61 10.367 8.379 9.141 

15 60 1.2E-03 8.7E-03 7.11 10.429 8.425 9.172 

 

Figure B.12. Representative binding isotherm and residuals for HSe– titration of receptor 

3.1CF3 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy. 
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Table B.4. Representative titration of receptor 3.1CF3 with Cl– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [Cl–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.882 7.964 8.203 

1 5 2.0E-03 2.0E-04 0.10 9.011 7.982 8.324 

2 5 2.0E-03 4.0E-04 0.20 9.133 7.992 8.44 

3 5 2.0E-03 6.0E-04 0.30 9.249 8.005 8.555 

4 5 2.0E-03 7.9E-04 0.40 9.356 8.017 8.653 

5 10 2.0E-03 1.2E-03 0.58 9.54 8.038 8.829 

6 10 2.0E-03 1.5E-03 0.76 9.692 8.054 8.974 

7 10 2.0E-03 1.9E-03 0.93 9.819 8.068 9.097 

8 10 2.0E-03 2.2E-03 1.10 9.916 8.082 9.187 

9 10 2.0E-03 2.5E-03 1.25 9.993 8.084 9.262 

10 15 2.0E-03 2.9E-03 1.48 10.078 8.097 9.339 

11 15 2.0E-03 3.4E-03 1.69 10.134 8.105 9.393 

12 15 2.0E-03 3.8E-03 1.90 10.176 8.107 9.434 

13 20 2.0E-03 4.3E-03 2.15 10.215 8.115 9.466 

14 20 2.0E-03 4.7E-03 2.39 10.245 8.121 9.49 

15 30 2.0E-03 5.4E-03 2.71 10.276 8.125 9.515 

16 50 2.0E-03 6.4E-03 3.19 10.308 8.133 9.544 

17 100 2.0E-03 7.9E-03 3.97 10.344 8.143 9.567 

18 200 2.0E-03 1.0E-02 5.06 10.377 8.155 9.578 

        

Figure B.13. Representative binding isotherm and residuals for Cl– titration of receptor 

3.1CF3 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy. 
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Table B.5. Representative titration of receptor 3.1CF3 with Br– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [Br–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.869 7.961 8.192 

1 5 2.0E-03 2.8E-04 0.14 8.921 7.969 8.247 

2 10 2.0E-03 8.1E-04 0.42 9.009 7.985 8.34 

3 15 2.0E-03 1.6E-03 0.81 9.119 7.996 8.457 

4 20 2.0E-03 2.5E-03 1.30 9.243 8.011 8.586 

5 20 2.0E-03 3.4E-03 1.75 9.34 8.025 8.689 

6 25 2.0E-03 4.5E-03 2.28 9.438 8.035 8.787 

7 30 2.0E-03 5.6E-03 2.85 9.526 8.047 8.877 

8 35 2.0E-03 6.8E-03 3.46 9.603 8.06 8.953 

9 40 2.0E-03 8.0E-03 4.08 9.669 8.064 9.017 

10 45 2.0E-03 9.2E-03 4.69 9.725 8.072 9.07 

11 50 2.0E-03 1.0E-02 5.29 9.772 8.079 9.114 

12 60 2.0E-03 1.2E-02 5.92 9.817 8.086 9.155 

13 70 2.0E-03 1.3E-02 6.55 9.856 8.093 9.191 

14 80 2.0E-03 1.4E-02 7.17 9.889 8.097 9.217 

15 100 2.0E-03 1.5E-02 7.81 9.913 8.102 9.239 

16 130 2.0E-03 1.7E-02 8.49 9.938 8.108 9.257 

17 140 2.0E-03 1.8E-02 9.08 9.956 8.11 9.273 

Figure B.14. Representative binding isotherm and residuals for Br– titration of receptor 

3.1CF3 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.6. Representative titration of receptor 3.1Cl with HS– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.874 7.923 7.879 

1 5 2.0E-03 2.0E-04 0.10 9.086 7.972 8.011 

2 5 2.0E-03 3.9E-04 0.20 9.302 8.018 8.139 

3 5 2.0E-03 5.8E-04 0.29 9.514 8.063 8.269 

4 5 2.0E-03 7.7E-04 0.39 9.712 8.112 8.392 

5 5 1.9E-03 9.5E-04 0.49 9.903 8.158 8.51 

6 10 1.9E-03 1.3E-03 0.69 10.25 8.243 8.72 

7 10 1.9E-03 1.6E-03 0.88 10.534 8.301 8.901 

8 10 1.8E-03 2.0E-03 1.08 10.737 8.353 9.023 

9 10 1.8E-03 2.3E-03 1.27 10.878 8.393 9.103 

10 15 1.8E-03 2.8E-03 1.57 11.008 8.423 9.172 

11 15 1.7E-03 3.2E-03 1.86 11.048 8.457 9.209 

12 15 1.7E-03 3.6E-03 2.16 11.078 8.489 9.203 

13 20 1.6E-03 4.1E-03 2.55 11.114 8.531 9.209 

14 40 1.5E-03 5.1E-03 3.33 11.154 8.539 9.232 

15 80 1.4E-03 6.7E-03 4.90 11.188 8.573 9.219 

Figure B.15. Representative binding isotherm and residuals for HS– titration of receptor 

3.1Cl in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.7. Representative titration of receptor 3.1Cl with HSe– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [HSe–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 1.8E-03 0.0E+00 0.00 8.869 7.92 7.88 

1 5 1.8E-03 1.7E-04 0.10 8.957 7.943 7.934 

2 5 1.8E-03 3.3E-04 0.19 9.054 7.973 7.991 

3 5 1.7E-03 5.0E-04 0.29 9.125 7.993 8.033 

4 5 1.7E-03 6.6E-04 0.38 9.196 8.012 8.068 

5 5 1.7E-03 8.1E-04 0.48 9.257 8.036 8.112 

6 10 1.7E-03 1.1E-03 0.67 9.372 8.064 8.175 

7 10 1.6E-03 1.4E-03 0.86 9.456 8.092 8.227 

8 10 1.6E-03 1.7E-03 1.05 9.543 8.118 8.279 

9 10 1.6E-03 2.0E-03 1.24 9.615 8.14 8.32 

10 15 1.5E-03 2.4E-03 1.52 9.705 8.169 8.377 

11 15 1.5E-03 2.7E-03 1.81 9.789 8.194 8.418 

12 15 1.5E-03 3.1E-03 2.09 9.853 8.214 8.461 

13 20 1.4E-03 3.5E-03 2.47 9.925 8.239 8.503 

14 20 1.4E-03 3.9E-03 2.86 9.978 8.258 8.534 

15 25 1.3E-03 4.4E-03 3.33 10.036 8.281 8.568 

16 35 1.3E-03 5.0E-03 4.00 10.11 8.3 8.603 

17 60 1.2E-03 6.0E-03 5.14 10.182 8.336 8.642 

18 100 1.0E-03 7.3E-03 7.04 10.244 8.362 8.676 

Figure B.16. Representative binding isotherm and residuals for HSe– titration of receptor 

3.1Cl in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0 2 4 6 8

δ
-

δ
0

[G]/[H]

Binding Isotherm of HSe–

CHa Experimental

NHb Experimental

NHc Experimental

CHa Predicted

NHb Predicted

NHc Predicted

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0 2 4 6 8

R
e
s
id

u
a
ls

[G]/[H]

CHa

NHb

NHc



151 

 

Table B.8. Representative titration of receptor 3.1Cl with Cl– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [Cl–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 8.2E-04 0.0E+00 0.00 8.859 7.912 7.89 

1 5 8.2E-04 2.3E-04 0.28 9.166 7.952 8.174 

2 5 8.2E-04 4.6E-04 0.56 9.37 7.977 8.363 

3 5 8.2E-04 6.8E-04 0.83 9.551 8.001 8.531 

4 10 8.2E-04 1.1E-03 1.35 9.794 8.032 8.756 

5 10 8.2E-04 1.5E-03 1.86 9.935 8.05 8.885 

6 10 8.2E-04 1.9E-03 2.35 10.026 8.063 8.967 

7 15 8.2E-04 2.5E-03 3.04 10.112 8.075 9.044 

8 15 8.2E-04 3.1E-03 3.71 10.167 8.086 9.089 

9 15 8.2E-04 3.6E-03 4.33 10.204 8.09 9.121 

10 20 8.2E-04 4.2E-03 5.12 10.24 8.098 9.15 

11 25 8.2E-04 5.0E-03 6.04 10.269 8.105 9.172 

12 30 8.2E-04 5.8E-03 7.05 10.294 8.112 9.187 

13 40 8.2E-04 6.8E-03 8.26 10.316 8.119 9.201 

14 50 8.2E-04 7.9E-03 9.60 10.339 8.128 9.21 

15 70 8.2E-04 9.2E-03 11.19 10.357 8.136 9.216 

16 100 8.2E-04 1.1E-02 13.06 10.377 8.148 9.218 

17 150 8.2E-04 1.3E-02 15.20 10.39 8.155 9.217 

18 200 8.2E-04 1.4E-02 17.27 8.859 7.912 7.89 

Figure B.17. Representative binding isotherm and residuals for Cl– titration of receptor 

3.1Cl in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.9. Representative titration of receptor 3.1Cl with Br– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [Br–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 1.4E-03 0.0E+00 0.00 8.852 7.912 7.882 

1 10 1.4E-03 5.9E-04 0.42 8.936 7.926 7.966 

2 10 1.4E-03 1.2E-03 0.82 8.995 7.937 8.025 

3 10 1.4E-03 1.7E-03 1.21 9.044 7.946 8.073 

4 10 1.4E-03 2.2E-03 1.58 9.093 7.954 8.122 

5 15 1.4E-03 3.0E-03 2.11 9.16 7.963 8.193 

6 15 1.4E-03 3.7E-03 2.62 9.212 7.974 8.244 

7 20 1.4E-03 4.6E-03 3.25 9.273 7.983 8.306 

8 20 1.4E-03 5.4E-03 3.85 9.326 7.993 8.359 

9 25 1.4E-03 6.4E-03 4.53 9.383 8.003 8.415 

10 25 1.4E-03 7.3E-03 5.17 9.428 8.01 8.459 

11 30 1.4E-03 8.3E-03 5.87 9.471 8.018 8.501 

12 30 1.4E-03 9.2E-03 6.52 9.51 8.025 8.54 

13 40 1.4E-03 1.0E-02 7.30 9.545 8.03 8.571 

14 50 1.4E-03 1.2E-02 8.16 9.581 8.037 8.605 

15 60 1.4E-03 1.3E-02 9.07 9.616 8.045 8.637 

16 80 1.4E-03 1.4E-02 10.10 9.636 8.053 8.657 

17 100 1.4E-03 1.6E-02 11.17 9.674 8.052 8.692 

Figure B.18. Representative binding isotherm and residuals for Br– titration of receptor 

3.1Cl in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.
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Table B.10. Representative titration of receptor 3.1F with HS– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.861 7.919 7.797 

1 5 2.0E-03 1.9E-04 0.10 9.074 7.969 7.923 

2 5 2.0E-03 3.8E-04 0.19 9.291 8.051 8.019 

3 5 1.9E-03 5.6E-04 0.29 9.511 8.063 8.182 

4 5 1.9E-03 7.4E-04 0.38 9.721 8.121 8.309 

5 5 1.9E-03 9.2E-04 0.48 9.928 8.167 8.43 

6 10 1.9E-03 1.3E-03 0.67 10.294 8.249 8.646 

7 10 1.8E-03 1.6E-03 0.86 10.582 8.316 8.821 

8 10 1.8E-03 1.9E-03 1.05 10.785 8.366 8.939 

9 10 1.8E-03 2.2E-03 1.25 10.92 8.398 9.012 

10 10 1.7E-03 2.5E-03 1.44 10.997 8.429 9.054 

11 15 1.7E-03 2.9E-03 1.72 11.072 8.446 9.092 

12 20 1.6E-03 3.5E-03 2.11 11.128 8.467 9.119 

13 50 1.5E-03 4.7E-03 3.06 11.188 8.499 9.114 

14 100 1.3E-03 6.6E-03 4.98 11.243 8.515 9.145 

Figure B.19. Representative binding isotherm and residuals for HS– titration of receptor 

3.1F in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6

δ
-

δ
0

[G]/[H]

Binding Isotherm of HS–

CHa Experimental

NHb Experimental

NHc Experimental

CHa Predicted

NHb Predicted

NHc Predicted

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0 1 2 3 4 5 6

R
e
s
id

u
a
ls

[G]/[H]

CH
a

NH
b

NH
c



154 

 

Table B.11. Representative titration of receptor 3.1F with HSe– in 10% DMSO-

d6/CD3CN at 25 °C. 

