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Abstract 

Respiring mitochondria generate a proton gradient across the inner mitochondrial membrane (MIM) 

to drive adenosine triphosphate (ATP) production. Mitochondrial uncouplers, which are typically 

weak acid protonophores, disrupt this process by inducing proton leak across the MIM, dissipating 

the membrane potential and leading to futile cycles of nutrient oxidation without ATP synthesis. Mi-

tochondrial uncouplers are currently being explored as therapeutic agents in a range of applications. 

Emerging evidence suggests that mitochondrial uncouplers may be an attractive platform for the de-

velopment of anticancer agents due to the unique characteristics of cancer cell mitochondria.  

Mitochondrial uncouplers are generally weak acids, however in 2016 Gale et al. discovered a syn-

thetic anion transporter that transports protons via a novel mechanism that involves their interaction 

with deprotonated free fatty acids in lipid bilayers. This thesis explores the use of anion transporters 

as mitochondrial uncouplers and their capacity to serve as novel anticancer agents. In Chapter Two 

the bisaryl urea SR4, an experimental anticancer agent and nonacidic mitochondrial uncoupler, was 

investigated for its proton transport mechanism and anticancer activity against MDA-MB-231 breast 

cancer cells. Vesicular proton transport assays demonstrated that SR4-mediated proton transport was 

enhanced in the presence of free fatty acids, indicating that SR4-mediated proton transport occurs via 

the fatty acid-activated proton transport mechanism. A library of bisaryl ureas was synthesised with 

various aromatic substituents for structure-activity relationship and in vitro cell studies. These re-

vealed that substitution with lipophilic electron withdrawing groups enhanced proton transport activ-

ity, and the most active compound U1, uncoupled mitochondria, reduced cell viability, and inhibited 

ATP production with greater potency than SR4. 

In Chapter Three, the urea anion binding motif of the compounds studied in Chapter Two was replaced 

with squaramide, amide, and diurea groups and the proton transport and mitochondrial actions of 

these compounds were evaluated against MDA-MB-231 cells. Substitution of the bisaryl rings with 
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lipophilic electron withdrawing groups remained key to antiproliferative and uncoupling activity, and 

these compounds were also found to mediate proton transport by the fatty acid-activated mechanism. 

The mitochondrial actions and proton transport capacity of the new bisaryl squaramide, amide and 

diurea analogues were less pronounced than their bisaryl urea counterparts, indicating the urea motif 

is better suited for mitochondrial uncoupling by this mechanism. 

The bisaryl ureas presented in Chapter Two promote fatty acid-activated proton transport due to their 

capacity to delocalise the anionic charge of deprotonated fatty acids. In Chapter Four these insights 

were used to enhance the proton transport and uncoupling activity of aryl urea substituted fatty acids, 

a new class of uncoupler that relies on intermolecular urea-carboxylate interactions to mediate proton 

transport. It was anticipated that incorporating a second (proximal) ring into the aryl urea substituted 

fatty acid scaffold would enhance proton transport by increasing urea NH hydrogen bond donor 

strength and providing a larger π-system for charge delocalisation. A library of diphenyl urea substi-

tuted fatty acids were synthesised and their proton transport activity was assessed in cell and vesicle-

based assays. It was revealed that meta-linked but not para-linked proximal rings enhanced proton 

transport in vesicles, which was attributed to steric factors that inhibit the para-linked analogues from 

forming membrane permeable complexes. Overall, the inclusion of meta-linked proximal rings 

greatly enhanced uncoupling activity in MDA-MB-231 cells, although this did not result in enhance-

ment of their antiproliferative activity compared to the parent aryl ureas. 

Collectively, this thesis provides new mechanistic insights into the mitochondrial effects of the ex-

perimental anticancer agent SR4 and defines structure-activity relationships that describe how aro-

matic substitution and various anion receptors impact the protonophoric and anticancer actions of 

anion transport-based mitochondrial uncouplers. The promising mitochondrial and anticancer actions 

of the most potent bisaryl ureas and diphenyl urea substituted fatty acids warrant further testing to 

evaluate their use as mitochondria-targeted anticancer agents.  
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Chapter One: Introduction to Mitochondrial UncouplersChapter One: 
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1.1 Mitochondrial structure and function 
 

Mitochondria are rod-shaped organelles found in the cytosol of eukaryotic cells and play a critical 

role in the generation of metabolic energy, earning their culturally celebrated moniker “the power-

house of the cell”. Mitochondria consist of a folded mitochondrial inner membrane (MIM) encased 

within an ovoid outer membrane (Figure 1) that divides the organelle into the mitochondrial matrix 

(inner core) and the intermembrane space (outer mantle).1,2 The MIM is impermeable to most ionic 

species, as they cannot diffuse across the lipophilic core of the phospholipid bilayer. The asymmetric 

accumulation of protons between the mitochondrial matrix and the intermembrane space generates a 

high membrane potential across the MIM (termed the ΔΨM). This electrochemical potential functions 

as the direct link between nutrient oxidation and mitochondrial energy production in the form of ATP. 

Figure 1. Diagram displaying the double-membrane structure of the mitochondria. 

 

1.2 Mitochondrial ATP production: Oxidative Phosphorylation 
Mitochondria generate the ΔΨM and produce ATP through a process called oxidative phosphorylation 

(OXPHOS, Figure 2). Nutrients are transported from the cytosol and catabolised in the mitochondrial 

matrix via the citric acid cycle to produce reduced electron carriers NADH and FADH2.3-5 These high 

energy species then fuel a cascade of redox reactions mediated by the electron transport chain (ETC), 
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a series of protein complexes embedded in the MIM.4,5 The energy released in this oxidative process 

powers the active transport of protons (H+) from the mitochondrial matrix into the intermembrane 

space, generating a mitochondrial membrane potential (ΔΨM) of about – 140 mV across the MIM.4-6 

The ΔΨM drives protons back into the mitochondrial matrix through the MIM-embedded protein ATP 

synthase. As protons flow through ATP synthase the protein catalyses the formation of ATP from 

inorganic phosphate (Pi) and adenosine diphosphate (ADP). Nutrient oxidation is therefore coupled 

to ATP synthesis via the ΔΨM. 3-5  

 

 

 

 

 

 

 

Figure 2. Synthesis of ATP through OXPHOS in the mitochondria. Nutrient oxidation is coupled to 

ATP synthesis through the generation of an electrochemical potential across the MIM. 

1.2.1 Mitochondrial Uncoupling 

Mitochondrial uncoupling is a process that disconnects nutrient oxidation from ATP synthesis by dis-

rupting the ΔΨm. Uncoupling was first encountered when brown adipose tissue was found to generate 

heat in response to cold exposure. These observations led researchers to investigate the mechanism 

behind this phenomenon, ultimately resulting in the identification of the first uncoupling protein in 

1978.7 It was subsequently found that uncoupling proteins are expressed in the MIM of all cells and 

dissipate energy stored in the ΔΨM as heat by allowing protons to flow from the intermembrane space 
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back into the matrix, bypassing ATP synthase. This apparent inefficiency was first thought to be dys-

functional, but further research demonstrates that mitochondrial uncoupling is a highly adaptive reg-

ulatory mechanism with keys roles in thermogenesis, metabolism and cell signalling.8 As a result of 

these discoveries mitochondrial uncoupling has garnered significant interest for its physiological im-

plications in both ageing and disease.8,9 

1.3 Mitochondrial Uncouplers and the Protonophoric Cycle 
Chemical agents that uncouple oxidative phosphorylation are known as mitochondrial uncouplers. 

The crucial feature of uncouplers is their ability to promote the passage of protons from the inter-

membrane space into the matrix without the involvement of ATP synthase. This biochemical “short-

circuit” collapses the ΔΨm , thus removing the driving force for ATP production and creating futile 

cycles of energy expenditure.10 Typically, this is achieved through the protonation and subsequent 

deprotonation of an acidic functional group on the uncoupler molecule, which sits in the MIM and 

cycles between the matrix and intermembrane space to shuttle protons via the protonophoric cycle 

(Figure 3).11  

Figure 3. Mitochondrial uncouplers dissipate the ΔΨm via the protonophoric cycle. 

In the protonophoric cycle the deprotonated uncoupler (A-) first accepts a proton in the acidic inter-

membrane space to generate a neutral species (A-H). The neutral uncoupler (A-H) readily diffuses 
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through the MIM where it is subsequently deprotonated in the alkaline mitochondrial matrix (pH 

~8).12 This results in the transport of one proton across the MIM. The resultant anion (A-) must then 

return to the intermembrane space to be protonated again to establish a continuous cycle.13 However, 

transport of the negatively charged uncoupler back to the intermembrane space is hindered by the 

MIM’s lipophilic core, which is relatively impermeable to ions.13 Sufficiently lipophilic anions can 

overcome this barrier and passively diffuse the MIM, but others must rely on active transport by 

uncoupling proteins embedded in the MIM to complete the protonophoric cycle.14,15  

1.3.1 Protein-dependent mitochondrial uncouplers  

Free fatty acids such as palmitate are examples of protein-dependent mitochondrial uncouplers be-

cause they rely on active transport to translocate the anion across the MIM. Several dedicated uncou-

pling proteins (UCP1 i.e. thermogenin, and UCP2-UCP5)16,17 have been identified as well as mito-

chondrial carriers such as adenine nucleotide translocase (ANT) that exhibit concomitant uncoupling 

activity.18,19 The uncoupling activities of UCP1,19,20 UCP2,21 UCP3,22 UCP4/523 and ANT18,19 are 

activated in the presence of free fatty acids, which are physiological substrates present in the MIM 

(most commonly palmitate, stearate, and oleate24). Multiple theories have been proposed to explain 

the precise mechanism of fatty acid-activation.25 However, it has been demonstrated that UCP1 trans-

ports laurate, UCP2 transports palmitate and ANT transports arachidonate in proteoliposomes.20,21,26 

Without protein assistance, transbilayer movement of anionic fatty acids is extremely slow due to 

their high charge density.27 Together this indicates that uncoupling proteins mediate proton transport 

indirectly by catalysing the transbilayer movement (“flip-flop”) of anionic fatty acids, providing the 

missing link for free fatty acids to complete the protonophoric cycle (see  

Figure 4b). 
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Figure 4. (a) Protein-Independent mitochondrial uncouplers such as FCCP possess extended π sys-

tems conjugated to their acidic group, allowing them to make MIM-permeable anions and complete 

the protonophoric cycle without active transport. (b) Protein-dependent mitochondrial uncouplers 

such as lauric acid do not form MIM-permeable anions, and instead rely on active transport by un-

coupling proteins to complete the protonophoric cycle. UCP1 shown as representative uncoupling 

protein, structure elucidated by electron microscopy28 and  available free of charge at 

https://doi.org/10.2210/pdb8HBV/pdb. 

1.3.2 Protein-independent mitochondrial uncouplers  

Mitochondrial uncouplers that form MIM-permeable anions can complete the cycle and disrupt the 

ΔΨM without protein involvement. Typically, these uncouplers are lipophilic weak acids that possess 

extended π-systems conjugated to their acidic group. These features delocalise the anions negative 

charge over a large area to promote anion lipophilicity (see Figure 4a). FCCP (Carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone) is an example of a protonophore. The FCCP anion disperses its 
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negative charge across the hydrazone and aromatic π-systems that flank its acidic NH group, allowing 

the anion to move through the MIM unassisted.13 

1.4 Applications of mitochondrial uncouplers 

1.4.1 Weight loss treatment 

The ability for mitochondrial uncouplers to dissipate nutrient-derived energy and bypass ATP synthe-

sis has generated significant interest in uncouplers as a treatment for weight loss.10 The potential and 

dangers of this approach was demonstrated in the early 20th century, when the protein-independent 

uncoupler 2,4-dinitrophenol (DNP) was used to treat obesity. Historically, DNP was used in the prep-

aration of explosives in World War One, where French factory workers exposed to DNP experienced 

significant weight loss and in some cases death (symptoms vividly described in Figure 5). This ulti-

mately lead to the discovery of DNP as a mitochondrial uncoupler, and was clinically used in the 

1930s as a weight loss drug due to its ability to significantly increase basal metabolic rate.29 Patients 

on DNP reported weight losses of up to 1.5 kg per week on calorie unrestricted diets, however severe 

side effects and a number of fatalities lead the withdrawal of DNP in 1938. However, research into 

mitochondrial uncouplers as weight-loss agents remains active, with efforts focused on developing 

compounds with less pronounced mitochondrial effects and thus a larger therapeutic window. 
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Figure 5. Excerpt from 1919 public health report describing the effects of DNP exposure on French 

munition workers30 

1.4.2 Spinal Cord injury and neurodegenerative diseases 

Mitochondrial uncouplers also have therapeutic potential in the treatment of spinal cord injury and 

some neurodegenerative diseases. Neurons damaged by physical trauma and other triggers of gluta-

mate excitotoxicity accumulate harmful levels of Ca2+ in their cytosol that activates many pro-apop-

totic enzymes. In an apparent attempt to mitigate harm, neurons sequester excess Ca2+ in their mito-

chondria, but in doing so increase production of reactive oxygen species (ROS).31,32 Increased ROS 

can overwhelm antioxidant defences, causing oxidative stress that destabilises mitochondria and can 

lead to cell death. Mitochondrial uncoupling by DNP has been shown to decrease ROS production in 

many tissues including brain, highlighting its potential as a treatment for spinal cord injury and some 

neurodegenerative diseases.33,34 For example, pretreatment of rodents with spinal cord contusions 

with DNP reduced ROS, protein oxidation and lipid peroxidation levels, which was found to amelio-

rate loss of function and conserved 23% more white matter than control six weeks following injury.35 
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 1.4.3 Mitochondrial Uncouplers as anticancer agents 

Cancer is a complex disease that occurs when cells stop responding appropriately to normal cellular 

signals and begin to proliferate uncontrollably, forming abnormal growths called tumours that spread 

to and disrupt the function of vital organs.36,37 This disease poses enormous health, economic and 

societal burdens to the global community, and is the leading cause of death in Australia accounting 

for 29% of all registered death in 2018.38 Considering Australia’s ageing population and that improve-

ments in cancer mortality rates trail behind that of other disease modalities (Figure 6),39 the impact 

of cancer is set to intensify with 43% of Australians anticipated to be diagnosed by 85.40 These so-

bering numbers underline the increasingly urgent need for new anticancer treatments that improve 

the survival rates of cancer patients.  

Figure 6. Age-standardised mortality rates by cause of death in Australia from 1907-2020.39 

The genetic mutations that induce malignant transformation and cause cancer can occur in any cell in 

the body, and as a result the characteristics and behaviour of cancerous cells are very diverse.41 Even 

cancerous cells arising from the same tumour exhibit genetic diversity.42 However, the fundamental 

structure and biology of cancerous cells are still analogous to noncancerous cells. Thus, the body’s 

immune system struggles to recognise and destroy cancer cells in the same way it does for foreign 

pathogens such as bacteria. Consequently, cancers evade immune surveillance and treatment relies 
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on medical interventions such as surgical removal of tumours, and pharmaceutical and radiothera-

peutic treatments.43 Pharmaceuticals or chemotherapies have become an increasingly important tool 

for cancer treatment, however the cellular characteristics of cancer cells make the development of 

effective and well-tolerated drugs challenging. Most anticancer agents are only effective against spe-

cific cancers due to tumour heterogeneity. Furthermore, because of the similarities between cancer 

and non-cancerous cells, most anticancer agents have poor selectivity towards cancer cells. This lack 

of selectivity leads to poorly tolerated drugs that damage cancer and noncancer cells alike resulting 

in severe side effects. For example, the widely used chemotherapy Paclitaxel (Taxol) indiscriminately 

disrupts cell division by preventing mitotic spindle disassembly during mitosis; ultimately leading to 

life threatening side effects such as hypotension, myelosuppression and peripheral neuropathy.44 Ad-

verse side effects like these severely narrow the therapeutic window for many cancer treatments, 

spurring efforts to identify novel drug mechanisms that selectively target the unique characteristics 

cancerous cells. 

Cancerous cells have greater energy and biomass demands than non-cancerous cells to produce the 

elevated quantities of carbohydrates, nucleic acids, proteins and lipids to divide rapidly.45 To accom-

modate for this, cancer cells exhibit an altered metabolism, leading to mitochondria that are structur-

ally and functionally distinct to those found in non-cancerous cells.46,47 Rather than generating ATP 

through mitochondrial OXPHOS, cancer cells generate ATP predominately through “fermenting” glu-

cose to lactate in the cytosol, a less efficient pathway typically only used in oxygen deficient envi-

ronments.45,48,49 This metabolic shift, termed the Warburg Effect, was first thought to be caused by 

genetic defects that impaired mitochondrial ATP production.  However, it has been found that cancer 

cell mitochondria are functional and integral to cell survival,50-52 but glycolytic metabolism may be 

better suited to the needs of rapidly proliferating cells. This can be attributed to the feature that aerobic 

glycolysis accumulates biomass quickly, conserving all six glucose carbons but netting only two ATP 

molecules.49 Alternatively, OXPHOS fully oxidises glucose to CO2, producing up to 36 ATP mole-

cules but leaving no biomass. In agreement with this hypothesis, another argument poses that cancer 



 

13 
 

cells divert resources usually devoted to OXPHOS-related protein expression into biosynthetic path-

ways to maintain their rapid proliferation at the expense of efficient ATP synthesis. As cell growth 

and division is highly dependent on biomass and rarely limited by ATP demand,53,54 both these phe-

notypes confer a significant proliferative advantage to cancerous cells. Thus, the Warburg Effect is 

thought to develop evolutionarily (via cancer selection) due to the selective pressures exerted by its 

host environment in competition with other cancer cells to proliferate rapidly.55 

Interestingly, the Warburg Effect causes cancer cell mitochondria to exhibit an increased ΔΨΜ com-

pared to non-cancerous cells.48,56,57 For example A549 (lung), M059K (glioblastoma), and MCF-7 

(breast) cancer cells exhibit elevated ΔΨM compared to non-cancerous fibroblasts, respiratory epithe-

lium and arterial smooth muscle cells.56 Some studies have  suggested that the more invasive and 

aggressive the cancer, the greater the Warburg effect and the ΔΨΜ,58-60 presumably due to increased 

glycolytic demand to meet biomass requirements. For example, the fast growing, hypoxia resistant 

breast cancer cell line Neu4145 carries a ΔΨΜ of –210 mV,61 50% greater than the –140 mV found 

typically in non-cancerous cells.4,62,63  

This feature provides a promising platform for the development of chemotherapies that specifically 

target the hyperpolarised mitochondria found in cancerous cells. Indeed, several reported uncouplers 

induce apoptotic cell death in cancerous cell lines and demonstrate antitumour activity in animal 

models. The direct mechanism between mitochondrial uncoupling and cancerous cell death is still 

being explored, but accumulating evidence suggests the initiation of apoptosis is closely associated 

with the dissipation of the ΔΨΜ by mitochondrial uncouplers.64-66 Table 1 lists mitochondrial uncou-

plers with anticancer activity in different human cell lines and/or xenograft mouse models. 
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Table 1. Reported uncouplers with anticancer activity in human cell lines and/or xenograft mouse 

models. 

Mitochondrial Uncoupler Model/Methods Effects  Comments 

Niclosamide 

In vitro: 

HeLa, A549 and HT29 cells lines67 

 

In vivo: 

MC38 xenografts in NSG mice68 

 

IC50 = 0.25 μM (HeLa) 

IC50 = 3.0 μM (A549) 

IC50 = 7.2 μM (HT29) 

  

Reduced tumour volume by >90% of 

control and number of hepatic metasteses 

from 10 to 4.  

72 h MTT assay 

72 h MTT assay 

72 h MTT assay 

 

NSG mice fed chow containing 2000 

ppm NEN for 3 weeks.  

Oxyclonazide 

 

In vitro: 

MC38, HCT116 and C2C12 cell 

lines68 

 

In vivo: 

MC38 xenografts in NSG mice68 

 

increased oxygen consumption rate 

(C2C12) and reduced mitochondrial 

membrane potential (MC38 and 

HCT116) 

Reduced tumour volume by >90% of 

control and number of heptatic 

metasteses from 10 to 3.  

 

Seahorse XF analyser 

2 h TMRE assay  

 

 

NSG mice fed chow containing 800 

ppm oxyclonazide for 3 weeks. 

 

Nitazoxanide 

In vitro: 

HT-29, DLD-1, SW403 and 

SW48069 

 

In vivo: 

HCT116 xenografts in NMRI nu/nu 

mice70 

 

 

IC50 = 1.93 μM (HT-29) 

IC50 = 2.15 μM (DLD-1) 

IC50 = 2.76 μM (SW403)  

IC50 = 2.29 μM (SW480)  

Reduced tumour volume by 80% of 

control when treated in combination with 

Irinotecan. 

 

48 h CCK8 assay 

48 h CCK8 assay 

48 h CCK8 assay 

48 h CCK8 assay 

Mice admininstered 100 mg/kg 

nitazoxanide twice daily, and 40 mg/kg 

irinotecan twice weekly for 4 weeks. 

MB1-47 

In vitro:  

MIA PACA-2, BxPC3, Panc1, CF-

Pac1, Capan2, Pan02, and AsPC1 

cell lines.71 

In vivo:  

Panc02 xenografts in male NSG 

mice.71 

 

 

All eight pancreatic cancer cell lines 

reduced cell viability with IC50s between 

0.5-1.0 μM. 

 

Reduced tumour growth by >60% of 

control. 

 

 

48 h SRB assay 

 

 

 

NSG mice fed chow containing 750 

ppm MB1-47 for 2 weeks. 

5BMF 

 

In vitro:  

MDA-MB-231 and U87MG cell 

lines.72 

In vivo:  

 

IC50 = 4.15 μM (MDA-MB-231) 

IC50 = 0.36 μM (U87MG) 

 

 

72 h direct cell counting  

72 h direct cell counting 
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Glioblastoma U87MG xenografts in 

female nu/nu mice.72 

Reduced tumour volume by 90% of 

control. 

 

15 mg/kg 5BMF administered 

intravenously for 3 weeks. 

TPP+C10 

 

In vitro:  

TA3/Ha, TA3-MTX-R, CCRF-CEM 

cell lines.73 

In vivo:  

TA3/Ha xenografts in CAF1-Jax 

mice. 74 

 

 

IC50 = 0.40 μM (TA3/Ha) 

IC50 = 0.38 μM (TA3-MTX-R) 

IC50 = 1.65 μM (CCRF-CEM) 

 

Reduced tumour volume by 80% of 

control 

 

48 h neutral red assay  

48 h neutral red assay  

48 h neutral red assay  

 

Mice treated with 10mg/Kg TPP+C10 

intraperitoneally every 48h for 28 days.  

 

CCCP 

In vitro:  

HL-60 and SH-SY5Y cell lines.75 

 

 

20 μM CCCP induced apoptosis in 80% 

HL-60 cells after 24 h treatment. 

IC50 = ~10 μM (SH-SY5Y) 

Morphological Hoechst 3332 staining. 

 

FCCP 

In vitro:  

HepG2, A2058 and H358 cell 

lines.76 

 

IC50 = 11 μM (HepG2) 

IC50 = ~4 μM (A2058) 

IC50 = ~6.5 μM (H358) 

 

48 h MTT assay 

48 h MTT assay 

48 h MTT assay 

SR4 

In vitro:  

HepG2, A2058 and H358 cell 

lines.76 

 

In vivo:  

A375 xenografts in athymic nu/nu 

mice.77 

 

IC50 = 3.5 μM (HepG2) 

IC50 = ~2 μM (A2058) 

IC50 = ~2.5 μM (H358) 

 

Reduced tumour volume and weight by 

>90% compared to vehicle control.  

 

48 h MTT assay 

48 h MTT assay 

48 h MTT assay 

 

Mice fed chow containing 10 mg/kg 

SR4 for 3 weeks. 

2b 

 

In vitro:  

MDA-MB-231 cell line.78 

In vivo:  

MDA-MB-231 xenografts in female 

Balb/c nu/nu mice. 79 

 

Treatment with 10 μM reduced 

intracellular ATP by ~65%.  

Reduced tumour volume by ~50% 

compared to vehicle control. 

 

 

24 h CellTiter-Glo ATP assay  

Mice treated with 40 mg/kg 

administered intraperitoneally six days a 

week for 38 days. 

 

 

BAM15 

In vitro:  

MCF-7, A375 and MeWo cell 

lines.80 

 

In vivo:  

C1498 leukemia allografts in 

C57BL/6N mice.81 

 

In vitro:  

Reduced colony formation by >70% 

when treated in combination with MEK 

and BRAF inhibitor. 

Reduced leukocyte counts by 80% and 

significantly reduced spleen and liver 

weight compared to control after 20 

days. 

24 h treatment then colorimetric 

clonogenic assay seven days later. 

 

Mice treated with 5 mg/kg 

intraperitoneally every two days for 

three weeks. 
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FH535 

 

In vitro:  

LCSC, HuH7, Hep3B, PLC cell 

lines.82 

 

In vivo:  

Hepatocarcinoma HuH7 xenografts 

in athymic nu/nu mice.83 

 

 

IC50 = 13.8 μM (LCSC) 

IC50 = 10.9 μM (HuH7) 

IC50 = 9.25 (Hep3B) 

IC50 = 6.6 (PLC) 

Reduced tumour volume by 60% 

compared to vehicle control after 10 

days. 