Entry VGuest (μL) [Host] (M) [HSe–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.862 7.926 7.785 

1 5 2.0E-03 1.4E-04 0.07 8.923 7.94 7.822 

2 5 2.0E-03 2.9E-04 0.14 8.992 7.959 7.856 

3 5 2.0E-03 4.2E-04 0.21 9.047 7.977 7.892 

4 5 2.0E-03 5.6E-04 0.29 9.102 7.995 7.92 

5 10 1.9E-03 8.3E-04 0.43 9.198 8.022 7.979 

6 10 1.9E-03 1.1E-03 0.57 9.285 8.049 8.025 

7 10 1.9E-03 1.3E-03 0.72 9.37 8.074 8.074 

8 15 1.8E-03 1.7E-03 0.93 9.464 8.103 8.125 

9 15 1.8E-03 2.0E-03 1.15 9.55 8.13 8.182 

10 20 1.7E-03 2.4E-03 1.43 9.651 8.16 8.238 

11 25 1.6E-03 2.9E-03 1.79 9.748 8.191 8.293 

12 30 1.6E-03 3.4E-03 2.22 9.842 8.217 8.352 

13 35 1.5E-03 4.0E-03 2.72 9.922 8.246 8.398 

14 40 1.4E-03 4.6E-03 3.29 9.992 8.274 8.438 

15 50 1.3E-03 5.2E-03 4.01 10.085 8.333 8.464 

16 70 2.0E-03 0.0E+00 0.00 8.862 7.926 7.785 

Figure B.20. Representative binding isotherm and residuals for HSe– titration of receptor 

3.1F in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.12. Representative titration of receptor 3.1F with Cl– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [Cl–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 1.1E-03 0.0E+00 0.00 8.849 7.916 7.79 

1 5 1.1E-03 1.9E-04 0.17 9.018 7.940 7.904 

2 5 1.1E-03 3.7E-04 0.34 9.177 7.96 8.07 

3 5 1.1E-03 5.4E-04 0.50 9.31 7.979 8.194 

4 10 1.1E-03 8.9E-04 0.82 9.538 8.009 8.398 

5 10 1.1E-03 1.2E-03 1.12 9.715 8.033 8.559 

6 15 1.1E-03 1.7E-03 1.56 9.875 8.064 8.695 

7 20 1.1E-03 2.3E-03 2.11 10.013 8.083 8.817 

8 25 1.1E-03 3.0E-03 2.74 10.116 8.091 8.903 

9 30 1.1E-03 3.7E-03 3.43 10.185 8.101 8.959 

10 40 1.1E-03 4.6E-03 4.26 10.239 8.115 9 

11 50 1.1E-03 5.6E-03 5.16 10.279 8.123 9.029 

12 70 1.1E-03 6.8E-03 6.23 10.312 8.133 9.045 

13 100 1.1E-03 8.1E-03 7.47 10.344 8.141 9.057 

14 150 1.1E-03 9.7E-03 8.88 10.374 8.157 9.064 

15 200 1.1E-03 1.1E-02 10.22 10.381 8.165 9.064 

 

Figure B.21. Representative binding isotherm and residuals for Cl– titration of receptor 

3.1F in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.13. Representative titration of receptor 3.1F with Br– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [Br–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.841 7.913 7.79 

1 10 2.0E-03 8.2E-04 0.41 8.96 7.935 7.898 

2 10 2.0E-03 1.6E-03 0.81 9.045 7.949 7.98 

3 10 2.0E-03 2.4E-03 1.19 9.114 7.962 8.051 

4 10 2.0E-03 3.1E-03 1.55 9.172 7.973 8.101 

5 15 2.0E-03 4.1E-03 2.08 9.25 7.986 8.175 

6 15 2.0E-03 5.1E-03 2.58 9.316 7.997 8.238 

7 20 2.0E-03 6.4E-03 3.20 9.381 8.009 8.298 

8 20 2.0E-03 7.5E-03 3.78 9.438 8.019 8.35 

9 25 2.0E-03 8.9E-03 4.46 9.497 8.029 8.404 

10 25 2.0E-03 1.0E-02 5.09 9.547 8.037 8.448 

11 30 2.0E-03 1.2E-02 5.78 9.595 8.047 8.488 

12 30 2.0E-03 1.3E-02 6.41 9.635 8.052 8.523 

13 40 2.0E-03 1.4E-02 7.18 9.663 8.06 8.546 

14 50 2.0E-03 1.6E-02 8.03 9.71 8.068 8.582 

15 60 2.0E-03 1.8E-02 8.93 9.732 8.074 8.597 

16 80 2.0E-03 2.0E-02 9.94 9.774 8.084 8.631 

17 100 2.0E-03 2.2E-02 10.99 9.797 8.09 8.647 

18 150 2.0E-03 2.4E-02 12.24 9.822 8.097 8.671 

Figure B.22. Representative binding isotherm and residuals for Br– titration of receptor 

3.1F in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.14. Representative titration of receptor 3.1H with HSe– in 10% DMSO-

d6/CD3CN at 25 °C. 

Entry VGuest (μL) [Host] (M) [HSe–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.907 7.922 8.002 

1 5 2.0E-03 1.4E-04 0.07 8.974 7.939 8.041 

2 5 2.0E-03 2.9E-04 0.15 9.039 7.958 8.079 

3 5 1.9E-03 4.2E-04 0.22 9.092 7.976 8.104 

4 5 1.9E-03 5.6E-04 0.29 9.144 7.991 8.129 

5 10 1.9E-03 8.3E-04 0.44 9.226 8.018 8.179 

6 10 1.8E-03 1.1E-03 0.58 9.304 8.039 8.222 

7 10 1.8E-03 1.3E-03 0.73 9.373 8.065 8.26 

8 15 1.8E-03 1.7E-03 0.95 9.472 8.092 8.312 

9 15 1.7E-03 2.0E-03 1.17 9.553 8.118 8.354 

10 20 1.7E-03 2.4E-03 1.46 9.638 8.143 8.411 

11 25 1.6E-03 2.9E-03 1.83 9.733 8.175 8.457 

12 30 1.5E-03 3.4E-03 2.27 9.83 8.199 8.508 

13 35 1.4E-03 4.0E-03 2.78 9.902 8.223 8.547 

14 40 1.4E-03 4.6E-03 3.36 9.977 8.265 8.58 

15 45 2.0E-03 0.0E+00 0.00 8.907 7.922 8.002 

Figure B.23. Representative binding isotherm and residuals for HSe– titration of receptor 

3.1H in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.
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Table B.15. Representative titration of receptor 3.1H with Br– in 10% DMSO-d6/CD3CN 

at 25 °C. 

Entry VGuest (μL) [Host] (M) [Br–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 1.0E-03 0.0E+00 0.00 8.843 7.905 7.974 

1 10 1.0E-03 6.5E-04 0.62 8.942 7.918 8.071 

2 10 1.0E-03 1.3E-03 1.22 9.021 7.932 8.144 

3 10 1.0E-03 1.9E-03 1.80 9.086 7.941 8.208 

4 10 1.0E-03 2.5E-03 2.35 9.15 7.95 8.27 

5 15 1.0E-03 3.3E-03 3.14 9.222 7.961 8.339 

6 15 1.0E-03 4.1E-03 3.89 9.286 7.97 8.4 

7 20 1.0E-03 5.0E-03 4.84 9.361 7.982 8.469 

8 20 1.0E-03 6.0E-03 5.72 9.419 7.989 8.526 

9 25 1.0E-03 7.0E-03 6.74 9.48 7.997 8.583 

10 25 1.0E-03 8.0E-03 7.69 9.532 8.005 8.63 

11 30 1.0E-03 9.1E-03 8.73 9.581 8.012 8.678 

12 30 1.0E-03 1.0E-02 9.69 9.62 8.017 8.712 

13 40 1.0E-03 1.1E-02 10.85 9.662 8.024 8.748 

14 50 1.0E-03 1.3E-02 12.14 9.701 8.031 8.786 

15 60 1.0E-03 1.4E-02 13.49 9.73 8.031 8.807 

16 80 1.0E-03 1.6E-02 15.02 9.775 8.039 8.851 

17 100 1.0E-03 1.7E-02 16.61 9.805 8.046 8.874 

Figure B.24. Representative binding isotherm and residuals for Br– titration of receptor 

3.1H in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.16. Representative titration of receptor 3.1NMe2 with HS– in 10% DMSO-

d6/CD3CN at 25 °C. 

Entry VGuest (μL) [Host] (M) [HS–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.1E-03 0.0E+00 0.00 8.885 7.903 7.265 

1 10 2.1E-03 2.1E-04 0.10 9.047 7.943 7.345 

2 20 2.0E-03 4.0E-04 0.20 9.221 7.981 7.431 

3 30 2.0E-03 6.0E-04 0.30 9.38 8.017 7.52 

4 40 1.9E-03 7.8E-04 0.40 9.55 8.051 7.601 

5 55 1.9E-03 1.0E-03 0.55 9.762 8.1 7.72 

6 70 1.8E-03 1.3E-03 0.70 9.979 8.148 7.828 

7 90 1.8E-03 1.6E-03 0.90 10.216 8.199 7.955 

8 110 1.7E-03 1.9E-03 1.10 10.412 8.244 8.061 

9 135 1.7E-03 2.2E-03 1.35 10.601 8.287 8.157 

10 160 1.6E-03 2.6E-03 1.60 10.746 8.321 8.23 

11 190 1.5E-03 2.9E-03 1.90 10.857 8.354 8.288 

12 220 1.5E-03 3.2E-03 2.21 10.92 8.37 8.339 

13 260 1.4E-03 3.6E-03 2.61 10.982 8.391 8.391 

14 310 1.3E-03 4.0E-03 3.11 11.041 8.411 8.411 

15 370 1.2E-03 4.5E-03 3.71 11.08 8.437 8.437 

16 450 1.1E-03 5.0E-03 4.51 11.094 8.451 8.451 

17 550 1.0E-03 5.5E-03 5.51 11.126 8.459 8.459 

Figure B.25. Representative binding isotherm and residuals for HS– titration of receptor 

3.1NMe2 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.17. Representative titration of receptor 3.1NMe2 with HSe– in 10% DMSO-

d6/CD3CN at 25 °C. 

Entry VGuest (μL) [Host] (M) [HSe–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.902 7.909 7.266 

1 5 2.0E-03 1.7E-04 0.09 8.991 7.935 7.307 

2 5 2.0E-03 3.4E-04 0.17 9.052 7.953 7.337 

3 5 1.9E-03 5.1E-04 0.26 9.109 7.97 7.363 

4 5 1.9E-03 6.7E-04 0.35 9.159 7.985 7.38 

5 10 1.9E-03 9.8E-04 0.52 9.242 8.02 7.417 

6 10 1.9E-03 1.3E-03 0.69 9.327 8.033 7.465 

7 10 1.8E-03 1.6E-03 0.86 9.397 8.062 7.498 

8 10 1.8E-03 1.9E-03 1.04 9.472 8.086 7.52 

9 15 1.7E-03 2.3E-03 1.30 9.556 8.113 7.566 

10 15 1.7E-03 2.6E-03 1.56 9.634 8.138 7.601 

11 20 1.6E-03 3.1E-03 1.90 9.71 8.168 7.638 

12 25 1.6E-03 3.7E-03 2.34 9.803 8.192 7.675 

13 30 1.5E-03 4.3E-03 2.85 9.872 8.222 7.71 

14 40 1.4E-03 5.1E-03 3.55 9.957 8.25 7.746 

15 50 1.3E-03 5.9E-03 4.41 10.025 8.275 7.778 

15 70 1.2E-03 6.8E-03 5.62 10.107 8.308 7.808 

Figure B.26. Representative binding isotherm and residuals for HSe– titration of receptor 

3.1NMe2 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.
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Table B.18. Representative titration of receptor 3.1NMe2 with Cl– in 10% DMSO-

d6/CD3CN at 25 °C. 