72 h 3H-thymidine incorporation assay. 

72 h 3H-thymidine incorporation assay. 

72 h 3H-thymidine incorporation assay. 

72 h 3H-thymidine incorporation assay. 

Mice administered 15 mg/kg 

subcutaneously every second day. 

 

In 2015 Figarola et al. reported the discovery of an experimental anticancer drug SR4 (N,N’-bis(3,5-

dichlorophenyl)urea, Figure 7a), which functions as a protein-independent mitochondrial uncoupler 

and causes dose-dependent apoptotic cell death in in vitro and animal models of cancer.76,84-86 For 

example in xenograft mice carrying human A375 BRAFV600E
 melanomas, SR4 showed superior ac-

tivity to the BRAF inhibitor Vemurafenib, suppressing tumour growth (95% vs 82%, Figure 7b) and 

reducing tumour mass (94% vs 72%) after 3 weeks treatment.77 SR4 also outperformed another un-

coupler in the study, niclosamide, and has demonstrated superior antiproliferative activity in cancer-

ous liver (HepG2), skin (A2058) and lung (H358) cell lines compared to the classical protonophore 

FCCP (Figure 7),76 highlighting its therapeutic promise over other reported mitochondrial uncouplers.  
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Figure 7. (a) Chemical structure of SR4 (IUPAC name: N,N’-bis(3,5-dichlorophenyl)urea). (b) Tu-

mour volume time course and final tumour weight in athymic nu/nu mice bearing A375(BRAFV600E 

mutant melanoma) xenografts treated with SR4, niclosamide or vemurafib.77 (c) Cell viability (MTT 

assay) following 48 h treatment with SR4 or FCCP on HepG2 liver carcinoma, A2058 melanoma and 

H358 lung carcinoma.76 

Despite its impressive activity, further development of SR4 and its bisaryl urea scaffold has not been 

reported. This may be attributed to a lack of clarity surrounding the mechanism by which SR4 medi-

ates uncoupling. While SR4 possesses an extended π-system, it lacks the acidic functional group 

needed to act as a protonophore. Indeed, calculated87 and experimental88 pKa values of bisaryl ureas 

bearing electron withdrawing substituents range from 14 to 18, which is well above those of previ-

ously reported protonophores (pKa values range from 4 to 8)10 and too high to allow appreciable 

protonation / deprotonation at mitochondrial pH. This apparent contradiction was noted by Figarola 

et al.,76 and without a detailed understanding of the uncoupling mechanism of SR4, a rational ap-

proach to the optimisation is not possible.  
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1.5 Synthetic anion transporters 

Synthetic anion transporters are small lipophilic molecules that facilitate the passive transport of an-

ionic species such as Cl- and HCO3
- across phospholipid bilayers. Transporters can mediate anion 

flux by disrupting bilayer integrity to form defects, assembling into ion channels, or acting as mobile 

carriers that ferry individual anions across the membrane. Transporters that operate as mobile carriers 

possess anion recognition motifs e.g. urea, thiourea and squaramide that reversibly bind their guest 

anion through non-covalent interactions on one side of the membrane. Dispersal of the anionic charge 

within these assemblies allows the complex to diffuse across the bilayer and translocate the anion. 

Synthetic anion transporters have received significant research attention due to their potential thera-

peutic applications,89,90 which include treating cystic fibrosis by restoring HCO3
- and Cl- permeability 

in epithelia,91 and inducing cancer cell death by perturbing intracellular anion concentrations.92,93 

1.5.1 Synthetic anion transporter uncoupling protein mimics: fatty acid-

activated mitochondrial uncoupling  

In 2016 Wu and Gale made the surprising discovery that anion transporters can facilitate the move-

ment of protons across lipid bilayers via their interaction with free fatty acids. As described previ-

ously, free fatty acids by themselves make poor protonophores because they do not make membrane 

permeable anions. It was found that anion transporters such as thiourea T1 can overcome this barrier 

by hydrogen bonding to the fatty acid anion and ferrying it across the membrane as a mobile carrier 

(see Figure 8 for chemical structure and full mechanism). This mechanism mimics the function of 

uncoupling proteins in the MIM and allows for continuous cycles of proton transport. First the fatty 

acid carboxylate (RCOO-) is protonated in the acidic space and permeates the membrane in its neutral 

form (RCOOH). The fatty acid is then deprotonated in the alkaline environment, resulting in the 

transport of one proton. To complete the cycle, thiourea T1 then binds to and translocates the fatty 

acid carboxylate via hydrogen bonding with its thiourea NHs, which disperses the anions negative 
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charge and produces a membrane-permeable complex. Subsequent protonation regenerates the neu-

tral fatty acid and frees the thiourea, allowing for repeated cycles of proton transport. 

 

  

  

Figure 8. (a) Chemical structure of the thiourea-based fatty acid-activated proton transporter T1. (b) 

Thiourea T1 bound to deprotonated fatty acid by parallel hydrogen bonds (c) Fatty acid-activated 

proton transport mechanism. After deprotonation of the fatty acid in the mitochondrial matrix, the 

thiourea-based anion transporter binds carboxylate and masks its charge to facilitate fatty acid flip-

flop and proton transport across the MIM. 

T1 
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1.6 Project aims and thesis structure 
This thesis sought to investigate the fatty acid-activated protonophoric and mitochondrial uncoupling 

activity of anion transporters in vesicles and cells. It is divided into three experimental chapters 

(Chapters Two, Three and Four), the general conclusions of which are summarised in Chapter Five 

and accompanied by suggestions for future work.  

The first aim was to provide experimental evidence that SR4 utilises fatty acid-activated proton 

transport, and to investigate the effect of aromatic substitution on uncoupling and anticancer activity. 

Chapter Two presents an investigation of the proton transport mechanism of SR4, and uses the in-

sights gained to assess how aromatic substitution on the bisaryl urea scaffold impacts proton transport 

and mitochondrial actions in MDA-MB-231 breast cancer cells. 

The second aim was to investigate the effects of replacing the urea group with alternative anion-

binding motifs on proton transport and mitochondrial uncoupling activity. Chapter Three presents the 

synthesis of bisaryl squaramide, amide, and diurea analogues, and investigates the capacity for these 

compounds to operate via the fatty acid-activated proton transport mechanism and uncouple mito-

chondria in MDA-MB-231 cells. 

The third and final aim was to enhance the proton transport and uncoupling activity of aryl urea 

substituted fatty acids, a new class of uncoupler that also rely on intermolecular urea-carboxylate 

interactions. The bisaryl ureas investigated in Chapter Two transport deprotonated fatty acids by dis-

persing their negative charge across an extended π-system. Based on this insight Chapter Four pre-

sents a library of diphenyl urea substituted fatty acids that incorporate an additional phenyl substituent 

into the scaffold, and investigates the effect of this expanded π-system on proton transport and mito-

chondrial actions in MDA-MB-231 cells. 
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Chapter Two: Characterisation and Development of

Bisaryl Urea Mitochondrial Uncouplers as Fatty Acid-

Activated Proton Transporters

Chapter Two: Characterisation

Bisaryl 

Activated 
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Chapter Two Preamble 

The initial papers that reported the activity of SR4 provided extensive assay data to establish that 

SR4 is a protein-independent mitochondrial uncoupler, but the full mechanism was not determined 

as SR4 lacked an acidic functional group, which is a central feature of uncouplers. Given that SR4 is 

structurally similar to thiourea T1, that aryl ureas are known anion receptors and transporters,89,94-96 

and because the MIM contains free fatty acids,24,97,98 it was hypothesised that SR4-mediated proton 

transport operates via the fatty acid-activated mechanism. Proton transport by SR4 was studied in the 

vesicle-based HPTS assay. This assay provides mechanistic data and can be conducted with varying 

levels of free fatty acids, and was used to establish the fatty acid-dependence of SR4-mediated proton 

transport. Next, the effect of aromatic substitution was assessed. A library of fourteen bisaryl ureas 

bearing various aromatic substituents was synthesised and the proton transport and mitochondrial 

actions of these compounds were evaluated against MDA-MB-231 breast cancer cells. This work 

resulted in the following chapter which was published in the journal ACS Chemical Biology, entitled 

‘Structure–Activity Relationship and Mechanistic Studies of Bisaryl Urea Anticancer Agents Indicate 

Mitochondrial Uncoupling by a Fatty Acid-Activated Mechanism’. 
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Abstract: Targeting the cancer cell mitochondrion is a promising approach for developing novel 

anticancer agents. The experimental anticancer agent SR4 (N,N’-bis(3,5-dichlorophenyl) 

urea) induces apoptotic cell death in several cancer cell lines by uncoupling mitochondrial oxidative 

phosphorylation (OXPHOS) using a protein free mechanism. However, the precise mechanism by 

which SR4 depolarises mitochondria is unclear because SR4 lacks an acidic functional group typi-

cally found in protein-independent uncouplers. Recently it was shown that structurally related thiou-

reas can facilitate proton transport across lipid bilayers by a fatty acid-activated mechanism, in which 

the fatty acid acts as the site of protonation/deprotonation and the thiourea acts as an anion transporter 

that shuttles deprotonated fatty acids across the phospholipid bilayer to enable proton leak. In this 

paper we show that SR4-mediated proton transport is enhanced by the presence of free fatty acids in 

the lipid bilayer, indicating that SR4 uncouples mitochondria through the fatty acid-activated mech-

anism. This mechanistic insight was used to develop a library of substituted bisaryl ureas for struc-

ture-activity relationship (SAR) studies and subsequent cell testing. It was found that lipophilic 
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electron-withdrawing groups on bisaryl ureas enhanced electrogenic proton transport via the fatty 

acid-activated mechanism, and capacity to depolarise mitochondria and reduce the viability of MDA-

MB-231 breast cancer cells. The most active compound in the series reduced cell viability with 

greater potency than SR4, and was more effective at inhibiting ATP production. 

 

Introduction 

 

The discovery of cytotoxic agents that selectively target cancer cells is critical to the develop-

ment of well-tolerated anticancer therapeutics. Cancer cell mitochondrion have emerged as a prom-

ising anticancer drug target because they are structurally and functionally distinct from mitochondria 

in non-cancerous cells and because of their central role in cellular metabolism and apoptosis.47 Mito-

chondria are the site of oxidative phosphorylation (OXPHOS), a process that converts nutrients into 

ATP. OXPHOS commences in the mitochondrial matrix, the central region of mitochondria enclosed 

by the mitochondrial inner membrane (MIM), where nutrients are oxidised to form NADH and 

FADH2.  NADH and FADH2 feed high energy electrons into the electron transport chain (ETC), a 

series of proteins embedded in the MIM. As electrons pass through the ETC protons are pumped from 

the matrix and into the intermembrane space, generating a proton gradient across the MIM. The re-

sultant mitochondrial membrane potential (ΔΨM) drives the flow of protons back into the matrix 

through the MIM-embedded protein ATP synthase, which catalyses the formation of ATP.2,4,5 Thus, 

nutrient oxidation is coupled to ATP formation by the ΔΨM.  In cancer cells, deregulated mitochon-

drial metabolism results in a shift towards glycolysis and an increased mitochondrial ΔΨM compared 

to non-cancerous cells.99 Indeed, hyperpolarization of the MIM is a universal feature of cancer cells, 

and targeting ΔΨM may produce novel drugs that selectively target cancer cells.48,56,59 

Mitochondrial uncouplers are compounds that uncouple nutrient oxidation from ATP produc-

tion by collapsing the ΔΨM.10 The most common uncouplers are protonophores, which are lipophilic 

weak acids that can shuttle protons across membranes such as the MIM via the protonophoric cycle 
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(Figure 9a). The deprotonated uncoupler (A-) accepts a proton in the intermembrane space and dif-

fuses across the MIM in its neutral form (A-H). Deprotonation of the protonophore in the relatively 

alkaline matrix results in the transport of one proton across the MIM. For the cycle to continue the 

deprotonated protonophore (A-) must permeate the MIM and return to the intermembrane space, how-

ever this step is inhibited by the MIM’s lipophilic core, which is relatively impermeable to anions.12,13 

Thus, the acidic groups in protonophores are conjugated to extended π-systems, which provide a large 

surface area for delocalization of the anionic charge. Charge delocalization enhances the lipophilicity 

and MIM-permeability of the anionic protonophore and allows the cycle to continue.100 Fatty acids 

such as palmitic acid are weak acids but poor protonophores because insufficient charge delocaliza-

tion prevents the fatty acid carboxylate from permeating the MIM.101,102  

 

Figure 9. Proton transport and mitochondrial uncoupling by protonophoric and fatty acid-activated 

mechanisms. (a) Mitochondrial uncoupling by classical protonophores. The protonophoric cycle that 

results in the transport of protons across the MIM and mitochondrial uncoupling. The rate determining 

step is diffusion of the anionic species across the MIM. To complete this step the negative charge is 

delocalised across an extended π-system to produce a MIM permeable anion. (b) Chemical structures 
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of SR4 and structurally related fatty acid-activated thiourea proton transporter respectively. (c) Fatty 

acid-activated proton transport mechanism. After deprotonation of the fatty acid in the mitochondrial 

matrix the thiourea-based anion transporter binds carboxylate and masks the charge to facilitate fatty 

acid flip-flop and proton transport across the MIM.  

The anticancer actions of mitochondrial uncouplers has been increasingly recognised as sev-

eral uncouplers have been shown to selectively kill cancer cells.100 One such compound is SR4 (Fig-

ure 9b), a chlorinated bisaryl urea reported by Figarola et al. to induce apoptotic cell death in leukae-

mia (HL-60), liver (HepG2) and lung (H358) cancer cells line in vitro.76,85,86 SR4 also induces apop-

tosis in naïve and drug resistant melanoma (A375, SK-MEL-28) cell lines,77 and inhibits tumour 

growth in mouse models of cancer.77,86,103 Rigorous mechanistic studies established that SR4 induces 

cell death through uncoupling of cancer cell mitochondria, and that uncoupling occurs by a protein-

independent mechanism. However the precise mechanism by which SR4-mediated uncoupling oc-

curs has not been determined because SR4 lacks an acidic functional group required for protono-

phoric activity. Indeed, calculated and experimental pKa values of substituted bisaryl ureas range from 

14 to 18,87 which is well above that of previously reported protonophores (pKa values range from 4-

8),10 and too high to allow protonation/deprotonation at mitochondrial pHs.  

In 2016 Wu and Gale reported that thiourea-based anion receptors can mediate proton 

transport across lipid bilayers by a fatty acid-activated mechanism (Figure 8c), shown using unila-

mellar vesicles that model the MIM.104 Similar to the protonophoric cycle, the fatty acid carboxylate 

is protonated in the intermembrane space and permeates the MIM as a neutral species. Once in the 

alkaline matrix the fatty acid is deprotonated, which results in the transport of one proton and the 

formation of a fatty acid carboxylate that must diffuse back across the MIM. The thiourea next binds 

to the fatty acid carboxylate group through parallel hydrogen bonds with the thiourea NH groups, 

which masks the anionic charge to produce a complex that is sufficiently lipophilic to diffuse through 

the lipid bilayer. Dissociation in the intermembrane space liberates the fatty acid and thiourea, allow-

ing further proton transport to occur. Given that SR4 is structurally similar to the thiourea-based anion 
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receptors and aryl ureas are known anion receptors and transporters,89,94-96 and because the MIM 

contains free fatty acids,97,98 we suspected that SR4 may uncouple mitochondria by the same fatty 

acid-activated mechanism. In this paper we show using a HPTS proton transport assay that SR4-

mediated proton transport is enhanced by free fatty acids in the bilayer, indicating that SR4 uncouples 

mitochondria through the fatty acid-activated mechanism. This insight was used to develop a library 

of substituted bisaryl ureas for structure-activity relationship (SAR) studies and subsequent cell test-

ing. The resulting SAR demonstrated that lipophilic electron-withdrawing groups enhance fatty acid-

activated proton transport, and analogues bearing these groups were found to effectively depolarise 

mitochondria and reduce cell viability in MDA-MB-231 breast cancer cells. The most potent trans-

porter in the series (compound 3) maintained the cellular actions of SR4 and was found to uncouple 

mitochondrial OXPHOS and impair ATP production. 

 

RESULTS AND DISCUSSION 

SR4-mediated proton transport is enhanced in phospholipid bilayers containing oleic acid 

To determine if SR4 can participate in the fatty acid-activated proton transport mechanism 

identified by Wu and Gale104 we used a similar HPTS fluorescence assay to measure electrogenic 

proton transport in large unilamellar 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) ves-

icles (200 nm) in HEPES-buffered potassium gluconate (100 mM) (Figure 10a, see Supplementary 

Information for details).105 In this system a pH gradient is established between the interior and exterior 

environments of the vesicles and proton transport is measured by monitoring the increase in intrave-

sicular pH using the pH-sensitive fluorescent probe 8-hydroxypyrene-1, 3, 6-trisulfonic acid (HPTS). 

SR4-mediated proton transport was tested under three conditions, in untreated POPC vesicles, vesi-

cles pretreated with bovine serum albumin (BSA, 1 mol%) and vesicles pretreated with both BSA (1 

mol%) and oleic acid (OA, 10 mol%, corresponding to 4 mol% free concentration after BSA binding). 

Pretreatment with BSA removes contaminating fatty acids present in POPC to detect proton transport 

via protonophoric cycling (i.e. classical protonophores). The addition of OA reintroduces the fatty 
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acid-activated mechanism of proton transport, and any enhancement in activity can be assigned to 

this pathway.  

As shown in Figure 10b, SR4-mediated proton transport is diminished in vesicles containing 

BSA compared to untreated vesicles, demonstrating that direct protonophoric cycling cannot explain 

the observed proton transport facilitated by SR4. This was anticipated because SR4 lacks a functional 

group sufficiently acidic for deprotonation at mitochondrial pHs, and the slight efflux observed may 

be attributed to the traces of fatty acids that remain in the membrane after BSA treatment.104 Further, 

proton transport was enhanced in the presence of OA suggesting a fatty acid-dependent pathway. 

Combined these data indicate SR4-mediated proton transport across lipid bilayers is enhanced by free 

fatty acids, and is consistent with the hypothesis that SR4 can act as a fatty acid-activated proton 

transporter. 
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Figure 10. a) Schematic of the HTPS proton transport assay, monitored by HPTS fluorescence, out-

lining the conditions of the experiment and b) the proton transport induced by SR4 under the various 

assay conditions. Vesicles were lysed at 200 s to provide a 100% dissipation reading for calibration 

purposes. Compound concentrations are represented as compound-to-lipid molar ratios. 

Compound library design and synthesis

We next prepared a series of symmetrically substituted bisaryl ureas to determine if the ob-

served SAR was consistent with the fatty acid-activated proton transport mechanism. Under this 

mechanism, the urea-based anion receptor promotes transbilayer movement (“flip-flop”) of anionic

fatty acids by binding to and masking the carboxylate charge through parallel hydrogen bonds with 

the urea N-H groups, producing a complex that is sufficiently lipophilic to permeate lipid bilayers. It 

was anticipated that electron-withdrawing substituents on the bisaryl urea rings would enhance the 

carboxylate affinity of the urea binding group, promoting complexation and thus proton transport 
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activity. It was also anticipated that lipophilic substituents would increase complex lipophilicity and 

improve activity. To test this a series of symmetrically substituted bisaryl ureas bearing substituents 

with various electron-withdrawing and donating capacities (determined from Hammett substituent 

constant, σ) and lipophilic properties (determined from hydrophobicity constant, π) were synthesised 

(Table 2). The compounds were synthesised in one step by reaction of N,N’-carbonyldiimidazole 

(CDI) with appropriately substituted anilines. 
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Table 2. Chemical structures, aromatic substituent constants, HPTS (200 s) EC50 concentrations and 

Hill coefficients in untreated POPC vesicles, MTS (72 h) and JC-1 (1 h) absolute IC50 concentrations 

measured in MDA-MB-231 breast cancer cells.  

 

Compound R σtotala πtotala HPTS EC50  
(mol%) 

Hill  
(n) 

MTS IC50 
(μM) 

JC-1 IC50 
(μM) 

1 
 

 

1.94 3.52 0.022 ± 0.001 0.91 ± 0.06 0.51 ± 0.1 1.80 ± 0.3 

2 

 

1.92 1.10 0.044 ± 0.002 1.38 ± 0.06 0.44 ± 0.1 2.34 ± 0.2 

3 

 

1.60 3.18 0.0046 ± 0.0004 0.82 ± 0.07 0.37 ± 0.1 0.26 ± 0.1 

SR4 

 

1.48 2.84 0.015 ± 5 x 10−4 1.01 ± 0.04 1.10 ± 0.3 0.45 ± 0.1 

5 

 

1.44 -3.26 -b -b - d - d 

6 

 

1.32 3.18 0.010 ± 9 x 10−4 0.81 ± 0.1 0.68 ± 0.1 1.24 ± 0.3 

7 
 

1.08 1.76 0.023 ± 0.001 1.16 ± 0.06 0.84 ± 0.1 2.26 ± 0.4 

8 

 

1.00 -1.10 1.61 ± 0.04 1.15 ± 0.05 >100c 22.9 ± 0.4 

9 

 

0.70 2.08 0.028 ± 0.005 1.33 ± 0.3 >100c >100c 

10 

 

0.46 1.42 0.11 ± 0.03 2.00 ± 0.6 -d >100c 

11 
 

0 0 -b -b >100c >100c 

12 
 

-0.34 1.12 -b -b - d - d 

13 

 

-0.48 2.24 -b -b - d - d 

14 

 

-0.54 -0.04 -b -b - d - d 

a Aromatic substituent constants were taken from published values.106 b Did not exceed 50 % efflux after 200 s at a loading 
of 10 mol%. c Produced moderate activity at 100 μM but insufficient for absolute IC50 determination. d No activity ob-
served at the maximum test concentration of 100 μM 
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Bisaryl ureas mediate proton transport by a fatty acid-activated mechanism 

 We first studied the ability of bisaryl ureas 1–14 to mediate electrogenic proton transport 

using the HPTS proton transport assay as performed for SR4. Dose-response studies and Hill analyses 

were performed for compounds 1−14 under three test conditions. An EC50 value, which represents 

the concentration required to facilitate 50% of the maximum transport, and a Hill coefficient (n), 

which provides an indication of the stoichiometry of test compound required for the transport process, 

was calculated for each compound. Initially, the proton transport capability of compounds 1–14 were 

assessed in untreated vesicles to establish an SAR for the series (Table 2). Subsequently, dose-re-

sponse studies were performed in the presence of BSA (1 mol%) or in the presence of both BSA (1 

mol%) and OA (10 mol%) (Table 3).  

Bisaryl ureas 1–SR4 and 6–10 achieved appreciable proton transport below 10 mol% loadings 

(compound-to-lipid molar ratio) such that EC50 values could be calculated. The remaining compounds 

at commensurate concentrations did not exhibit significant activity, and higher loadings caused the 

compounds to precipitate out of aqueous media during experimental runs, meaning EC50 values for 

the remaining compounds could not be calculated and were considered as inactive.  

  The SAR elicited from the HPTS assay data of the compounds in untreated vesicles 

indicates that lipophilic and electron-withdrawing substituents enhance electrogenic proton transport 

activity. The impact of electron-withdrawing capacity is highlighted clearly as compounds possessing 

electron-withdrawing substituents all showed appreciable activity apart from urea 5, whereas com-

pounds bearing electron-donating substituents (12, 13 and 14), as well as the unsubstituted urea 11, 

lacked activity. The importance of lipophilicity can be seen by comparison of urea 2 and 5. Both 

compounds share similar electronic and steric properties, but differ substantially in lipophilicity. 

Bisaryl urea 2 is substituted with lipophilic trifluoromethylsulfonyl groups and exhibited an EC50 of 

0.044 mol%. In contrast, while the hydrophilic methanesulfonyl groups of 5 are sufficiently electron-

withdrawing, urea 5 lacked activity; presumably because it does not form fatty acid complexes with 

the lipophilicity required to permeate the lipid bilayer. That polar substituents reduce activity is also 
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supported by urea 8, which has electron-withdrawing but polar acetyl substituents and was found to 

be the least potent of the active compounds with an EC50 of 1.61 mol%.  

Compounds with two substituents generally outperformed those with a single para positioned 

electron-withdrawing group. Bisaryl urea 3 was the most potent proton transporter of the series, with 

an EC50 value of 0.0046 mol%. 3 closely resembles the structure of SR4, bearing a trifluoromethyl 

group in place of a chlorine, however, its three-fold greater transport activity highlight that modest 

changes in lipophilic and electronic properties have significant effects on transport activity. However, 

notably urea 1 was less effective in the HPTS assays than compounds 3 and 6, despite the replacement 

of a second chlorine with another trifluoromethyl substituent. Previous studies by the Gale group and 

others have highlighted that an optimal degree of lipophilicity is crucial for efficient transport activ-

ity.107,108 Compounds that are too lipophilic tend to localise in the non-polar interior of the lipid bi-

layer and struggle to diffuse into the aqueous phase to complete the transport cycle, resulting in di-

minished activity. 