Entry VGuest (μL) [Host] (M) [Cl–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.1E-03 0.0E+00 0.00 8.875 7.901 7.257 

1 5 2.1E-03 2.2E-04 0.11 8.988 7.915 7.345 

2 5 2.1E-03 4.4E-04 0.21 9.092 7.928 7.428 

3 5 2.1E-03 6.5E-04 0.31 9.19 7.941 7.507 

4 10 2.1E-03 1.1E-03 0.51 9.364 7.963 7.648 

5 10 2.1E-03 1.5E-03 0.70 9.503 7.981 7.759 

6 10 2.1E-03 1.8E-03 0.88 9.621 7.996 7.853 

7 15 2.1E-03 2.4E-03 1.14 9.764 8.014 7.966 

8 15 2.1E-03 2.9E-03 1.39 9.868 8.028 8.05 

9 20 2.1E-03 3.6E-03 1.70 9.966 8.041 8.126 

10 20 2.1E-03 4.2E-03 1.99 10.04 8.053 8.181 

11 25 2.1E-03 4.9E-03 2.32 10.103 8.061 8.228 

12 30 2.1E-03 5.7E-03 2.70 10.157 8.071 8.266 

13 40 2.1E-03 6.6E-03 3.14 10.205 8.08 8.298 

14 60 2.1E-03 7.8E-03 3.73 10.254 8.091 8.327 

15 100 2.1E-03 9.5E-03 4.52 10.302 8.104 8.349 

16 180 2.1E-03 1.2E-02 5.56 10.346 8.12 8.366 

17 300 2.1E-03 1.4E-02 6.69 10.342 8.118 8.367 

Figure B.27. Representative binding isotherm and residuals for Cl– titration of receptor 

3.1NMe2 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.  
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Table B.19. Representative titration of receptor 3.1NMe2 with Br– in 10% DMSO-

d6/CD3CN at 25 °C. 

Entry VGuest (μL) [Host] (M) [Br–] (M) Equiv. δ NHc 

(ppm) 

δ NHb 

(ppm) 

δ CHa 

(ppm) 

0 0 2.0E-03 0.0E+00 0.00 8.895 7.906 7.264 

1 5 2.0E-03 2.6E-04 0.13 8.92 7.910 7.283 

2 10 2.0E-03 7.6E-04 0.39 8.961 7.919 7.315 

3 15 2.0E-03 1.5E-03 0.75 9.021 7.93 7.362 

4 20 2.0E-03 2.4E-03 1.20 9.089 7.942 7.396 

5 25 2.0E-03 3.4E-03 1.73 9.164 7.956 7.478 

6 30 2.0E-03 4.5E-03 2.30 9.233 7.967 7.535 

7 40 2.0E-03 5.9E-03 2.98 9.31 7.98 7.595 

8 50 2.0E-03 7.3E-03 3.71 9.387 7.993 7.657 

9 60 2.0E-03 8.8E-03 4.47 9.453 8.006 7.708 

10 80 2.0E-03 1.0E-02 5.31 9.512 8.016 7.754 

11 100 2.0E-03 1.2E-02 6.16 9.567 8.025 7.794 

12 130 2.0E-03 1.4E-02 7.02 9.612 8.034 7.829 

13 170 2.0E-03 1.6E-02 7.88 9.653 8.043 7.857 

14 120 2.0E-03 1.6E-02 8.35 9.671 8.047 7.871 

Figure B.28. Representative binding isotherm and residuals for Br– titration of receptor 

3.1NMe2 in 10% DMSO-d6/CD3CN at 25 °C determined by 1H NMR spectroscopy.
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Linear Regression Fitting and Statistics of ΔGbinding and σp. 

 

 

Figure B.29. Linear regression residuals of ∆Gbinding of HS– and σp. 

 

 

Figure B.30. Linear regression residuals of ∆Gbinding of HSe– and σp.  
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Figure B.31. Linear regression residuals of ∆Gbinding of Cl– and σp. 

 

 

Figure B.32. Linear regression residuals of ∆Gbinding of Br – and σp.  
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Linear Regression Fitting and Statistics of log(Ka
R/Ka

H) and σp. 

 

Figure B.33. Linear regression residuals of log(Ka
R/Ka

H) of HS– and σp. 

 

 

Figure B.34. Linear regression residuals of log(Ka
R/Ka

H) of HS– and σp. 
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Figure B.35. Linear regression residuals of log(Ka
R/Ka

H) of Cl– and σp. 

 

 

Figure B.36. Linear regression residuals of log(Ka
R/Ka

H) of Br– and σp. 
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Table B.20. Results of linear regression of log(Ka
R/Ka

H) vs. σp when the intercept is 

forced through the origin. 

Guest Slope p-value R2 

Slope Model 

HS– 0.70 ± 0.10 < 0.01 < 0.01 0.91 

HSe– 0.31 ± 0.07 < 0.01 < 0.01 0.80 

Cl– 0.25 ± 0.03 < 0.01 < 0.01 0.95 

Br– 0.22 ± 0.03 < 0.01 < 0.01 0.94 

 

Analysis of Covariance on Hammett Plots. 

Analysis of covariance of the linear regressions obtained for the Hammett plots 

for each anion was used to determine if the Ka of each anion showed the same response to 

the changing σp of the –R substituent on the receptor. The p-value represents the 

probability that the linear regressions for two anions would appear to have different 

slopes when they in fact have the same slope. Any p-value > 0.05 is considered 

statistically insignificant at the 95% confidence interval, meaning we cannot confidently 

say that the linear regressions have different slopes. 

 

Table B.21. Results of analysis of covariance on Hammett plots. 

 p-valuedifferent models 

HS– vs. HSe– < 0.01 

HS– vs. Cl– < 0.01 

HS– vs. Br– < 0.01 

HSe– vs. Cl– 0.28 

HSe– vs. Br– 0.11 

Cl– vs. Br– 0.28 
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Swain-Lupton Analysis 

Table B.22. Results of multivariable linear regression for Swain-Lupton analysis when 

the intercept is forced through the origin. 

Guest ρf ρr p-value R2 R2
adj. %R 

ρf ρr Model 

HS– 0.95 ± 0.05 0.63 ± 0.04 > 0.01 > 0.01 > 0.01 0.99 0.99 40 ± 3 

HSe– 0.49 ± 0.05 0.26 ± 0.04 > 0.01 > 0.01 > 0.01 0.96 0.95 35 ± 6 

Cl– 0.29 ± 0.04 0.24 ± 0.03 > 0.01 > 0.01 > 0.01 0.96 0.96 45 ± 6 

Br– 0.26 ± 0.03 0.20 ± 0.02 > 0.01 > 0.01 > 0.01 0.97 0.96 44 ± 6 

 

Alternative Hammett parameters 

Table B.23 shows the fitting parameters and statistics the linear fit of the LFERs 

of the binding energy of HS–, HSe–, Cl–, and Br– with σm. The Hammett parameter σm 

was developed for substituents in the meta position on benzoic acid. This parameter 

retains similar field and inductive effects of the para parameter while decreasing 

resonance contributions (the average importance of resonance in the σp value for each 

substituent is 53%, while only 22% in σm
97). Although none of the resulting R2 suggest a 

good fit of binding energies to σm (R2 < 0.90), the R2 for the linear fit of the 

hydrochalcogenides is higher than that of the halides. This suggests that resonance 

contribution of the substituent is more important for the halides than the 

hydrochalcogenides.  

 Table B.24 shows the fitting parameters and statistics the linear fit of the LFERs 

of the binding energy of HS–, HSe–, Cl–, and Br– with σp
+. The Hammett parameter 

𝜎𝑝
+was developed to give weight to substituents that can stabilize a build-up of charge 

through resonance effects (the average importance of resonance in the 𝜎𝑝
+ value for each 
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substituent is 66%97). We do not expect 𝜎𝑝
+ to bind well to our systems since the charged 

resonance structures in Figure B.37 are informal. However, comparison of R2 shows that 

𝜎𝑝
+ is a better fit for the halides than the hydrochalcogenides, yielding the same 

conclusion as for σm; resonance contributions are more important to halide binding than 

hydrochalcogenide binding. 

 

 

Figure B.37. Informal resonance structures for receptors 3.1R that may influence aryl C–

H HB donor ability. 

 

Table B.23. Fitting statistics for Hammett plots for all four anions using σm. 

Guest ρ ε p-value R2 R2
adj. 

ρ ε Model 

HS– 1.20 ± 0.23 -0.13 ± 0.06 < 0.01 0.12 < 0.01 0.87 0.84 

HSe– 0.55 ± 0.10 -0.04 ± 0.02 < 0.01 0.29 < 0.01 0.88 0.84 

Cl– 0.39 ± 0.12 -0.05 ± 0.03 0.03 0.21 0.03 0.74 0.67 

Br– 0.35 ± 0.09 -0.04 ± 0.03 0.02 0.18 0.02 0.78 0.72 
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Table B.24. Fitting statistics for Hammett plots for all four anions using σp
+. 

Guest ρ ε p-value R2 R2
adj. 

ρ ε Model 

HS– 0.40 ± 0.08 0.14 ± 0.06 < 0.01 0.08 < 0.01 0.86 0.83 

HSe– 0.17 ± 0.05 0.08 ± 0.04 0.02 0.08 0.02 0.76 0.70 

Cl– 0.15 ± 0.02 0.04 ± 0.02 < 0.01 0.06 < 0.01 0.93 0.91 

Br– 0.12 ± 0.02 0.04 ± 0.02 < 0.01 0.10 < 0.01 0.89 0.86 

 

Computational Details, Discussion, Geometries, and Energies 

We turned to computational investigations to better understand the preference of 

the C–H HB for HS–. All six receptors, four anions, NBu4
+ and their respective 

complexes were optimized in gas phase at the PBE/6-31G* level of theory with final 

energy refinements at wB97X-D3/def2-TZVPP.242 LFER models correlating σp for 3.1R 

to the computed gas phase binding energies agreed with experiments in that more 

electron-withdrawing para substituents favor the host/guest interaction for all four 

anions. Unlike the experimental data, however, the slopes for all four anions were 

indistinguishable (average slope = –4), and the receptor was seen to be most selective for 

Cl– rather than HS–.  

Exhaustive efforts to refine the energies with solvent corrections were unfruitful. 

We computed the solvation corrections using SMD243 at the wB97X-D3/def2-TZVPP 

level of theory in water, acetonitrile, DMSO, and chloroform. Trends in the binding 

energies computed in solvent did not match experimental trends. All solvent results 

showed either no statistically meaningful linear trend (R2 < 0.6 and p-value ~ 0.8), or the 
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opposite trend in which more electron-donating para substituents favor the host-guest 

interaction.105 Collectively, these results reveal that the trends observed experimentally 

are the results of complex solvent-solute interaction or dynamic phenomena and also 

clearly reveal the limitations of current continuum solvent modeling methods for unique 

solvent systems as used in this work. 
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Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, 

J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Montgomery, 

J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; 

Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. 