  The EC50 values determined under the BSA and BSA + OA experimental conditions 

are displayed in Table 3. Enhancement of transport activity in the presence of fatty acid was quantified 

using an activation factor, calculated by dividing the EC50 in the presence of BSA by the EC50 in the 

presence of both BSA and OA.104 An activation factor greater than 1 was returned for all compounds 

with appreciable activity, indicating that dissipation of the proton gradient is enhanced in the presence 

of fatty acid and, therefore, that the fatty acid-activated mechanism is the dominant pathway of proton 

transport for the active bisaryl urea compounds. 
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Table 3. HPTS EC50 (200 s) concentrations and Hill coefficients in POPC vesicles in the presence of 

BSA and both BSA and OA. 

  Compound    EC50 (BSA)     n (BSA)   EC50 (OA)   n (OA) Activation Factor a 

1 0.065 ± 0.003 1.06 ± 0.05 0.014 ± 0.002 0.55 ± 0.1 4.64 

2 0.044 ± 0.003 1.26 ± 0.2 0.033 ± 0.001 1.55 ± 0.05 1.33 

3 0.06 ± 0.004 1.24 ± 0.09 0.003 ± 1 x 10−4 0.80 ± 0.04 20.00 

SR4 0.075 ± 0.009 1.32 ± 0.2 0.00512 ± 4 x 10−4 1.36 ± 0.30 14.65 

5 -b -b -b -b -c 

6 0.098 ± 0.004 1.04 ± 0.1 0.0040 ± 1 x 10−4 1.03 ± 0.03 24.50 

7 0.13 ± 0.02 2.00 ± 0.4 0.012 ± 7 x 10−4 1.04 ± 0.03 10.83 

8 -b -b 0.63 ± 0.07 1.05 ± 0.10 -c 

9 0.35 ± 0.05 1.56 ± 0.3 0.019 ± 3 x 10−4 1.27 ± 0.03 18.42 

10 -b -b 0.042 ± 0.004 1.46 ± 0.20 -c 

11 -b -b -b -b -c 

12 -b -b -b -b -c 

13 -b -b -b -b -c 

14 -b -b -b -b -c 

CCCP21 0.0013 0.97 0.0014 0.99 0.93 
a EC50 in the presence of BSA divided by EC50 in the presence of both BSA and OA.  b Did not exceed 50% 
efflux after 200 s at a loading of 10 mol%. c Activation factor could not be calculated. 

 

For comparison, the activation factor previously reported for carbonyl cyanide m-chloro-

phenyl hydrazone (CCCP), a classical protonophore, has been included in Table 3.104 The activation 

factor for CCCP is close to one, demonstrating that proton transport facilitated by this compound 

occurs independently of fatty acids present in the membrane. Notably, urea 2 exhibited only mild 

activation in the presence of OA and was 10 times less potent than 3, which may be attributed to its 

markedly lower lipophilicity compared to 3. Hill analyses of compounds 8 and 10 for the HPTS assay 

in the presence of BSA could not be completed due to a lack of transport activity below 10 mol% 

loading. However, EC50 values could be determined in the presence of OA, and were much lower 

than the 10 mol% thresholds (0.63 and 0.042 mol%, respectively). This further emphasises the 
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contribution of the fatty acid-activated mechanism as the main proton transport mode of this com-

pound series.  

Mitochondrial actions of bisaryl ureas 1-14 

We next assessed the capacity of bisaryl ureas 1–14 to transport protons across the MIM and 

depolarise mitochondria in MDA-MB-231 cells using the JC-1 assay. JC-1 is a fluorescent cationic 

dye that partitions between the mitochondrial matrix and the cytosol according to the ΔΨM. In polar-

ised mitochondria with high ΔΨM, JC-1 accumulates in the matrix and forms aggregates that fluoresce 

red. Upon dissipation of ΔΨM by mitochondrial uncouplers, JC-1 diffuses into the cytosol and dis-

aggregates into monomers that fluoresce green. Thus, the JC-1 red : green fluorescence ratio is pro-

portional to the proton gradient across the MIM. JC-1 IC50 concentrations for the ureas were deter-

mined from dose-response curves as the concentration required to shift the red : green fluorescence 

ratio by 50% of control (Table 2). One hour treatments were used to distinguish the direct actions of 

the bisaryl ureas on the MIM from the collapse of the ΔΨM that occurs during apoptotic cell death.  

The observed JC-1 activity was consistent with the SAR established from the HPTS assay. 

Analogues that induced mitochondrial depolarization with the lowest JC-1 IC50 concentrations (1, 2, 

3, 6, 7 and SR4) were substituted with lipophilic and electron-withdrawing groups. Polar electron-

withdrawing substituents reduced JC-1 activity, as reflected by the inactive urea 5 and urea 8, which 

had a relatively high IC50 of 22.9 ± 0.4 μM. The JC-1 results for these analogues follow the HPTS 

activity trends, and bivariate analysis using log reciprocal transformations of JC-1 IC50 and HTPS 

EC50 concentrations demonstrates a strong positive relationship (r2 = 0.87, Supplementary Figure S2). 

Ureas 9 and 10, which both possess moderately electron-withdrawing substituents (σtotal ≤ 0.70) in 

para positions, lacked sufficient activity when tested at their solubility limits to calculate JC-1 IC50 

concentrations. These analogues were active in HPTS assays, and the differences may arise from 

confounding factors (plasma membrane permeability, metabolic stability etc.) in cell-based assays 

that are not present in the cell free HPTS assay. Unsubstituted urea 11 and ureas substituted with 

electron-donating groups (12, 13 and 14) had poor or no observable activity in both JC-1 and HPTS 



 

37 
 

assays. Taken together, these data support the hypothesis that, like SR4, active bisaryl ureas depolar-

ise mitochondria by the fatty acid-activated mechanism.  

Proton transport across the MIM by SR4 leads to mitochondrial uncoupling and reductions in 

intracellular ATP. To confirm that the most potent urea 3 also produces these actions, we examined 

each one of these steps.   

First we established that 3 was a mitochondrial uncoupler using the Seahorse Mito Stress test, 

which measures the oxygen consumption rate (OCR) of MDA-MB-231 cells. Treatment of the cells 

with the ATP synthase inhibitor oligomycin reduces electron flow through the ETC and lowers OCR. 

Addition of an uncoupler in these conditions collapses the proton gradient across the MIM and allows 

unimpeded ETC activity that is observed as an increase in OCR.109 As shown in Figure 11, addition 

of 3 (5 μM), SR4 (5 μM) and the classical uncoupler FCCP (0.5 μM) increased OCR in MDA-MB-

231 cells treated with oligomycin, indicating that 3, like SR4 and FCCP, is a mitochondrial uncoupler. 

In contrast, urea 12 (10 μM) failed to increase OCR, which was anticipated based on its inactivity in 

the HPTS and JC-1 assays.  

Interestingly, the initial spike in OCR caused by 3 was followed by a steady decline, a pattern 

not observed for SR4 or FCCP, but has been previously shown for FCCP when tested at higher con-

centrations (> 5 μM).76 High concentrations of FCCP have also been found to inhibit oxidation of 

NADH and FADH2 by complex I and II,110 which would counteract the increase in OCR caused by 

uncoupling. Since FCCP and 3 produce similar responses despite being structurally unrelated, it is 

possible that excessive uncoupling activity inhibits complexes I and II by matrix acidification, which 

could induce conformational changes in their matrix-exposed domains and/or disfavour the equilibria 

for nutrient oxidation. 
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Figure 11. OCR in MDA-MB-231 cells treated sequentially with the ATP synthase inhibitor oligo-

mycin (1 μM), a test compound (5 μM SR4, 5 μM 3 or 10 μM 12), and the ETC complex inhibitors 

rotenone / antimycin A (1 μM). Test compounds were compared against the classical protonophore 

FCCP (0.5 μM) and a 0.1% DMSO vehicle containing no test compound as control.  

 ATP production by OXPHOS is dependent on the proton gradient across the MIM, and col-

lapse of the ΔΨM by mitochondrial uncouplers inhibits ATP production. We therefore assessed the 

effects of SR4 and 3 on intracellular ATP levels in MDA-MB-231 cells. The uncoupler FCCP was 

included for comparison. Similar to previous observations in liver carcinoma (HepG2) and melanoma 

(A375 and MeWo) cell lines,76,77 SR4 and FCCP both reduced intracellular ATP levels to ~85% of 

DMSO-treated control cells over eight hours (Figure 12). Urea 3 had the largest impact on intracel-

lular ATP and reduced ATP levels to 60% of control after eight hours. The higher activity of 3 in this 

assay is consistent with the higher potencies observed for 3 in the HPTS and JC-1 assays. To confirm 

that the observed decreases in intracellular ATP were not a result of cell death LDH release assays 

were performed. These assays showed that SR4 and 3 did not increase LDH release in MDA-MB-

231 cells compared to control following 8 hours treatment (Supplementary Figure S6), supporting the 

conclusion that SR4 and 3 inhibit ATP production. Taken together, these data demonstrate that urea 

3 produces similar cellular actions to SR4 in MDA-MB-231 cells by depolarizing mitochondria, un-

coupling OXPHOS and inhibiting ATP production. 
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Figure 12. Total intracellular ATP levels in MDA-MB-231 cells following treatment with 5 μM of 

SR4, 3, FCCP or vehicle (DMSO) control. ATP levels are expressed as percentage of time-matched 

DMSO control. Different from DMSO-treated control: (*) P < 0.05, (**) P < 0.01, (***) P < 0.001. 

Effects of bisaryl ureas 1-14 on MDA-MB-231 cell viability 

Mitochondrial uncoupling by SR4 is reported to lead to reduction in cancer cell viability,15,18 

so we last assessed the effects of 1-14 on MDA-MB-231 cell viability using MTS assays, and com-

pared the findings to the observed SAR from the HPTS and JC-1 data. Dose-response curves (Sup-

plementary Figure S3) were constructed from three independent repeats and used to calculate absolute 

IC50 concentrations (Table 2). SR4 reduced MDA-MB-231 cell viability with an IC50 of 1.1 ± 0.3 μM 

after 72 hours treatment, which is comparable to IC50 concentrations reported against human HL-60 

(1.2 μM, 72 h MTT), HepG2 (3.5 μM, 48 h MTT) and A2058 (5.0 μM, 96 h MTT) cancer cell 

lines.76,85,86 Analogues 1, 2, 3, 6 and 7 reduced MDA-MB-231 cell viability with absolute IC50 con-

centrations between 0.3–1 μM. Ureas 8 and 9 reduced cell viability at concentrations above 10 mM, 

however absolute IC50 concentrations could not be calculated for these compounds as they failed to 

reduce cell viability to below 50% of control. This activity could indicate these analogues impact cell 

viability by affecting progression through the cell cycle, an effect that has been demonstrated for 
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SR4.76,85 All other bisaryl ureas were essentially inactive, with 11 producing only a moderate reduc-

tion in cell viability at the highest test concentration of 100 μM.  

Unlike the HPTS data, the MTS IC50 concentrations calculated for the active compounds were 

all tightly grouped between 0.37 and 1.10 μM, and the correlation observed between the JC-1 and 

HPTS results was not found between MTS IC50 data and HPTS EC50 data (Supplementary Figure 

S4). One possible explanation is that some of the ureas in the series may be capable of inducing cell 

death by a second mechanism. For example, pyrimidine-based synthetic anion transporters transport 

chloride across cellular membranes, and have been shown to disrupt intracellular ion homeostasis and 

induce apoptotic cell death in HeLa and A549 cancer cell lines.93 Despite this, broad similarities 

between HPTS and MTS activity remain. All analogues that displayed sufficient activity to calculate 

absolute MTS IC50 concentrations (1, 2, 3, 6, 7 and SR4) were substituted with lipophilic electron-

withdrawing groups and exhibited proton transport activity in the HPTS assays. Urea 3 was the most 

active in the series in HPTS, JC-1 and MTS assays and was ~2–3 fold more active than SR4 across 

all three assays. All analogues that lacked proton transport activity in HPTS assays (5, 11–14) did not 

significantly reduce cell viability, and were unsubstituted or substituted with polar and/or electron-

donating substituents.  

Taken together, the data presented in this paper indicate that bisaryl ureas substituted with 

lipophilic electron-withdrawing groups uncouple mitochondria by the fatty acid-activated mechanism 

first identified by Wu and Gale,104 and that this uncoupling contributes to the ability of these com-

pounds to reduce cancer cell viability. 

Conclusions 

In this paper we provide experimental evidence that SR4 uncouples mitochondria by a fatty 

acid-activated proton transport mechanism first identified by Wu and Gale. Lipophilic and electron-

withdrawing substituents on the bisaryl urea scaffold were shown to enhance electrogenic proton 

transport using this mechanism, promoting mitochondrial depolarization and reducing cell viability 

in MDA-MB-231 cells. The SAR is consistent with the proposed fatty acid-activated proton transport 
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mechanism whereby bisaryl ureas facilitate fatty acid flip-flop by binding to fatty acid carboxylate 

groups to form MIM-permeable complexes. The most potent analogue 3, like SR4, was shown to 

uncouple mitochondrial OXPHOS and inhibit ATP formation in MDA-MB-231 breast cancer cells. 

METHODS 

Chemistry 

CDI, 4-chloro-3-(trifluoromethyl) and 4-(methylsulfonyl)aniline was purchased from Fluo-

rochem, aniline from Univar and 3,4-bis(trifluoromethyl)aniline from Combiblocks. The remaining 

substituted anilines were purchased from Sigma Aldrich. Reactions were monitored using TLC on 

Merck silica gel 60 F254 aluminium backed plates. 1H NMR (500 MHz) and 13C NMR (125 MHz) 

spectra were recorded using an Agilent 500 MHz NMR spectrometer. Spectra were referenced inter-

nally to residual solvent (DMSO-d6: 1H δ 2.50, 13C δ 39.52). Melting point determination was per-

formed using a Gallenkamp melting point apparatus. High resolution mass spectra (HRMS) were 

recorded on an Agilent Technologies 6510 Q-TOF LCMS. The purity of all test compounds was 

confirmed to be >95% by absolute quantitative NMR spectroscopy (Supplementary Table S1). 

General bisaryl urea synthesis 

N,N’-carbonyldiimidazole (1.0 mmol) was added to a solution of substituted aniline (2.0 

mmol) in anhydrous dichloromethane (DCM, 5 ml) under a nitrogen atmosphere. The solution was 

refluxed until TLC indicated complete consumption of the aniline (6-48 hours). The products were 

purified by one of the following methods: 

 Method A: The product formed a precipitate in the reaction mixture that was isolated by 

vacuum filtration and washed with DCM.  Any unreacted aniline was then removed by trituration 

with 1M HCl (3 x 5 ml). 

Method B: The reaction mixture was washed with brine, dried over MgSO4 and concentrated 

under reduce pressure. The resulting solid was triturated with 1M HCl (3 x 5 ml). 
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Method C: The reaction mixture was washed with brine, dried over MgSO4 and concentrated 

under reduced pressure. The crude solid was purified by dry column vacuum chromatography 

(DCVC) using gradient elution’s of DCM/EtOAc (100:0 to 85:15). 

N,N’-bis[3,4-bis(trifluoromethyl)phenyl]urea (1) 

Purified by method B. Yield: 0.172 g, 32%; Melting point = 221-222oC. 1H NMR: (500 MHz, 

DMSO-d6) δ 9.76 (s, 2H), 8.22 (s, 2H), 7.95 (d, J = 8.5 Hz, 2H), 7.89 (d, J = 9 Hz, 2H). 13C NMR: 

(125 MHz, DMSO-d6) δ 152.1 (1C), 143.5 (2C), 129.5 (q, J = 6 Hz, 2C), 127.0 (q, J = 34 Hz, 2C), 

123.1 (q, J = 271 Hz, 2C), 122.7 (q, J = 272 Hz, 2C), 118.8 (q, J = 33 Hz, 2C), 117.2 (q, J = 7 Hz, 

2C). HRMS (ESI) m/z [M+H]+ calcd for C17H9F12N2O 485.0518, found 485.0512.  

N,N’-bis[4-(trifluoromethylsulfonyl)phenyl]urea (2)  

Purified by method B. Yield: 0.120 g, 25%; Melting point = 304-306oC. 1H NMR: (500 MHz, 

DMSO-d6) δ 9.91 (s, 2H), 8.06 (m, J = 9.0 Hz, 4H), 7.90 (m, J = 9.0, 2.5 Hz, 4H). 13C NMR: (125 

MHz, DMSO-d6) δ 151.7 (1C), 147.7 (2C), 132.5 (4C), 120.8 (2C), 119.6 (q, J = 324 Hz, 2C), 118.9 

(4C). HRMS (ESI) m/z [M+H]+ calcd for C15H11F6N2O5S2 477.0008, found 477.0002.  

N,N’-bis[3-chloro-5-(trifluoromethyl)phenyl]urea (3)  

Purified by method B. Yield: 0.273 g, 56%; Melting point = 210-211oC. 1H NMR: (500 MHz, 

DMSO-d6) δ 9.53 (s, 2H), 7.84 (s, 2H), 7.83 (s, 2H), 7.42 (s, 2H).13C NMR: (125 MHz, DMSO-d6) δ  

152.2 (1C), 141.6 (2C), 134.2 (2C), 131.1 (q, J = 32 Hz, 2C), 123.3 (q, J = 271 Hz, 2C), 121.6 (2C), 

118.3 (2C), 113.5 (q, J = 4 Hz, 2C). HRMS (ESI) m/z [M+H]+ calcd for C15H9Cl2F6N2O 416.9991 , 

found 416.9985.  

N,N’-bis[3,5-dichlorophenyl]urea (SR4) 

Purified by method A. Yield: 0.190 g, 35%. 1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.103,111 

N,N’-bis[4(methylsulfonyl)phenyl]urea (5) 



 

43 
 

Purified by method A. Yield: 0.100 g, 20%, Melting point = 301-303°C. 1H and 13C NMR 

and HRMS are in agreement with previously reported data.112 

N,N’-bis[4-chloro-3-(trifluoromethyl)phenyl]urea (6) 

Purified by method B. Yield: 0.266 g, 41%; Melting point = 231-232oC. 1H and 13C NMR and 

HRMS are in agreement with previously reported data.113 

N,N’-bis[4-(trifluoromethyl)phenyl]urea (7) 

Purified by method C. Yield: 0.211 g, 43%. 1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.114 

N,N’-bis(4-acetylphenyl)urea (8) 

Reaction volume was increased to 20 ml to accommodate for the low solubility of the 8 car-

bamoylimidazole intermediate. Purified by method A. Yield: 0.162 g, 33%. 1H and 13C NMR, mp, 

and HRMS are in agreement with previously reported data.115 

N,N’-bis[4-(trifluoromethoxy)phenyl]urea (9) 

Purified by method A. Yield: 0.191 g, 36%.  1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.116 

N,N’-bis[4-chlorophenyl]urea (10) 

Purified by method A. Yield: 0.383 g, 70%, 1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.117 

N,N’-diphenylurea (11) 

Purified by method A. Yield: 0.340 g, 60%, 1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.114 

N,N’-bis(3,4-dimethylphenyl)urea (12) 
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Purified by method A. Yield:  0.363 g, 65%; 1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.117 

N,N-bis(3,4-dimethylphenyl)urea (13) 

Purified by method A. Yield: 0.212 g, 42%; 1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.118 

N,N-bis(4-methoxyphenyl)urea (14) 

Purified by method A. Yield: 0.265 g, 48%, 1H and 13C NMR, mp, and HRMS are in agree-

ment with previously reported data.117 

Cell-based assays 

General 

Human MDA-MB-231 breast cancer cells were obtained from ATCC. Cells were cultures in 

Dulbecco’s Modified Eagle Medium containing 10% (v/v) fetal bovine serum (Thermo Fischer Sci-

entific) and 1% (v/v) penicillin/streptomycin (Sigma-Aldrich), referred to as complete media, and 

incubatedat 37°C in a humidified atmosphere of 5% CO2. Confluent cells (80-90%) were harvested 

with trypsin/EDTA after washing in dulbecco’s phosphate-buffered saline (dPBS, Sigma-Aldrich). 

Cells were treated with various concentrations of the test compounds in DMSO (final concentration 

0.1% v/v); control cells were treated with DMSO alone. 

JC-1 

MDA-MB-231 cells were seeded in triplicate in black wall 96 well plates (1.5x104 cells per 

well) in complete media 24 h before treatment. Media was removed and cells were treated with vari-

ous drug concentrations in complete media and incubated for one hour. Cells were incubated with 

JC-1 in media for 20 minutes, washed with dPBS and read using a Tecan Infinite M1000 Pro plate 

reader to evaluate red (535 nm) and green (595 nm) fluorescence using excitation wavelengths of 485 

and 535 nm respectively (JC-1 Mitochondrial Membrane Potential Assay Kit; Cayman Chemical).  
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Seahorse Xfe24 Mito Stress Test 

Mitochondrial function was measured by determining the oxygen consumption rate (OCR) of 

cells with a Seahorse XF24 extracellular flux analyser (Seahorse Bioscience) according to the manu-

facturer’s protocol. MDA-MB-231 cells were seeded in Seahorse XF24 well cell culture microplates 

(2.0x104 cells per well) in complete media, allowed to adhere for three hours at room temperature 

and incubated overnight. Well media was replaced with 500 μL XF media (1 mM pyruvate, 2 mM 

glutamine and 10mM glucose Seahorse XF DMEM medium, pH 7.4 with 5 mM HEPES), placed in 

a non-CO2 incubator (37oC, humidified) for one hour, and then OCR was measured utilising an XF 

Cell Mito Stress Test Kit (Seahorse Bioscience, MA, USA). Oligomycin (final concentration 1 μM), 

FCCP (final concentration 0.5 μM) or test compounds (final concentration 5 μM or 10 μM), and 

rotenone/antimycin A (final concentrations 0.5 μM each) were added to the sensor cartridge, and the 

OCR was measured using a modified cycling program on Agilent Seahorse Wave Desktop software. 

Intracellular ATP 

MDA-MB-231 cells were seeded in triplicate in 96 well plates (1.0x104 cells per well) in complete 

media 24 h before treatment. At different timepoints, media was removed and cells were treated with 

test compounds (5 μM) and incubated for the duration of the experiment. Cells were incubated with 

CellTiter-Glo® 2.0 in complete media, mixed on an orbital shaker for two minutes, left at room tem-

perature in dark conditions for 10 minutes and luminescence was read on a Tecan Infinite M1000 Pro 

plate reader (CellTiter-Glo® 2.0 Luminescent Cell Viability Assay). 

LDH release 

  MDA-MB-231 cells well seeded in triplicate in 96 well plates (1.0x104 cells per well) in com-

plete media 24 h before treatment. Media was removed and cells were treated with test compounds 

(5 μM) or vehicle control and incubated for 8 hours. Well media was homogenised gently, sampled, 

diluted in LDH storage buffer and stored at -20°C, including wells containing vehicle control treated 

with 0.2% (v/v) Triton X-100 (Sigma-Aldrich) and incubated for 15 minutes prior to sampling to 

obtain a maximum LDH release value. Samples were thawed, incubated with LDH detection reagent 
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in a black wall plate at room temperature for one hour and luminescence was measured on a Tecan 

infinite M1000 Pro plate reader (LDH-GloTM Cytotoxicity Assay, Promega). 

MTS 

MDA-MB-231 cells were seeded in triplicate in 96 well plates (3.5x103 cells per well) in 

complete media and incubated for 24 h before treatment. Media was removed and cells were treated 

with various drug concentrations in complete media and incubated for 72 hours. Cells were then 

incubated with CellTiter MTS 96® Aqueous MTS Reagent Powder (Promega) and phenazine 

ethosulfate (Sigma-Aldrich) in dark conditions for approximately three hours. Absorbance of each 

well at 490 nm was measured using Tecan Infinite M1000 Pro plate reader to evaluate cell viability 

(CellTiter 96® Aqueous Non-Radioactive Cell Proliferation Assay, Promega).  

Statistical Analysis 

All data are expressed throughout as means ± SEM from three independent experiments 

(N=3). Dose-response curves were constructed using log(inhibitor) vs response, variable slope (4 

parameters) non-linear regressions on GraphPad Prism 8. Equation: Y=Bottom + (Top-Bot-

tom)/(1+10^((LogIC50-X)*HillSlope)). Absolute IC50 concentrations were interpolated from these 

normalised curves (data normalised to DMSO vehicle control) with the top constrained to 100%. ATP 

and Apoptosis data are expressed as mean percentage of time-matched DMSO control. (*) P < 0.05, 

(**) P < 0.01, (***) P < 0.001 versus time-matched control by two-way ANOVA with Dunnett’s 

multiple comparison test. Seahorse data normalised to baseline OCR prior to oligomycin addition. 

Supplementary Information 

Supplementary Information available: This material is available free of charge via the internet at 

http://pubs.acs.org. 

HPTS proton transport assay protocol, bisaryl urea absolute quantitative 1H NMR purity de-

termination, representative JC-1 / MTS dose-response curves, ATP assay data distribution, 

LDH release cytotoxicity assay, bisaryl urea 1H and 13C NMR spectra, HPTS dose-response 

and Hill Analyses 

http://pubs/


 

47 
 

Acknowledgments 

 

The author acknowledges H. Macdermott-Opeskin for his assistance in preparing the manuscript. D. 

McNaughton and P. Gale acknowledge and pay respect to the Gadigal people of the Eora Nation, the 

traditional owners of the land on which we research, teach, and collaborate at the University of Syd-

ney. P. Gale thanks the University of Sydney and the Australian Research Council (DP200100453) 

for funding. 