C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; 

Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; 

Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; 

Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; 

Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; 

Fox, D. J. Gaussian, Inc., Wallingford CT, 2009.  
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Complete author list of ORCA version 4.0 

ORCA version 4.0, Neese, F.; Wennmohs, F.; Aravena, D.; Atanasov, M.; Becker, U.; 

Bykov, D.; Chilkuri, V. G.; Datta, D.; Dutta, A. K.; Ganyushin, D.; Guo, Y.; Hansen, A.; 

Huntington, L.; Izsak, R.; Kollmar, C.; Kossmann, S.; Krupicka, M.; Lenk, D.; Liakos, D. 

G.; Manganas, D.; Pantazis, D. A.; Petrenko, T.; Pinski, P.; Reimann, C.; Retegan, M.; 

Riplinger, C.; Risthaus, T.; Roemelt, M.; Saitow, M.; Sandhofer, B.; Schapiro, I.; 

Sivalingam, K.; Stoychev, G.; Wezisla, B.; Kallay, M.; Grimme, S.; Valeev, E.; Chan, 

G.; Pittner, J.; Brehm, M.; Bistoni, G.; Schneider, W. WIREs: Comp. Mol. Sci. 8, e1327 

 

D3 corrections in ORCA 

S.Grimme, J.Antony, S.Ehrlich and H.Krieg, J.Chem.Phys., 2010, 132, 154104 

 

def2-TZVPP 

F. Weigend and R. Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297  

 

def2/J 

F. Weigend, Phys. Chem. Chem. Phys. 2006, 8, 1057  
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def2-TZVPP/C 

H-La, Hf-Rn : A. Hellweg, C. Hattig, S. Hofener and W. Klopper, Theor. Chem. Acc. 

2007, 117, 587  

Ce-Lu : J. Chmela and M. E. Harding, Mol. Phys. 2018 

 

General protocol for geometry optimization and energy calculations  

Geometry optimizations and single point energy refinements were completed using the 

Gaussian 09 computational package (see above reference) with the ultrafine integration 

grid to minimize errors. All pertinent ground state structures were located with geometry 

optimizations using PBE/6-31G(d). Higher level single point energy refinements were 

computed in ORCA version 4.0.1 with wB97X-D3/def2-TZVPP in SMD(chloroform). 

Final corrected energies were the sum of the single point energy refinement and the 

Gibbs thermal correction factor of the respective optimized structure. All reported 

computed thermodynamics and barriers are derived from differences in the final 

corrected energies. All energies are reported as kcal/mol as converted from hartrees (1 Ha 

= 627.5095 kcal/mol). All 3D structure images were rendered in GaussView visualization 

software.243 
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Figures B.38–B.42. Hammett Value (σp) for 3.1R vs computed binding energies 

(∆Gbinding) 

 

 

Figure B.38. wB97X-D3/def2-TZVPP//PBE/6-31G(d)/ 

 

 

Figure B.39. wb97x/def2-TZVPP/SMD/Chloroform//PBE/6-31G(d)/ 
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Figure B.40. wb97x/def2-TZVPP/SMD/Acetonitrile//PBE/6-31G(d) 

 

 

Figure B.41. wb97x/def2-TZVPP/SMD/Water//PBE/6-31G(d) 

y = 1.7638x - 10.58
R² = 0.7703

y = 2.3701x - 2.3316
R² = 0.5649

y = 1.0779x - 11.479
R² = 0.3731

y = 0.629x - 11.17
R² = 0.1211

-14.000000

-12.000000

-10.000000

-8.000000

-6.000000

-4.000000

-2.000000

0.000000

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

∆
G

b
in

di
n

g
(k

ca
l/

m
o

l)

Hammett Values (σp ) 

Binding Energy vs Hammett Values

HS HSe Cl Br HS HSe Cl Br Linear  (HS) Linear  (HSe) Linear (Cl) Linear (Br)

y = 1.2436x - 16.273
R² = 0.2473

y = 1.227x - 17.083
R² = 0.4508

y = 2.6352x - 6.3245
R² = 0.5936

y = 1.8133x - 15.686
R² = 0.6586

-20.000000

-18.000000

-16.000000

-14.000000

-12.000000

-10.000000

-8.000000

-6.000000

-4.000000

-2.000000

0.000000

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Binding Energy vs Hammett Values

Br crystal structure Cl Crystal Structure SeH Crystal Structure Sh Crystal Structure

Linear (Br crystal structure) Linear  (Cl Crystal Structure) Linear  (SeH Crystal Structure) Linear  (Sh Crystal Structure)



176 

 

 

Figure B.42. wb97x/def2-TZVPP/SMD/DMSO//PBE/6-31G(d) 

 

Using Anion pKa, Anion Size, and Hammett Parameters to Fit Experimental ΔG 

values  

 

Figure B.43. Experimental vs Predicted ΔG. 
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Table B.25. Data for fitting ΔG with pKa, Size, and Hammett Values 

Anion -R pKa Size (pm) σp ΔG Dataset 

Br- NMe2 -9 196 -0.83 -2.6266447 Test 

Br- tBu -9 196 -0.2 -2.7817043 Train 

Br- H -9 196 0 -2.8354611 Train 

Br- F -9 196 0.06 -2.8965979 Train 

Br- Cl -9 196 0.23 -2.8918604 Train 

Br- CF3 -9 196 0.54 -3.0489736 Test 

Cl- NMe2 -8 181 -0.83 -4.1536742 Train 

Cl- tBu -8 181 -0.2 -4.4019721 Test 

Cl- H -8 181 0 -4.4286136 Train 

Cl- F -8 181 0.06 -4.4654007 Train 

Cl- Cl -8 181 0.23 -4.579843 Train 

Cl- CF3 -8 181 0.54 -4.6105549 Train 

HSe- NMe2 3.89 198 -0.83 -3.4805005 Train 

HSe- tBu 3.89 198 -0.2 -3.6284077 Train 

HSe- H 3.89 198 0 -3.7078003 Test 

HSe- F 3.89 198 0.06 -3.7921783 Train 

HSe- Cl 3.89 198 0.23 -3.9611945 Train 

HSe- CF3 3.89 198 0.54 -4.050204 Train 

HS- NMe2 7.05 184 -0.83 -4.3872332 Train 

HS- tBu 7.05 184 -0.2 -4.8459966 Train 

HS- H 7.05 184 0 -5.0418164 Train 

HS- F 7.05 184 0.06 -5.3427956 Train 

HS- Cl 7.05 184 0.23 -5.3527232 Test 

HS- CF3 7.05 184 0.54 -5.6921758 Train 

 

Computed Geometries and Energies 

For detailed tables of computed geometries and energies for hosts and anion guests, see 

Supporting Information at  https://pubs.acs.org/doi/10.1021/jacs.0c00441. 

  

https://pubs.acs.org/doi/10.1021/jacs.0c00441?goto=supporting-info
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APPENDIX C 

SUPPLEMENTARY CONTENT FOR CHAPTER IV 

 

Synthesis. 

General Methods. All reagents were purchased from commercial sources and used as 

received, unless otherwise noted. NMR spectra were acquired at room temperature on a 

Bruker Avance-III-HD 600 MHz (1H 600 MHz, 13C 151 MHz, 19F 565 MHz, 2H 76.75 

MHz) spectrometer with a Prodigy multinuclear broadband BBO CryoProbe. 1H and 13C 

chemical shifts (δ) are reported in ppm relative to residual CHCl3 (1H: 7.26 ppm, 13C: 

77.16 ppm), CH3CN (1H: 1.94 ppm, 13C: 118.26 ppm), or DMSO (1H: 2.50 ppm, 13C: 

39.52 ppm) shifts. 19F chemical shifts are referenced to CFCl3 (δ = 0 ppm) as an external 

standard. 2H chemical shifts are reported in ppm relative to residual CDCl3 (7.26 ppm), 

CD3CN (1.94), or DMSO-d6 (2.50 ppm).  High-resolution mass spectra (HRMS) were 

recorded on a Waters XEVO G2-SX mass spectrometer. Tetrabutylammonium 

hydrosulfide (TBASH),70 2,6-diiodo-4-trifluoromethylaniline,136 4-tertbutyl-2-

((trimethylsilyl)ethynyl)aniline,137 and host 4.2H36 were synthesized according to 

previous reports. Note: Hydrogen sulfide and related salts are highly toxic and should be 

handled carefully to avoid exposure. 
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Scheme C.1. Synthetic pathway to the selective deuteration of anion receptor 4.2D. 

 

2,6-Diiodo-4-trifluoromethyldiazonium tetrafluoroborate (4.3). This preparation was 

adapted from previous reports.28 A solution of 2,6-diiodo-4-trifluoromethylaniline136 

(0.25 g, 0.61 mmol), glacial AcOH (1.0 mL), and 48% HBF4 (0.18 mL) was stirred at 25 

°C. Isoamyl nitrite (0.14 mL) was combined with glacial AcOH (2.0 mL) and added 

dropwise over 5 min to produce a bright yellow solution. After stirring the reaction 

mixture at 25 °C for 15 min, diethyl ether (2.0 mL) was slowly added. The resulting 

liquid was placed in a -20 °C freezer for 16 h, and the solid product was isolated by 

vacuum filtration and washed with diethyl ether to afford 4.3 (0.25 g, 0.48 mmol, 71%) 

as a bright yellow solid. Note: Caution should be observed when working with isoamyl 

nitrite or isolating diazonium salts as a solid as these compounds are known to be shock 

sensitive and explosive.244,245 1H NMR (600 MHz, CD3CN) δ: 8.59 (s, 2H). 13C NMR 
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(151 MHz, CD3CN) δ: 140.2 (q, J = 34.7), 139.7 (q, J = 3.0), 133.1, 121.4 (q, J = 274.8), 

102.9. 19F (565 MHz, CD3CN) δ: 4.7, -151.8. 

 

1,3-Diiodo-2-duetero-5-trifluoromethylbenzene (4.4D). This preparation was adapted 

from previous reports.135 A solution of FeSO4 (0.54 g, 2.0 mmol) and DMF-d7 (10 mL) 

was allowed to stir for 15 min. A separate solution containing 4.3 (1.0 g, 2.0 mmol) 

dissolved in DMF-d7 (4 mL) was added dropwise over 10 min to the stirring solution. 

The solution was allowed to stir for an additional 15 min before adding water to 

precipitate a solid. The precipitate was isolated by vacuum filtration and washed with 

water to afford 4.4D (0.28 g, 0.71 mmol, 36%) as a tan solid. 1H NMR (600 MHz, CDCl3) 

δ: 7.91 (s, 2H). 13C NMR (151 MHz, CDCl3) δ: 148.3 (t, J = 27.2), δ 133.7 (q, J = 33.7), 

δ 133.7 (q, J = 1.5), δ 121.9 (q, J = 273.8), δ 94.6. 19F (565 MHz, CDCl3) δ -63.0. 2H 

(76.75 MHz, CDCl3) δ 8.29. HRMS (TOF-MS-ASAP) [M]+ calc’d for C7H2DF3I2 

398.8339, found 398.8317. 

 

Deuterated dianiline intermediate (4.5D). This preparation was adapted from previous 

reports.36 A suspension of 4-tertbutyl-2-((trimethylsilyl)ethynyl)aniline137 (0.68 g, 2.4 

mmol), K2CO3 (1.90 g, 13.8 mmol), MeOH (20 mL), and Et2O (10 mL) was stirred at 25 

°C for 3 h. The suspension was diluted with water and extracted with CH2Cl2 (15 mL, x3) 

and washed with brine (15 mL, x2). The organic layer was dried (Na2SO4) and 

concentrated in vacuo to afford a dark brown oil. The oil was dissolved in THF (20 mL) 

and DIPA (20 mL) and purged with N2 for 40 min. The solution was cannulated into an 
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N2-purged solution of 4.4D (0.36 g, 0.92 mmol), Pd(PPh3)4 (0.032 g, 0.046 mmol), CuI 

(0.0017 g, 0.0092 mmol), THF (20 mL), and i-PrNH2 (20 mL). The solution was stirred 

for 18 h at 50 °C, cooled, and concentrated in vacuo. The resulting oil was dissolved in 

CH2Cl2 and filtered through a 3 cm silica plug, which was washed with additional 

CH2Cl2. The filtrate was concentrated in vacuo and the resulting brown oil was purified 

by column chromatography (5:1 hexanes/EtOAc) to afford 5D (0.20 g, 0.41 mmol, 45%) 

as a brown solid. 1H NMR (600 MHz, CDCl3) δ: 7.71 (s, 2H), 7.40, (d, J = 2.0, 2H), 7.24 

(dd, J = 8.4, 2H), 6.70 (d, J = 8.4, 2H), 4.19 (s, 4H), 1.30 (s, 18H). 13C NMR (151 MHz, 

CDCl3) δ: 145.8, 141.2, 136.7 (t, J = 25.7), 131.5 (q, J = 33.2), 129.0, 128.0, 127.4 (q, J = 

3), 124.9, 124.6 (q, J = 273.3), 114.6, 106.6, 92.1, 89.1, 34.1, 31.5. 19F (565 MHz, 

CDCl3) -63.1. 2H (76.75 MHz, CDCl3) δ: 7.90. HRMS (TOF-MS-ASAP) [M+H]+ calc’d 

for C31H31DN2F3 490.2580, found 490.2549. 

 

Deuterated arylethynyl bisurea host (4.2D). This preparation was adapted from 

previous reports.36 All glassware was dried in a 110  °C oven overnight. A round bottom 

flask was charged with dry toluene (100 mL) and 4.5D (0.20 g, 0.41 mmol). 4-

Methoxyphenyl isocyanate (0.16 mL, 1.2 mmol) was added dropwise, and the solution 

was stirred for 46 h at 50 °C. The reaction became cloudy upon completion, and the 

precipitate was collected by vacuum filtration to afford 4.2D (0.11 g, 0.14 mmol, 

34%). 1H NMR (600 MHz, 10% DMSO-d6/CD3CN) δ: 8.87 (s, 2H), 8.08 (d, J = 8.8, 2H), 

7.99 (s, 2H), 7.96 (s, 2H), 7.56 (d, J = 2.2, 2H), 7.45 (dd, J = 8.8, 2H), 7.38 (d, J = 8.9, 

4H), 6.84 (d, J = 8.9, 4H), 3.72 (s, 6H), 1.31 (s, 18H). 13C NMR (151 MHz, 10% DMSO-

d6/CD3CN) δ: 156.2, 153.9, 145.9, 139.5, 133.5, 131.8 (q, J = 32.2), 129.8, 128.7 (q, J = 
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3.6), 128.3, 125.4, 124.5 (q, J = 272.8), 121.8, 120.7, 114.9, 111.6, 93.2, 89.2, 55.9, 34.8, 

31.4. 19F (565 MHz, 10% DMSO-d6/CD3CN) δ: -63.2. 2H (76.75 MHz, 10% DMSO-

d6/CD3CN) δ: 8.28. HRMS (TOF-MS-ASAP) [M+H]+ calc’d for C47H45DN4O4F3 

788.3534, found 788.3543. 

 

NMR Spectra. 

 

Figure C.1. 1H NMR spectrum of 4.3 in CD3CN. 
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Figure C.2. 13C{1H} NMR spectrum of 4.3 in CD3CN. 

 

 

Figure C.3. 19F NMR spectrum of 4.3 in CD3CN. 
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Figure C.4. 1H NMR spectrum of 4.4D in CDCl3. 

 

 

Figure C.5. 13C{1H} NMR spectrum of 4.4D in CDCl3. 
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Figure C.6. 19F NMR spectrum of 4.4D in CDCl3. 

 

 

Figure C.7. 2H NMR spectrum of 4.4D in CHCl3. 
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Figure C.8. 1H NMR spectrum of 4.5D in CDCl3. 

 

 

Figure C.9. 13C{1H} NMR spectrum of 4.5D in CDCl3. 
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Figure C.10. 19F NMR spectrum of 4.5D in CDCl3. 

 

 

Figure C.11. 2H NMR spectrum of 4.5D in CHCl3. 
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Figure C.12. 1H NMR spectrum of 4.2D in 10% DMSO-d6/CD3CN. 

 

 

Figure C.13. 13C{1H} NMR spectrum of 4.2D in 10% DMSO-d6/CD3CN. 
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Figure C.14. 19F NMR spectrum of 4.2D in 10% DMSO-d6/CD3CN. 

 

 

Figure C.15. 2H NMR spectrum of 4.2D in 10% DMSO/CH3CN. 
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Competitive Titration of 4.2H and 4.2D. 

General Methods. Samples were prepared under an inert atmosphere using an 

Innovative Atmospheres N2-filled glovebox. CD3CN and DMSO-d6 were distilled from 

calcium hydride under reduced pressure, deoxygenated by purging with N2 and stored 

over 4 Å molecular sieves in an inert atmosphere glove box. Tetrabutylammonium 

chloride (TBACl) and tetrabutylammonium bromide (TBABr) were recrystallized by 

layering an anhydrous THF solution under anhydrous Et2O. Tetrabutylammonium 

hydrosulfide (TBASH) was synthesized according to previous reports.70 Note: Hydrogen 

sulfide and related salts are highly toxic and should be handled carefully to avoid 

exposure.  

 

General Procedure for NMR Titrations.  

Method A. A solution of 4.2H and 4.2D in 10% DMSO-d6/CD3CN (combined 

concentration between 5.71 and 13.46 mM) was prepared and 500 μL was added to a 

septum-sealed NMR tube. A stock solution of guest (TBASH, TBACl, or TBABr) was 

prepared in 10% DMSO-d6/CD3CN (54.69 – 223.09 mM). Aliquots of the guest solution 

were added to the NMR tube using Hamilton gas-tight syringes, and 13C NMR spectra 

were recorded at 25°C after each addition of guest. The ∆δ of the Cab, C1, and C2 of 4.2H 

and 4.2D were used to follow the progress of the titration, and DEIE were determined 

using the Perrin method.138  
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Method B. A solution of 4.2H and 4.2D in 10% DMSO-d6/CD3CN (combined 

concentration between 4.65 and 6.04 mM) was prepared and 500 μL aliquots were added 

to four J-young NMR tubes. A stock solution of TBASH was prepared in CD3CN (47.18 

– 81.29 mM). For each point in the titration, TBASH stock solution and DMSO-d6 were 

added to a new solution of 2H and 2D inside an N2-glovebox shortly before obtaining a 

13C NMR spectra. The ∆δ of the Cab, C1, and C2 of 4.2H and 4.2D were used to follow the 

progress of the titration, and DEIE were determined using the Perrin method.138 
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Competitive 13C NMR Titration Representative Data. 

Table C.1. Representative competitive titration between 4.2H and 4.2D with Cl– in 10% 

DMSO-d6/CD3CN at 25°C. 

Entry VGuest 

(μL) 

[4.2H] 

(mM) 

[4.2D] 

(mM) 

[Cl–] 

(mM) 

δ Cab 

(4.2H) 

(ppm) 

δ Cab 

(4.2D) 

(ppm) 

δ C1 

(4.2H) 

(ppm) 

δ C1 

(4.2D) 

(ppm) 

δ C2 

(4.2H) 

(ppm) 

δ C2 

(4.2D) 

(ppm) 

1 0 7.4 2.8 0 125.5158 125.4206 93.2006 93.1679 89.1431 89.1625 

2 10 7.2 2.7 1.5 125.4586 125.3627 93.2448 93.2117 89.210 89.1440 

3 50 6.5 2.5 8.0 125.2459 125.1484 93.4583 93.4213 89.0492 89.0715 

4 60 5.8 2.2 14.4 125.1863 125.0894 93.5353 93.4970 89.0370 89.0597 

5 200 4.3 1.3 28.4 125.1896 125.0942 93.5570 93.5180 89.0795 89.1019 

 

 

Figure C.16. Binding isotherm for Cl– binding with a mixture of 4.2H and 4.2D in 10% 

DMSO-d6/CD3CN at 25°C. 
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Table C.2. Representative competitive titration between 4.2H and 4.2D with Br– in 10% 

DMSO-d6/CD3CN at 25°C. 

Entry VGuest 

(μL) 

[4.2H] 

(mM) 

[4.2D] 

(mM) 

[Br–] 

(mM) 

δ Cab 

(4.2H) 

(ppm) 

δ Cab 

(4.2D) 

(ppm) 

δ C1 

(4.2H) 

(ppm) 

δ C1 

(4.2D) 

(ppm) 

δ C2 

(4.2H) 

(ppm) 

δ C2 

(4.2D) 

(ppm) 

1 0 9.4 4.1 0 125.5253 125.4301 93.2145 93.1818 89.1588 89.1780 

2 5 9.3 4.0 1.1 125.4977 125.4008 93.2280 93.1959 89.1571 89.1772 

3 10 9.1 3.9 3.2 125.4451 125.3496 93.2538 93.2223 89.1546 89.1743 

4 60 8.1 3.5 14.1 125.2864 125.1897 93.3491 93.3152 89.1485 89.1692 

5 200 5.8 2.5 37.5 125.1987 125.1029 93.4268 93.3909 89.1687 89.1896 

6 500 3.5 1.5 62.6 125.1856 125.0898 93.4606 93.4253 89.2015 89.2217 

 

 

Figure C.17. Binding isotherm for Br– binding with a mixture of 4.2H and 2D in 10% 

DMSO-d6/CD3CN at 25°C. 
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APPENDIX D 

SUPPLEMENTARY CONTENT FOR CHAPTER V 

 

Materials and Methods. 

Parameters for Searches.  

All non-metal bound HB Acceptor contacts with D–H HB Donors. CCDC Conquest 

Program was used to identify all D–H…A contacts in crystal structures in the Cambridge 

Structural Database up to November 2019. D–H…A---NM contacts were identified when 

A was bound (by any bond order) to 1, 2, and 3 other non-metal (NM) elements. D–H…A-

--NM contacts in which A did not have a free lone-pair (such as sulfur trioixide) were 

excluded. Contacts in which A is not bound to any element were determined by searching 

for all D–H…A contacts and excluding instances when A was bound to another element. 

 The Draw function of the Conquest program allows the user to restrict contact 

distances and angles. D…A contacts were defined between 0 and 5 Å. Intramolecular D…A 

contacts were separated by 4 to 999 bonds. Inter- and intramolecular H…A contacts were 

defined between 0 and 4 Å. Intramolecular H…A contacts were separated by 4 to 999 bonds. 

Both D–H…A and NM---A…H angles were defined between and including 90 and 180°. 

Placing distance and angle restrictions which include H meant that contacts in which the H 

atom is not located were excluded. 

 Searches were conducted for each donor and acceptor pair of interest. Both organic 

and organometallic structures were allowed. No further filters were applied. After the 
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search was completed, contact distances and angles were downloaded into Mircosoft Excel 

spreadsheets. 

S oxidation-state specific searches. S oxidation-state specific searches were performed by 

searching for C–H…S contacts with specified bond order, charge, and NM elements. To 

identify C–H…S contacts in which S is in the –2 oxidation state, S could be in the following 

environments: 1) two single bonds to a less electronegative NM element, 2) one double 

bond to a less electronegative NM element, 3) one single bond to a less electronegative 

NM element with a negative charge on the sulfur, or 4) no bonds to another element and 

with a –2 charge on the sulfur. 

To identify C–H…S contacts in which S is in the –1 oxidation state, S could be in 

the following environments: 1) one single bond to a less electronegative NM element and 

one single bond to another sulfur, or 2) one single bond to a sulfur and a negative charge 

on the sulfur. 

To identify C-H…S contacts in which S is in the 0 oxidation state, S could be in the 

following environments: 1) one double bond to a more electronegative NM element and 

two single bonds to less electronegative NM element, 2) one single bond to a more 

electronegative NM element, two single bonds to less electronegative NM element, and a 

positive charge on the sulfur, 3) one double bond to a more electronegative NM element 

and one double bond to a less electronegative NM element, 4) one single bond to a more 

electronegative NM element and one single bond to a less electronegative NM element, 5) 

one double bond to a sulfur, or 6) two single bonds to a sulfur. 