  



 

48 
 

*Correspondence: Dr Tristan Rawling, School of Mathematical and Physical Sciences, 

Faculty of Science, University of Technology Sydney, Ultimo, NSW 

2007, Australia. Tel: (61-2)-9514-7956, Email: Tristan.Rawl-

ing@uts.edu.au 

  

mailto:Tristan.Rawling@uts
mailto:Tristan.Rawling@uts


49

Chapter Three: Expansion of Fatty Acid-Activated Proton 

Transporters to Squaramide, Amide and Diurea Anion 

Transport Motifs

Chapter Three: 

Transporters

Transport 



 

50 
 

Chapter Three Preamble 

Demonstrating that bisaryl ureas mediate proton flux across the MIM by a fatty acid-activated proton 

transport mechanism challenges the perception that mitochondrial uncouplers must possess an acidic 

functional group. Based off this mechanistic insight and the promising activity of bisaryl urea 3, I 

sought to assess the anticancer and mitochondrial activities of other bisaryl-based anion transporters 

by incorporating different anion binding motifs. Amide, squaramide and diurea binding groups were 

used, and the new scaffolds were substituted with lipophilic electron withdrawing groups, as these 

groups were key to bisaryl urea activity. Characterising the mitochondrial and anticancer actions of 

these compounds was a key aim of my thesis and resulted in the following chapter, which was pub-

lished in the MDPI Biomolecules special issue ‘Proton and Proton-Coupled Transport’ and is entitled 

‘Fatty Acid-Activated Proton Transport by Bisaryl Anion Transporters Depolarises Mitochondria and 

Reduces the Viability of MDA-MB-231 Breast Cancer Cells’. For consistency the aromatic substitu-

tion patterns in this chapter follow the same numbering system as used in Chapter Two, but are pre-

fixed with U, S, A, or D to denote the urea, squaramide, amide or diurea motif respectively.  
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Abstract: In respiring mitochondria, the proton gradient across the inner mitochondrial membrane is 

used to drive ATP production. Mitochondrial uncouplers, which are typically weak acid protono-

phores, can disrupt this process to induce mitochondrial dysfunction and apoptosis in cancer cells. 

We have shown that bisaryl urea-based anion transporters can also mediate mitochondrial uncoupling 

through a novel fatty acid-activated proton transport mechanism, where the bisaryl urea promotes the 

transbilayer movement of deprotonated fatty acids and proton transport. In this paper, we investigated 

the impact of replacing the urea group with squaramide, amide and diurea anion binding motifs. 

Bisaryl squaramides were found to depolarise mitochondria and reduce MDA-MB-231 breast cancer 

cell viability to similar extents as their urea counterpart. Bisaryl amides and diureas were less active 

and required higher concentrations to produce these effects. For all scaffolds, the substitution of the 

bisaryl rings with lipophilic electron-withdrawing groups was required for activity. An investigation 

of the proton transport mechanism in vesicles showed that active compounds participate in fatty acid-

activated proton transport, except for a squaramide analogue, which was sufficiently acidic to act as 

a classical protonophore and transport protons in the absence of free fatty acids. 
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Introduction 

Targeting mitochondria is a promising approach to the development of new anticancer agents, as 

cancer cell mitochondria are structurally and functionally distinct from those in noncancerous cells, 

and because mitochondria play pivotal roles in cellular metabolism and cell survival.47,100 Im-

portantly, mitochondria use nutrients to synthesise ATP via oxidative phosphorylation (OXPHOS), 

where nutrient oxidation feeds electrons into the electron transport chain (ETC), a series of proteins 

embedded in the inner mitochondrial membrane (MIM). Electron flow through the ETC pumps pro-

tons from the mitochondrial matrix into the intermembrane space, generating a proton gradient across 

the MIM. The resulting membrane potential (ΔΨM) is used to drive protons back into the matrix 

through ATP synthase, which converts ADP to ATP.2,5 Nutrient oxidation is therefore coupled to ATP 

synthesis by the proton gradient across the MIM. Mitochondrial uncouplers are compounds that dis-

rupt OXPHOS by inducing proton leakage across the MIM, creating a futile cycle of energy expendi-

ture that diminishes the ΔΨm and ATP synthesis.10 The most common uncouplers are lipophilic weak 

acids, such as 2,4-dinitrophenol (DNP), which transport protons across the MIM via a protonophoric 

cycle that involves the direct protonation and deprotonation of the acidic group. A growing body of 

evidence indicates that mitochondrial uncouplers can selectively kill cancer cells,77,119,120 which has 

focused attention on their potential use as new anticancer agents.100 

While most protonophores are weak acids, we have recently shown that synthetic anion trans-

porters can also facilitate the movement of protons across lipid bilayers via a fatty acid-activated 

mechanism.104 Anion transporters possess an anion binding motif that can form reversible intermo-

lecular interactions with various anions, producing a lipophilic complex that facilities the passive 

transport of the anion across lipid bilayers.89 Anion transporters promote transbilayer proton move-

ment by interacting with free fatty acids within the membrane (see Figure 13).104 In the first step, the 

anionic form of the fatty acid accepts a proton from the relatively acidic solution and permeates the 

membrane as a neutral species. The fatty acid is deprotonated in the relatively alkaline solution, re-

sulting in the transport of one proton and the regeneration of the membrane-impermeable carboxylate 



 

54 
 

species. Next, the anion transporter binds to the carboxylate group through parallel hydrogen bonds 

to produce a lipophilic complex that is capable of diffusing through the bilayer. The dissociation of 

the complex is followed by the protonation of the fatty acid and further proton transport cycles. 

 

Figure 13. Fatty acid-activated proton transport mechanism via anion transporters in large unilamel-

lar vesicles.104 The anion transporter binds fatty acid carboxylates, masking their anionic charge to 

facilitate fatty acid flip-flop and proton transport across the membrane. 

The discovery of the fatty acid-activated proton transport mechanism was made using large unila-

mellar vesicles (LUVs), and we subsequently showed that the same mechanism can operate in the 

mitochondria of intact cells121 by utilising free fatty acids that are present in the MIM.98,122 Thus, the 

treatment of MDA-MB-231 breast cancer cells with bisaryl urea-based synthetic anion transporters 

collapsed the proton gradient across the MIM and uncoupled OXPHOS, leading to a loss of cell via-

bility.121 The substitution of the bisaryl urea scaffold with lipophilic electron-withdrawing groups 

enhanced electrogenic proton transport using the fatty acid-activated mechanism, as well as the mi-

tochondrial and cellular effects.121 This structure–activity relationship (SAR) aligns with the proposed 

transport mechanism as electron-withdrawing groups increase the urea N-H hydrogen bond donor 
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strength and complexation with fatty acid anions, and lipophilic groups enhance the membrane per-

meability of the resulting complex. 

In this paper we replaced the anion binding motif in the bisaryl urea scaffold with squara-

mide,114,123 amide and diurea124 groups (Figure 14) and studied the proton transport and mitochondrial 

uncoupling activities of these compounds. Bisaryl amides and diureas substituted with lipophilic elec-

tron-withdrawing groups showed enhanced proton transport by the fatty acid-activated mechanism, 

consistent with the established SAR. Bisaryl squaramides bearing these groups also show enhanced 

proton transport, but participated as both anion transporters and as classical protonophores, presum-

ably due to the higher acidity of the squaramide motif. The analogues with the greatest proton 

transport activity uncoupled mitochondria, disrupting OXPHOS and reducing cell viability in MDA-

MB-231 breast cancer cells. 

 

Figure 14. Chemical structures of bisaryl urea, squaramide, amide and diurea anion transporters stud-

ied in this work. 

2. Materials and Methods 

2.1. Chemistry 

U3–11 were synthesised by the procedure in the literature.121 3-Chloro-5-(trifluoromethyl)ben-

zoic acid, 4-(trifluoromethoxy)benzoic acid, 3,4-diethoxycyclobut-3-ene-1,2-dione and COMU were 

purchased from Fluorochem Limited (Hadfield, UK). The remaining reagents were purchased from 



 

56 
 

Merck (Darmstadt, Germany). Reactions were monitored using TLC on Merck silica gel 60 F254 alu-

minium-backed plates. Reaction products were purified as required with dry column vacuum chro-

matography on silica gel using gradient elutions. NMR spectra were recorded using a Bruker 400 

MHz and an Agilent 500 MHz NMR spectrometer, at operating frequencies of 400 and 500 MHz for 

1H and 100 and 125 MHz for 13C spectra, respectively. Spectra were referenced internally to the 

residual solvent (CDCl3: 1H δ 7.26, 13C δ 77.16. DMSO-d6: 1H δ 2.50, 13C δ 39.52. CD3OD: 1H δ 

3.31, 13C δ 49.00). Multiplicity was assigned as s (singlet), d (doublet), t (triplet), q (quartet), qu 

(quintet) and m (multiplet). High resolution mass spectra (HRMS) were recorded on an Agilent Tech-

nologies 6510 Q-TOF LCMS. The purity of all test compounds was confirmed to be >95% using 

absolute quantitative NMR spectroscopy (Supplementary Information, Table S2).125 

2.1.1. General Procedure for the Synthesis of Bisaryl Squaramides 

To a solution of an appropriately substituted aniline (0.338 g, 2.1 mmol, 2.1 equiv.) in 2 mL 19:1 

toluene:dimethyl formamide (DMF) was added the diethyl squarate ester (3,4-diethoxycyclobut-3-

ene-1,2-dione, 0.170 g, 1.0 mmol, 1 equiv.) and zinc triflate (0.073 g, 0.2 mmol, 0.2 equiv.), and the 

resultant mixture was stirred for 18 h at 100 °C in a 10 mL sealed pressure tube. The desired squara-

mide products were found to precipitate out of the solution upon formation. The reaction mixture was 

pelleted via centrifugation and the supernatant was discarded, and then the crude solid was washed 

with 5 × 5 mL methanol using successive resuspension and centrifugation to give the desired products 

as white/yellow solids. 

2.1.2. General Procedure for the Synthesis of Bisaryl Amides 

To a mixture of COMU ((1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino morpho-

lino-carbenium hexafluorophosphate, 1.028 g, 2.4 mmol, 1.2 equiv.), triethylamine (0.405 g, 4.0 

mmol, 2 equiv.) and an appropriately substituted benzoic acid (0.449 g, 2.0 mmol, 1.0 equiv.) in 5 mL 

DMF was added the corresponding substituted aniline (0.430 g, 2.2 mmol, 1.1 equiv.), and it was 

stirred for 24 h at room temperature under nitrogen. The resultant reaction mixtures were diluted ten-
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fold with water, extracted with 3 × 20 mL ethyl acetate and then washed with 3 × 20 mL of 1M 

hydrochloric acid followed by 3 × 20 mL saturated sodium bicarbonate. Crude solids were isolated 

with rotary evaporation and then purified via dry column vacuum chromatography (DCVC) using a 

gradient elution of Hexane/EtOAc (100:0 to 70:30). 

2.1.3. General Procedure for the Synthesis of Bisaryl Diureas 

N,N′-Carbonyldiimidazole (1.14 g, 7 mmol, 1.4 equiv.) was added to a solution of an appropri-

ately substituted aniline (0.466 g, 5 mmol, 1.0 equiv.) in anhydrous 1,2-dichloroethane (EDC, 7 mL) 

under N2. After stirring for 18 h, the resulting suspension was cooled on ice for 1 h, then filtered and 

washed with 1,2-dichloroethane to give the N-carbamoyl imidazole intermediate as a white solid. 

Next, the N-carbamoyl imidazole (0.562 g, 3.0 mmol, 3 equiv.) was resuspended in dichloromethane, 

hexamethylene diamine (0.116 g, 1 mmol, 1 equiv.) was added and it was stirred at room temperature 

for 18 h. The resultant suspension was filtered, and the solid obtained was washed with 10 mL di-

chloromethane. Residual aniline and the bisaryl urea byproduct were removed as required by tritura-

tion with 2 × 10 mL ethyl acetate. 

Bis({[3-chloro-5-(trifluoromethyl)phenyl]amino})cyclobut-3-ene-1,2-dione (S3). 1H NMR (500 

MHz, CD3OD) δ 7.78 (s, 2H), 7.71 (s, 2H), 7.37 (s, 2H). 13C NMR (125 MHz, CD3OD) δ 184.2 (2C), 

167.2 (2C), 142.2 (2C), 137.1 (2C), 134.1 (q, J = 33 Hz, 2C), 124.5 (q, J = 271 Hz, 2C), 123.2 (2C), 

121.0 (2C), 115.1 (q, J = 4 Hz, 2C). HRMS (ESI): m/z [M + H]+ calculated for C18H8Cl2F6N2O2: 

468.9940, found: 468.9937.  