 



196 

 

 Alkyl and aryl C-H HB donor specific searches. Alkyl C–H HB donors were specified by 

requiring that the C donor formed four single bonds with NM elements. Aryl C–H HB 

donors were specified by using the benzene ring stamp in the Draw function. 

 

3D Histograms. All weighted and unweighted 3D histograms were plotted in MATLAB 

using the heatmap function. 
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Heat Map Figures 

 

Figure D.1. Unweighted histograms of H…Acceptor distance (Å) vs. C–H…Acceptor 

contact angle (°). The dashed white line is the sum of the van der Waal radii of C and the 

Acceptor. C–H…Acceptor contacts with a) N, b) O, c) F, d) P, e) S, f) Cl, g) Se, h) Br, i) 

Te, j) I. 
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Figure D.2. Cone corrected histograms of C…Acceptor distance (Å) vs. C–H…Acceptor 

contact angle (°). The dashed white line is the sum of the van der Waal radii of C and the 

Acceptor. C–H…Acceptor contacts with a) N, b) O, c) F, d) P, e) S, f) Cl, g) Se, h) Br, i) 

Te, j) I. 
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Figure D.3. Cone corrected histograms of C–H…S contacts with S bifurcated between two 

adjacent aryl C–H HB donors on the same ring. 

 

 

Figure D.4. Bi-weighted 3D histograms of C–H…S contacts when S is bound to only one 

other non-metal atoms. 
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Figure D.5. Bi-weighted 3D histograms of C–H…A contacts when A is bound to two other 

non-metal atoms for a) O, b) S, and c) Se. 

 

 

Figure D.6. Cone corrected histograms of C–H…S-M of with group 1 metals of the periodic 

table. 
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Figure D.7. Cone corrected histograms of C–H…S-M of with group 3 metals of the periodic 

table. 

 

 

Figure D.8. Cone corrected histograms of C–H…S-M of with group 4 metals of the periodic 

table. 

 

 

Figure D.9. Cone corrected histograms of C–H…S-M of with group 5 metals of the periodic 

table. 
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Figure D.10. Cone corrected histograms of C–H…S-M of with group 6 metals of the 

periodic table. 

 

 

Figure D.11. Cone corrected histograms of C–H…S-M of with group 13 metals (excluding 

B, a nonmetal) of the periodic table. 
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APPENDIX E 

SUPPLEMENTARY CONTENT FOR CHAPTER VI  

 

Synthesis.  

General Procedure. All reagents were purchased from commercial sources and used as 

received, unless otherwise noted. NMR spectra were acquired at room temperature on a 

Bruker Avance-III-HD 500 MHz (1H 500 MHz, 13C 151 MHz) spectrometer with a 

Prodigy multinuclear broadband BBO CryoProbe. 1H and 13C chemical shifts (δ) are 

reported in ppm relative to residual CHCl3 (1H: 7.26 ppm, 13C: 77.16 ppm). High-

resolution mass spectra (HRMS) were recorded on a Waters XEVO G2-SX mass 

spectrometer. Tetrabutylammonium hydrosulfide (TBASH)70 and host 6.136 were 

synthesized according to previous reports. Note: Hydrogen sulfide and related salts are 

highly toxic and should be handled carefully to avoid exposure. 

 

 

Scheme E.1. Synthesis of NBD thioether 6.2. 

 

NBD-thioether 6.2. NBD-Cl (6.5, 130 mg, 0.65 mmol) and K2CO3 (90 mg, 0.65 mmol) 

were added to degassed DMF (10 mL). 4-Dimethylaminobenzenethiol (99 mg, 0.65 

mmol) was added, and the resultant mixture was stirred at room temperature for 16 h 
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under nitrogen. The reaction mixture was diluted with saturated LiCl solution (10 mL), 

and the crude product was extracted with Et2O (3 × 15 mL) and dried over NaSO4. The 

solvent was removed under vacuum. The final product was purified by serial column 

chromatography on SiO2 (first 100% DCM, then 1:3:16 EtOAc:DCM:hexanes) and 

further purified by recrystallization in DCM and hexanes to yield 6.2 (25 mg, 12%) as a 

dark red powder. 1H NMR (500 MHz, CDCl3) δ 8.22 (d, J = 8.0 Hz, 1H), 7.46 (d, J = 8.8 

Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 6.64 (d, J = 8.0 Hz, 1H), 3.08 (s, 6H). 13C NMR (151 

MHz, CDCl3) δ 151.9, 148.5, 145.7, 142.7, 137.0, 132.5, 131.0, 121.0, 113.9, 110.2, 

40.5. HRMS (TOF-MS-ASAP) [M+H]+ calcd for C14H13N4O3S 317.0708, found 

317.0748. 

 

NMR Spectra. 

 

Figure E.1. 1H NMR spectrum of 6.2 in CDCl3. 
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Figure E.2. 13C NMR spectrum of 6.2 in CDCl3. 

 

Kinetic Experiments. 

General Methods. Samples were prepared under an inert atmosphere using an 

Innovative Atmospheres N2-filled glovebox. Anhydrous and anaerobic MeCN was 

collected from a solvent still and stored in an N2-filled glovebox. Anhydrous and 

anaerobic DMSO was distilled from calcium hydride under reduced pressure, 

deoxygenated by purging with N2, and stored in an N2-filled glovebox. Each kinetic 

experiment was performed in triplicate. 
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General Procedure for Kinetic Experiments. 

Method A. Reaction in the absence of receptor 6.1. A solution of NBD-thioether 6.2 in 

10% DMSO/MeCN (5 mL, 10 μM) was prepared and 2.5 mL was added to a quartz 

cuvette with a septum cap and stir bar. A solution of TBASH was prepared in MeCN (5 

mL, 5 mM) and added to a septum-capped vial. Prior to each UV−vis experiment, the 

cuvette was allowed to equilibrate to 25.0 °C for 5 min in the sample holder. After 

equilibration, the required equiv. TBASH was added to the cuvette by gas-tight Hamilton 

syringe. The reaction progress was monitored by collection of UV−vis absorption data at 

the local λmax (570 nm) of the product in 0.9 s intervals. 

 

Method B. Reaction in the presence of receptor 6.1. A 5 mL solution of NBD-

thioether 6.2 in 10% DMSO/MeCN (10 μM, 1 equiv.) and various concentrations of 

receptor 6.1 in 10% DMSO/MeCN was prepared and 2.5 mL was added to a quartz 

cuvette with a septum and stir bar. A solution of TBASH was prepared in MeCN (5 mL, 

5 mM) and added to a septum-capped vial. Prior to each UV−vis experiment, the cuvette 

was allowed to equilibrate to 25.0 °C for 5 min in the sample holder. After equilibration, 

the required equiv. of TBASH was added to the cuvette by gas-tight Hamilton syringe. 

The reaction progress was monitored by collection of UV−vis absorption data at the local 

λmax (570 nm) of the product in 0.9 s intervals. 

 

Initial rate of reaction determination. Initial rates were determined from the slope of 

absorbance at 570 nm over 6.8 ± 0.1 seconds intervals. 
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Representative Kinetic Data. 

Table E.1. Representative UV-vis absorption data at local λmax (570 nm) for the reaction 

of 1 equiv. TBASH with 10 μM 6.2. 
Time (s) Absorbance 

0 0.01550293 

5 0.12395019 

5.9 0.14231665 

6.8 0.1529662 

7.7 0.16176102 

8.6 0.17034186 

9.5 0.17605327 

10.4 0.18187602 

11.3 0.18664622 

12.2 0.19040844 

13.1 0.19433336 

14 0.19663775 

14.9 0.2000269 

15.8 0.20252961 

16.7 0.20460401 

17.6 0.20682243 

18.5 0.20894596 

19.4 0.21076797 

20.3 0.21285717 

21.2 0.21395658 

22.1 0.21547489 

23 0.21686134 

23.9 0.22567296 

24.8 0.2196244 

25.7 0.22092912 

26.6 0.22243065 

27.5 0.22297308 

28.4 0.22428685 

29.3 0.2251351 

30.2 0.22603376 

31.1 0.22687277 

32 0.22771917 

32.9 0.22864383 

33.8 0.22953252 

34.7 0.2305187 

35.6 0.23126289 

36.5 0.23163578 

37.4 0.23272456 

38.3 0.23290217 

39.2 0.23358117 

40.1 0.2345998 

41 0.23523742 

41.9 0.23563266 

42.8 0.23631662 

43.7 0.23720507 

44.6 0.23734848 

45.5 0.23784542 

46.4 0.23784001 

47.3 0.23808801 
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48.2 0.23928988 

49.1 0.23936398 

50 0.23962288 

50.9 0.24041775 

51.8 0.24070571 

52.7 0.24109302 

53.6 0.24158035 

54.5 0.24202059 

55.4 0.24218857 

56.3 0.24256557 

57.2 0.2428848 

58.1 0.24348243 

59 0.24366784 

59.9 0.24388348 

60.8 0.2442442 

61.7 0.24440499 

62.6 0.24478716 

63.5 0.2450884 

64.4 0.24558985 

65.3 0.24602255 

66.2 0.24615668 

67.1 0.24630189 

68 0.24671134 

68.9 0.24685523 

69.8 0.24688083 

70.7 0.24721757 

71.6 0.24738307 

72.5 0.24789099 

73.4 0.24812138 

74.3 0.24836583 

75.2 0.24883914 

76.1 0.24935988 

77 0.24967577 

77.9 0.24969062 

78.8 0.24956097 

79.7 0.25006583 

80.6 0.25013506 

81.5 0.25021839 

82.4 0.25032926 

83.3 0.25020361 

84.2 0.25036749 

85.1 0.25017947 

86 0.25168419 

86.9 0.2520943 

87.8 0.25205147 

88.7 0.25180921 

89.6 0.25147447 

90.5 0.25181687 

91.4 0.25187239 

92.3 0.25209019 

93.2 0.25216874 

94.1 0.25312665 

95 0.25333557 

95.9 0.25331581 

96.8 0.25352377 

97.7 0.25348452 
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98.6 0.25379553 

99.5 0.25370833 

100.4 0.25403291 

101.3 0.25405249 

102.2 0.25398976 

103.1 0.25419754 

104 0.25444239 

104.9 0.2547839 

105.8 0.25489482 

106.7 0.2550317 

106.6 0.25505844 

108.5 0.25483394 

109.4 0.25517386 

110.3 0.25532034 

111.2 0.25544083 

112.1 0.25566223 

113 0.25594515 

113.9 0.25589833 

114.8 0.2562516 

115.7 0.2560381 

116.6 0.25651938 

117.5 0.25654998 

118.4 0.25644696 

119.3 0.25705493 

120.2 0.25697705 

121.1 0.25746536 

122 0.25752994 

122.9 0.25805047 

123.8 0.25798202 

124.7 0.25782287 

125.6 0.25782287 

126.5 0.25811735 

127.4 0.25795811 

128.3 0.258140802 

129.2 0.25817415 

130.1 0.25791961 

131 0.25849944 

131.9 0.25853837 

132.8 0.25881684 

133.7 0.25817114 

134.6 0.2587474 

135.5 0.25893867 

136.4 0.25871059 

137.3 0.25906128 

138.2 0.25932038 

139.1 0.25901785 

140 0.25970453 

140.9 0.25940821 

141.8 0.25952789 

142.7 0.2598263 

143.6 0.26006603 

144.5 0.26039147 

145.4 0.25979146 

146.3 0.26017535 

147.2 0.26032302 

148.1 0.2602939 
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149 0.26011717 

149.9 0.26079258 

150.8 0.26065892 

1517 0.26085958 

152.6 0.26114756 

153.5 0.26064983 

154.4 0.2609778 

155.3 0.26162079 

156.2 0.26130483 

157.1 0.26112309 

158 0.26155716 

158.9 0.2610842 

159.8 0.26152509 

160.7 0.26158914 

161.6 0.26156348 

162.5 0.26197195 

163.4 0.26165709 

164.3 0.26181424 

165.2 0.2622754 

166.1 0.26241502 

167 0.26214579 

167.7 0.26209617 

168.8 0.26245567 

169.7 0.26221073 

170.6 0.262584 

171.5 0.26262596 

172.4 0.26300791 

173.3 0.26291201 

174.2 0.26311076 

175.1 0.26294881 

176 0.26299188 

176.9 0.26311284 

177.8 0.26318932 

178.7 0.26314357 

179.6 0.26352811 

180.5 0.26344335 

181.4 0.26330721 

182.3 0.26390359 

183.2 0.26351172 

184.1 0.26389459 
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Table E.2. Representative UV-vis absorption data at local λmax (570 nm) for the reaction 

of 1 equiv. TBASH with 10 μM 6.2 in the presence of 5 equiv. 6.1. 
Time (s) Absorbance 

0 -0.012978029 

5 0.028147 

5.9 0.035841 

6.8 0.043186 

7.7 0.046033 

8.6 0.05061 

9.5 0.054339968 

10.4 0.066763118 

11.3 0.061075 

12.2 0.063539 

13.1 0.065616 

14 0.068189 

14.9 0.070752 

15.8 0.073703 

16.7 0.078488514 

17.6 0.081005417 

18.5 0.080636613 

19.4 0.079864 

20.3 0.080936 

21.2 0.0825 

22.1 0.083599 

23 0.085222 

23.9 0.086394 

24.8 0.087682 

25.7 0.088811 

26.6 0.089566 

27.5 0.089779 

28.4 0.091106 

29.3 0.091636 

30.2 0.092682 

31.1 0.093735 

32 0.094758 

32.9 0.095174 

33.8 0.096618 

34.7 0.097555 

35.6 0.09801 

36.5 0.098854 

37.4 0.100318 

38.3 0.101005 

39.2 0.101879 

40.1 0.101995 

41 0.102336 

41.9 0.103105 

42.8 0.103175 

43.7 0.104132 

44.6 0.104558 

45.5 0.105181 

46.4 0.105783 

47.3 0.106299 

48.2 0.106754 

49.1 0.107387 

50 0.107797 



212 

 

50.9 0.108159 

51.8 0.108598 

52.7 0.108824 

53.6 0.109275 

54.5 0.109586 

55.4 0.110083 

56.3 0.110115 

57.2 0.111101 

58.1 0.111443 

59 0.111789 

59.9 0.112238 

60.8 0.112452 

61.7 0.113037 

62.6 0.11348 

63.5 0.114084 

64.4 0.114486 

65.3 0.114569 

66.2 0.115027 

67.1 0.115191 

68 0.115584 

68.9 0.116178 

69.8 0.116655 

70.7 0.117093 

71.6 0.117887 

72.5 0.117527 

73.4 0.117631 

74.3 0.118136 

75.2 0.11828 

76.1 0.118434 

77 0.119135 

77.9 0.119137 

78.8 0.11957 

79.7 0.119447 

80.6 0.120263 

81.5 0.119897 

82.4 0.120244 

83.3 0.120499 

84.2 0.12098 

85.1 0.121037 

86 0.121347 

86.9 0.121587 

87.8 0.121873 

88.7 0.122483 

89.6 0.123027 

90.5 0.123054 

91.4 0.123066 

92.3 0.123625 

93.2 0.123548 

94.1 0.124042 
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Table E.3. Representative UV-vis absorption data at local λmax (570 nm) for the reaction 

of 1 equiv. TBASH with 10 μM 6.2 in the presence of 1 equiv. 6.1. 
Time (s) Absorbance 

0 0.01857783 

5 0.17583571 

5.9 0.18876408 

6.8 0.19589932 

7.7 0.20465787 

8.6 0.211738408 

9.5 0.21735308 

10.4 0.22300538 

11.3 0.22711803 

12.2 0.23102577 

13.1 0.23436528 

14 0.23769514 

14.9 0.24082351 

15.8 0.24308668 

16.7 0.24571204 

17.6 0.24850109 

18.5 0.25168774 

19.4 0.25344294 

20.3 0.25391606 

21.2 0.25500852 

22.1 0.25653836 

23 0.25854835 

23.9 0.25960714 

24.8 0.2611376 

25.7 0.26260066 

26.6 0.2636269 

27.5 0.26478267 

28.4 0.26508498 

29.3 0.26658493 

30.2 0.26806661 

31.1 0.26842412 

32 0.26968235 

32.9 0.27026454 

33.8 0.27122444 

34.7 0.27214402 

35.6 0.27327135 

36.5 0.2735624 

37.4 0.27414423 

38.3 0.27516976 

39.2 0.2761381 

40.1 0.277201 

41 0.27749836 

41.9 0.27811816 

42.8 0.27883464 

43.7 0.27928278 

44.6 0.27919877 

45.5 0.28042141 

46.4 0.28117132 

47.3 0.28097665 

48.2 0.28166223 

49.1 0.28218618 

50 0.28337088 
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50.9 0.28327033 

51.8 0.28359637 

52.7 0.28389373 

53.6 0.28464758 

54.5 0.28529614 

55.4 0.28543317 

56.3 0.28599969 

57.2 0.28629801 

58.1 0.28655672 

59 0.28718439 

59.9 0.28781497 

60.8 0.28780699 

61.7 0.28862748 

62.6 0.28899562 

63.5 0.2892352 

64.4 0.28948557 

65.3 0.28973702 

66.2 0.29020795 

67.1 0.29028285 

68 0.29089633 

68.9 0.29110503 

69.8 0.2915929 

70.7 0.29183039 

71.6 0.29208523 

72.5 0.29231215 

73.4 0.29241034 

74.3 0.29263377 

75.2 0.29345378 

76.1 0.29364625 

77 0.29386088 

77.9 0.29416135 

78.8 0.29450291 

79.7 0.29469022 

80.6 0.29485571 

81.5 0.29545265 

82.4 0.29551256 

83.3 0.2957961 

84.2 0.29592487 

85.1 0.29606369 

86 0.29652941 

86.9 0.29692021 

87.8 0.29709956 

88.7 0.29709426 

89.6 0.29787219 

90.5 0.29794675 

91.4 0.29859284 

92.3 0.29843596 

93.2 0.2985422 

94.1 0.29944566 
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Table E.4. Representative UV-vis absorption data at local λmax (570 nm) for the reaction 

of 0.5 equiv. TBASH with 10 μM 6.2. 
Time (s) Absorbance 

0 0.040662743 

5 0.082723916 

5.9 0.087689571 

6.8 0.09055838 

7.7 0.094470263 

8.6 0.098074362 

9.5 0.105915994 

10.4 0.109280571 

11.3 0.11001239 

12.2 0.109949835 

13.1 0.112122268 

14 0.114668436 

14.9 0.117302805 

15.8 0.119578421 

16.7 0.121920079 

17.6 0.124292485 

18.5 0.126520798 

19.4 0.128055766 

20.3 0.12982966 

21.2 0.131891117 

22.1 0.133973673 

23 0.135720119 

23.9 0.137886792 

24.8 0.139406368 

25.7 0.140924946 

26.6 0.142315224 

27.5 0.144059077 

28.4 0.145650864 

29.3 0.147155389 

30.2 0.148693875 

31.1 0.149875745 

32 0.151001796 

32.9 0.152860522 

33.8 0.154232815 

34.7 0.155051693 

35.6 0.156698316 

36.5 0.157879308 

37.4 0.158922076 

38.3 0.159972489 

39.2 0.161110655 

40.1 0.161912471 

41 0.163182721 

41.9 0.164287314 

42.8 0.165255964 

43.7 0.16696386 

44.6 0.167361066 

45.5 0.168070242 

46.4 0.168891102 

47.3 0.169743702 

48.2 0.170982018 

49.1 0.171741888 

50 0.172973543 
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50.9 0.17402719 

51.8 0.174527466 

52.7 0.175656378 

53.6 0.176387295 

54.5 0.177218437 

55.4 0.178209513 

56.3 0.17883125 

57.2 0.17968607 

58.1 0.180113941 

59 0.180811063 

59.9 0.182058707 

60.8 0.182902873 

61.7 0.183426917 

62.6 0.184298754 

63.5 0.184594825 

64.4 0.185106173 

65.3 0.186061427 

66.2 0.186852634 

67.1 0.187082753 

68 0.187667415 

68.9 0.188324779 

69.8 0.189341232 

70.7 0.190107286 

71.6 0.190510571 

72.5 0.190960735 

73.4 0.191740722 

74.3 0.192263275 

75.2 0.19326824 

76.1 0.193875849 

77 0.194284052 

77.9 0.194512099 

78.8 0.195211649 

79.7 0.195573658 

80.6 0.196102247 

81.5 0.196685091 

82.4 0.197586551 

83.3 0.198454887 

84.2 0.198691323 

85.1 0.199457586 

86 0.199927628 

86.9 0.200489953 

87.8 0.200884923 

88.7 0.201249197 

89.6 0.201864943 

90.5 0.202436939 

91.4 0.203335285 

92.3 0.203124374 

93.2 0.203509167 

94.1 0.203493297 

95 0.204673886 

95.9 0.205318227 

96.8 0.205191284 

97.7 0.206195861 

98.6 0.206676573 

99.5 0.207082346 

100.4 0.20744504 
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101.3 0.207785711 

102.2 0.208049268 

103.1 0.208857968 

104 0.209299743 

104.9 0.209957123 

105.8 0.210156351 

106.7 0.210592285 

106.6 0.211409167 

108.5 0.21155256 

109.4 0.211665288 

110.3 0.212210208 

111.2 0.211995944 

112.1 0.212171763 

113 0.212636218 

113.9 0.213228881 

114.8 0.213496089 

115.7 0.213378117 

116.6 0.214062139 

117.5 0.214180425 

118.4 0.215006456 

119.3 0.215237811 

120.2 0.215696827 

121.1 0.216171205 

122 0.216103286 

122.9 0.216180056 

123.8 0.216827825 

124.7 0.217036501 

125.6 0.217223719 

126.5 0.217493027 

127.4 0.218104258 

128.3 0.218459964 

129.2 0.218799874 

130.1 0.219202116 

131 0.219362274 

131.9 0.219517276 

132.8 0.220409527 

133.7 0.220589131 

134.6 0.220761895 

135.5 0.221337825 

136.4 0.221560672 

137.3 0.221558213 

138.2 0.221885145 

139.1 0.222039938 

140 0.222332686 

140.9 0.222881943 

141.8 0.223262027 

142.7 0.224268556 

143.6 0.224485442 

144.5 0.225319073 

145.4 0.224899605 

146.3 0.225021705 

147.2 0.225339428 

148.1 0.225213975 

149 0.225488886 

149.9 0.225843087 

150.8 0.225868598 
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1517 0.226033881 

152.6 0.226195261 

153.5 0.22630021 

154.4 0.226917028 

155.3 0.226648659 

156.2 0.227075368 

157.1 0.227319002 

158 0.227781892 

158.9 0.227561951 

159.8 0.228055149 

160.7 0.228511065 

161.6 0.228520617 

162.5 0.22856842 

163.4 0.22879602 

164.3 0.229304448 

165.2 0.229606688 

166.1 0.229467884 

167 0.229702011 

167.7 0.229814798 

168.8 0.22977002 

169.7 0.229846045 

170.6 0.230438739 

171.5 0.230690658 

172.4 0.230791718 

173.3 0.230921567 

174.2 0.23071602 

175.1 0.231408685 

176 0.231433034 

176.9 0.231419921 

177.8 0.231626689 

178.7 0.231649548 

179.6 0.232044146 

180.5 0.232337296 

181.4 0.232651755 

182.3 0.232757524 

183.2 0.23275885 

184.1 0.23326008 
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Table E.5. Representative UV-vis absorption data at local λmax (570 nm) for the reaction 

of 2 equiv. TBASH with 10 μM 6.2. 
Time (s) Absorbance 

0 0.042442374 

5 0.436351359 

5.9 0.469588786 

6.8 0.493625224 

7.7 0.512905955 

8.6 0.512905955 

9.5 0.528495967 

10.4 0.541837275 

11.3 0.56174165 

12.2 0.569860816 

13.1 0.577571511 

14 0.584105969 

14.9 0.589415491 

15.8 0.595093608 

16.7 0.600051999 

17.6 0.604568481 

18.5 0.60983789 

19.4 0.612968624 

20.3 0.615731835 

21.2 0.619015694 

22.1 0.621686339 

23 0.624110997 

23.9 0.628200352 

24.8 0.629559696 

25.7 0.631976187 

26.6 0.633951187 

27.5 0.63623172 

28.4 0.637955308 

29.3 0.641034603 

30.2 0.641942799 

31.1 0.64329803 

32 0.645370364 

32.9 0.645756662 

33.8 0.648045898 

34.7 0.648665607 

35.6 0.651308775 

36.5 0.651764095 

37.4 0.652747929 

38.3 0.654428065 

39.2 0.655353725 

40.1 0.656938434 

41 0.657117128 

41.9 0.657929182 

42.8 0.659729898 

43.7 0.660740972 

44.6 0.660475254 

45.5 0.661525607 

46.4 0.662577331 

47.3 0.663590431 

48.2 0.663858056 

49.1 0.663613141 

50 0.665165365 



220 

 

50.9 0.665403128 

51.8 0.666760564 

52.7 0.666907013 

53.6 0.668803513 

54.5 0.668807387 

55.4 0.669220626 

56.3 0.670194507 

57.2 0.670579195 

58.1 0.670856118 

59 0.671714604 

59.9 0.672691584 

60.8 0.672434568 

61.7 0.673205495 

62.6 0.673859119 

63.5 0.673831821 

64.4 0.674048245 

65.3 0.67460984 

66.2 0.676344752 

67.1 0.674993396 

68 0.675309777 

68.9 0.676924288 

69.8 0.677274108 

70.7 0.677397907 

71.6 0.677988112 

72.5 0.677944243 

73.4 0.678190768 

74.3 0.678650141 

75.2 0.678574324 

76.1 0.678989768 

77 0.679100633 

77.9 0.679872572 

78.8 0.679673314 

79.7 0.680533171 

80.6 0.679814816 

81.5 0.680388033 

82.4 0.68086648 

83.3 0.680492997 

84.2 0.681759477 

85.1 0.681621909 

86 0.681435347 

86.9 0.68214494 

87.8 0.682429254 

88.7 0.684416831 

89.6 0.682973981 

90.5 0.683970451 

91.4 0.683242917 

92.3 0.683281601 

93.2 0.683329642 

94.1 0.683836162 
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APPENDIX F 

SUPPLEMENTARY CONTENT FOR CHAPTER VII 

 

Synthesis. 

General methods. All reagents were purchased from commercial sources and used as 

received, unless otherwise noted. All glassware was purified by an overnight acid bath 

and rinsed with 18 MΩ deionized water. Non-analytical glassware was also purified by 

overnight base bath. NMR spectra were acquired at room temperature on a Bruker 

Avance-III-HD 500 MHz (1H 500 MHz, 31P 202.46 MHz) spectrometer with a Prodigy 

multinuclear broadband BBO CryoProbe. 1H chemical shifts (δ) are reported in ppm 

relative CH3CN (1H: 1.94 ppm). 31P chemical shifts are referenced to 85% H3PO4 (δ = 0 

ppm) as an external standard. 7.127 and 7.218 were synthesized according to previous 

reports. 

 

Tetrabutylphosphonium hydroxide (TBPOH). TBPOH was purchased as 40 wt. % in 

H2O. An aliquot of the solution was pumped to dryness and purified in an Innovative 

Atmospheres N2-filled drybox through serial recrystallization at 0 °C by layering an 

anhydrous THF solution under anhydrous Et2O. 1H NMR (500 MHz, CD3CN) δ: 2.03-

2.09 (m, 8H), 1.54-1.42 (m, 16H), 0.95 (t, J = 7.1, 12H). 31P NMR (202.46 MHz, 

CD3CN) δ: 33.03. 

 

 



222 

 

General procedure for tetrabuytlphosphonium salt (TBPX) synthesis. 200 μL of a 40 

mM aqueous solution of purified TBPOH (8 μmol) was diluted to 3 mL with 18 MΩ 

deionized water. Excess concentrated acid (5 μL) was added dropwise. TBPX was 

extracted with HPLC-grade DCM (25 mL, x3). The combined DCM solution was washed 

with 18 MΩ deionized water (5 mL, x1). The washed DCM solution was concentrated in 

vacuo overnight to afford TBPX as white crystals. Note: TBPCl, TBPBr, and TBPNO3 

salts are hygroscopic and will turn into an oil once exposed to air. Warning: 

Tetrabutylphosphonium salts are highly toxic and readily absorbed through nitrile gloves 

and skin and should be handled carefully to avoid exposure. 

 

Tetrabutylphosphonium chloride (TBPCl). 2.36 mg, 8 μmol, quant. 31P NMR (202.46 

MHz, CD3CN) δ: 33.73. 

 

Tetrabutylphosphonium bromide (TBPBr). 2.45 mg, 7.2 μmol, 90%. 31P NMR (202.46 

MHz, CD3Cl) δ: 32.84. 

 

Tetrabutylphosphonium iodide (TBPI). 3.09 mg, 8 μmol, quant. 31P NMR (202.46 

MHz, CD3Cl) δ: 32.75. 

 

Tetrabutylphosphonium nitrate (TBPNO3). 2.57 mg, 8 μmol, quant. 31P NMR (202.46 

MHz, CD3Cl) δ: 33.08. 
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NMR spectra. 

 

Figure F.1. 31P NMR of TBPOH in CD3CN. 

 

 

Figure F.2. 31P NMR of TBPCl in CD3CN. 
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Figure F.3. 31P NMR of TBPBr in CDCl3. 

 

 

Figure F.4. 31P NMR of TBPI in CDCl3. 
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Figure F.5. 31P NMR of TBPNO3 in CDCl3. 

 

Extraction Procedure. 

Solvents. Nitrobenzene was purified through previously reported methods.224 Aqueous 

solutions of TBPX salts were made in 18 MΩ deionized water. Note: Nitrobenzene and 

tetrabutylphosphonium salts are highly toxic and readily absorbed through nitrile gloves 

and skin and should be handled carefully to avoid exposure. 

 

Contacting procedure. Batch equilibrium liquid-liquid extractions were performed in 

polypropylene centrifuge tubes. Equal volumes (0.3 mL) of aqueous and organic phases 

were contacted for at least 2 h at 25 ± 1 °C by end-over-end rotation at 8 rpm using a 

laboratory rotator. After rotation, samples were centrifuged at 3000 RCF for 20 min at 25 

°C in a refrigerated centrifuge. After centrifugation, 0.2 mL of the aqueous phase was 

carefully removed by disposable pipette and prepared for analysis by ICP-MS.  
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Temperature control. Temperature control of contacting experiments was achieved by 

heating a bead bath beneath the rotator and covering the bead bath, rotator, and headspace 

with a double layer of aluminum foil. The tip of the temperature controller was held in 

the headspace to register the temperature. A separate thermometer was also held in the 

headspace to verify the temperature controller. Figure F.6 shows that temperature at 25 

°C remains satisfactorily consistent over 1 h. 

 

 

Figure F.6. Temperature of headspace over 2 h using temperature control method 

described above. 

 

ICP-MS sample preparation. 1000 ppm Y ICP-MS internal standard solution (Y2O3 in 

2% v/v HNO3) was purchased from Inorganic Ventures. 0.2 mL of the aqueous phase of 

the contacting experiments were diluted with 0.8 mL 18 MΩ deionized water. Samples 

were acidified to 2% v/v HNO3 with 30.8 μL concentrated trace metal HNO3. 21.4 μL of 

5 ppm Y ICP-MS internal standard solution (0.1 ppm) was added to each sample. 

Samples which deviated by more than 70% from the Y internal standard concentration 

determined by ICP-MS were discarded. Extraction experiments were performed in 

duplicate or triplicate. 
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ICP-MS P calibration. 1000 ppm P ICP-MS calibration solution (H2PO4 in H2O) was 

purchased from Inorganic Ventures. 1000 ppm P ICP-MS calibration solution was diluted 

with 18 MΩ deionized water to make a 1 ppm P ICP-MS calibration solution (15 mL). 

Further calibration solutions of 0.1, 0.01, 0.001, and 0.0001 ppm P (15 mL) were made 

through serial dilution with 18 MΩ deionized water starting from the 1 ppm calibration 

solution. Calibration solutions and a blank solution consisting of 18 MΩ deionized water 

were acidified up to 2% v/v HNO3 using concentrated trace metal HNO3. 0.1 ppm Y was 

added to each calibration solution and blank solution from a 5 ppm Y ICP-MS internal 

standard solution. Exact P and Y concentration for each calibration solution was 

calculated from the mass and densities of the solutions added or removed.  

 

Representative ICP-MS P calibration and %Y recovery in calibration solutions. 

 

Figure F.7. a) Representative P ICP-MS calibration curve. b) Representative %Y 

recovery in each calibration solution. 
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Representative ICP-MS analysis of TBPX extraction. 

 

Figure F.8. a) Representative TBPCl concentrations determined through ICP-MS before 

and after extraction with various concentrations of 7.1. b) Representative %Y recovery in 

extraction samples. Samples which had a greater than 30% difference from 100% 

recovery were discarded (e.g. Sample 1 mM c). 
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DP calculation. Because ICP-MS cannot directly determine [TBPX]org, DP for each 

sample was calculated by Equation F.1. [TBPX]0 was determined by subjecting the 

original TBPX aqueous solution to the same experimental and sample preparation 

conditions as the contacting experiments, without the presence of an organic phase. Each 

[TBPX]0 and [TBPX]aq is an average of values determined from the duplicate or triplicate 

experiments. Standard error for [TBPX]0 and [TBPX]aq is the standard deviation of the 

values determined from the duplicate or triplicate experiments and were propagated 

appropriately in all following calculations. 

𝐷𝑃 =
[𝑇𝐵𝑃𝑋]𝑜𝑟𝑔

[𝑇𝐵𝑃𝑋]𝑎𝑞
=

[𝑇𝐵𝑃𝑋]0−[𝑇𝐵𝑃𝑋]𝑎𝑞

[𝑇𝐵𝑃𝑋]𝑎𝑞
     (F.1) 

 

Temperature effect on DP. Because equilibrium constants in extraction experiments are 

temperature-dependent and the temperature control method is likely imprecise, a 

temperature study was performed to determine if small changes in temperature would 

result in large DP variation. Extraction was performed with aqueous solutions of TBPCl, 

TBPBr, TBPI, and TBPNO3 (0.04 mM) and nitrobenzene or 0.1 mM 7.1 in nitrobenzene 

at 30, 35, and 40 °C. DP values determined for each of these experiments were compared 

with Dp results determined at 25 °C (Figures F.9a-d). Results show that small variation in 

temperature (1 – 2 °C) are likely not affecting calculated DP within the precision of this 

study. While temperature control was not precise enough to determine thermodynamic 

contribution to extraction, we note that DP appears to increase with increasing 

temperature for all experiments with the exception of TBPI (the only lipophilic salt 

studied) partitioning into nitrobenzene. This is surprising as unpublished isothermal 
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titration calorimetry of a derivative of 7.1 with TBACl in CHCl3 suggest that host 

binding with Cl– in solution is enthalpically driven. 

 

 

F.9. Temperature effect on DP for a) TBPCl, b) TBPBr, c) TBPI, and d) TBPNO3.  
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