Bis({[4-(trifluoromethyl)phenyl]amino})cyclobut-3-ene-1,2-dione (S7). 1H and 13C NMR and 

HRMS are in agreement with previously reported data.114,126 

Bis({[4-(trifluoromethoxy)phenyl]amino})cyclobut-3-ene-1,2-dione (S9). 1H NMR (500 MHz, 

DMSO-d6) δ 10.5 (br s, 2H), 7.59 (d, J = 8.5 Hz, 4H), 7.35 (d, J = 8 Hz, 4H) 13C NMR (125 MHz, 

DMSO-d6) δ 181.7 (2C), 165.7 (2C), 143.8 (2C), 137.9 (2C), 122.2 (4C), 120.1 (q, J = 255 Hz, 2H), 

120.0 (4C). HRMS (ESI): m/z [M + H]+ calculated for C18H10F6N2O4: 433.0618, found: 433.0623. 
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Bis(phenylamino)cyclobut-3-ene-1,2-dione (S11). 1H and 13C NMR are in agreement with previously 

reported data.114 HRMS (ESI): m/z [M + H]+ calculated for C16H12N2O2: 265.0972, found: 265.0958. 

3-Chloro-N-[3-chloro-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)benzamide (A3). 1H NMR (500 

MHz, CDCl3) δ 8.10 (br s, 1H), 8.04 (s, 1H), 7.99 (s, 1H), 7.98 (s, 1H), 7.82 (s, 1H), 7.77 (s, 1H), 

7.43 (s, 1H). 13C NMR (125 MHz, CDCl3) δ 163.1 (1C), 138.8 (1C), 136.5 (1C), 136.1 (1C), 135.8 

(1C), 133.1 (q, J = 34 Hz, 1C), 132.8 (q, J = 33 Hz, 1C), 130.8 (1C), 129.3 (q, J = 4 Hz, 1C), 123.47 

(1C), 123.46 (1C), 122.9 (q, J = 271 Hz, 1C), 122.7 (q, J = 272 Hz, 1C), 122.1 (m, 2C), 115.3 (q, J = 

4 Hz, 1C). HRMS (ESI): m/z [M + H]+ calculated for C15H7Cl2F6NO: 401.9882 found: 401.9883. 

4-(Trifluoromethyl)-N-[4-(trifluoromethyl)phenyl]benzamide (A7). 1H and 13C NMR and HRMS are 

in agreement with previously reported data.127  

4-(Trifluoromethoxy)-N-[4-(trifluoromethoxy)phenyl]benzamide (A9). 1H NMR (500 MHz, DMSO-

d6) δ 10.53 (s, 1H), 8.08 (AA’BB’, 2H), 7.88 (AA’BB’, 2H), 7.54 (d, J = 9 Hz, 2H), 7.38 (d, J = 9 Hz, 

2H). 13C NMR (125 MHz, DMSO-d6) δ 164.5 (1C), 151.9 (1C), 145.7 (1C), 136.2 (1C), 132.9 (1C), 

129.0 (2C), 121.9 (2C), 121.5 (2C), 120.8 (2C), 120.4 (q, J = 256 Hz, 1C), 120.3 (q, J = 257 Hz, 1C). 

HRMS (ESI): m/z [M + H]+ calculated for C15H9F6NO3: 366.0559 found: 366.0562. 

N-Phenylbenzamide (A11). 1H and 13C NMR and HRMS are in agreement with previously reported 

data [19].  

3-[3-Chloro-5-(trifluoromethyl)phenyl]-1-[6-({[3-chloro-5-(trifluoromethyl)phenyl]car-

bamoyl}camino)hexyl]urea (D3). 1H NMR (400 MHz, DMSO-d6) δ 8.97 (s, 2H), 7.76 (s, 2H), 7.75 

(s, 2H), 7.27 (s, 2H), 6.40 (t, J = 5.6 Hz, 2H), 3.08 (q, J = 6.2 Hz, 4H), 1.44 (m, 4H), 1.29 (m, 4H). 

13C NMR (100 MHz, DMSO-d6) δ 154.7 (2C), 143.0 (2C), 134.1 (2C), 130.9 (q, J = 32 Hz, 2C), 

123.4 (q, J = 271 Hz, 2C), 120.3 (2C), 116.7 (2C), 112.3 (2C), 39.1 (2C), 29.6 (2C), 26.1 (2C). HRMS 

(ESI): m/z [M − H]− calculated for C22H22Cl2F6N4O2: 557.0953 found: 557.0953. 

3-[4-(Trifluoromethyl)phenyl]-1-[6-({[4-(trifluoromethyl)phenyl]carbamoyl}amino)hexyl]urea 

(D7). 1H NMR (400 MHz, DMSO-d6) δ 8.86 (s, 2H), 7.58 (d, J = 8.9 Hz, 4H), 7.54 (d, J = 8.9 Hz, 
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4H), 6.30 (t, J = 5.5 Hz, 2H), 3.09 (q, J = 6.6 Hz, 4H), 1.43 (m, 4H), 1.31 (m, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 154.8 (2C), 144.3 (2C), 125.9 (2C), 124.7 (q, J = 269 Hz, 2C), 120.8 (q, J = 32 

Hz, 2C), 117.1 (2C), 39.0 (2C), 29.6 (2C), 26.1 (2C). HRMS (ESI): m/z [M − H]− calculated for 

C22H24F6N4O2: 489.1732 found: 489.1727. 

3-[4-(Trifluoromethoxy)phenyl]-1-[6-({[4-(trifluoromethoxy)phenyl]carbamoyl}amino)hexyl]urea 

(D9). 1H NMR (400 MHz, DMSO-d6) δ 8.60 (s, 2H), 7.47 (d, J = 9.2 Hz, 4H), 7.19 (d, J = 8.4 Hz, 

4H), 6.18 (t, J = 5.6 Hz, 2H), 3.07 (q, J = 6.7 Hz, 4H), 1.43 (m, 4H), 1.30 (m, 4H). 13C NMR (100 

MHz, DMSO-d6) δ 155.2 (2C), 142.0 (2C), 140.0 (2C), 121.6 (2C), 120.3 (q, J = 254 Hz, 2C), 118.7 

(2C), 39.1 (2C), 29.7 (2C), 26.2 (2C). HRMS (ESI): m/z [M − H]− calculated for C22H24F6N4O4: 

521.1629 found: 521.1630. 

3-Phenyl-1-{6-[(phenylcarbamoyl)amino]hexyl}urea (D11). 1H and 13C NMR and HRMS are in 

agreement with previously reported data.128 

2.2. Biology 

2.2.1. Cell Lines and Culture Conditions 

Human MDA-MB-231 breast cancer cells and BEAS-2B lung epithelial cells (ATCC) were cul-

tured in Dulbecco’s Modified Eagle Medium containing 1% (v/v) penicillin/streptomycin (Merck) 

and 10% (v/v) foetal bovine serum (Thermo Fisher Scientific), referred to as complete media. Cells 

were cultured at 37 °C in a humidified atmosphere of 5% CO2 and harvested at 80-90% confluency 

using trypsin/EDTA after washing with Dulbecco’s phosphate-buffered saline (dPBS, Merck). Test 

compounds were administered to cells using a DMSO vehicle (final concentration 0.1% v/v) and were 

compared against cells treated with DMSO alone (vehicle-only control). 

2.2.2. MTS Cell Viability Assay 

Cell viability following 72 h drug treatment was assayed by measuring the conversion of MTS 

(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) to 
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formazan via dehydrogenase enzymes in metabolically active cells. In a 96-well plate, cells were 

seeded in triplicate in complete media at a density of 3.5 × 103 cells per well and incubated for 24 h. 

Well media were removed and replaced with complete media containing various drug concentrations 

and incubated for 72 h. Cells were then incubated with CellTiter MTS 96 Aqueous MTS Reagent 

Powder (Promega) and phenazine ethosulfate (Merck) under dark conditions for approximately 3 h. 

The absorbance of each well at 490 nm was measured using a Tecan Infinite M1000 Pro plate reader 

to evaluate cell viability (CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay, Promega). 

2.2.3. JC-1 Mitochondrial Membrane Potential Assay 

The ability of the test compounds to depolarise the inner mitochondrial membrane was measured 

using the JC-1 assay. MDA-MB-231 cells were seeded in triplicate in black wall 96-well plates (1.5 

× 104 cells per well) in complete media 24 h before treatment. Media were removed and cells were 

treated with various drug concentrations in complete media and incubated for one hour. Cells were 

incubated with JC-1 in media for 20 min, washed with dPBS and read using a Tecan Infinite M1000 

Pro plate reader to evaluate red (535 nm) and green (595 nm) fluorescence using excitation wave-

lengths of 485 and 535 nm, respectively (JC-1 Mitochondrial Membrane Potential Assay Kit; Cayman 

Chemical). 

2.2.4. Seahorse XFe24 Analyser Assay 

Mitochondrial function was measured by determining the oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) of cells with a Seahorse XFe24 extracellular flux analyser 

(Seahorse Bioscience) according to the manufacturer’s protocol. MDA-MB-231 cells were seeded in 

Seahorse XF24 well cell culture microplates (2.0 × 104 cells per well) in complete media, allowed to 

adhere for 3 h at room temperature, and incubated overnight. Wells were washed and media were 

replaced with 500 μL of XF media (1 mM pyruvate, 2 mM glutamine, and 10 mM glucose Seahorse 

XF DMEM, pH 7.4 with 5 mM HEPES) and placed in a non-CO2 incubator (37 °C, humidified) for 

1 h, and then the OCR was measured utilizing an XF Cell Mito Stress Test kit (Seahorse Bioscience, 
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MA, USA). Following sensor calibration and baseline measurements, test compounds were added 

and changes to the oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

monitored using a modified cycling program on Agilent Seahorse Wave Desktop software. 

2.2.5. Statistical Analysis 

All IC50 concentration values are expressed as means ± SEM from three independent experiments 

(N = 3). Data were normalised to the DMSO vehicle control, and dose−response curves were con-

structed on GraphPad Prism 8 using log(inhibitor) versus response, variable slope (four parameters) 

nonlinear regressions. Equation: Y = Bottom + (Top−Bottom)/(1 + 100[(Log IC50-X)*HillSlope)]. 

Absolute IC50 concentrations were then interpolated from these normalised curves, and the top con-

strained to 100%. Seahorse measurements were normalised to the OCR/ECAR of DMSO vehicle 

wells prior to the test compound addition. 

3. Results and Discussion 

3.1. Compound Library Design and Synthesis 

Bisaryl ureas are comprised of a urea anion binding group covalently attached to two substituted 

aromatic rings. To investigate the capacity of alternative anion binding motifs to function as fatty 

acid-activated mitochondrial uncouplers, we designed a library of bisaryl squaramide (S3–11), amide 

(A3–11), and diurea (D3–11) transporters bearing various aromatic substituents (Figure 14) and com-

pared their activities to their previously reported121 urea counterparts, U3–11. Amides and squara-

mides are well-known anion binding groups that have previously been used in anion transport-

ers.124,129,130 Squaramides typically have stronger anion affinity than amides, as squaramides can form 

two convergent hydrogen bonds to host anions via their N-H groups, and have been explored using a 

variety of scaffolds.131 Diureas D3–11 were included as multi-armed anion transporters and can have 

superior anion transport to their mono-derivatives.89 All bisaryl anion transporters were prepared as 

unsubstituted analogues (series 11), and bearing lipophilic electron-withdrawing substituents, which 

we have previously shown to enhance fatty acid-activated proton transport and the cytotoxicity of 
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bisaryl ureas.121 Three different substitution patterns were included, based on electron-withdrawing 

strength (determined from their Hammet’s substituent constants, σtotal).106 These included 3-chloro 5-

trifluoromethyl- (series 3, σtotal = 0.80), 4-trifluoromethyl- (series 7, σtotal = 0.54) and 4-trifluorometh-

oxy- (series 9, σtotal = 0.35) substitution. 

The synthesis of the compound library is shown in Scheme 1. Bisaryl squaramides S3–11 were 

prepared via Lewis-acid-promoted condensation reactions of appropriately substituted anilines with 

squarate esters. A Zn(OTf)2 Lewis acid catalyst was preferred to minimise the formation of unwanted 

squaramide monoester and squaraine side products132 and the squaramide products precipitated from 

the reaction mixture and isolated by filtration. Bisaryl amides A3–11 were synthesised by COMU-

based coupling reactions of the corresponding substituted anilines and benzoic acids with two equiv-

alents of triethylamine.133 Bisaryl diurea derivatives D3–11 were synthesised by first reacting appro-

priately substituted anilines with N,N-carbonyldiimidazole (CDI) to give the corresponding N-car-

bamoylimidazoles, which were then reacted with hexamethylenediamine to give the disubstituted 

product.  

Scheme 1. Synthesis of bisaryl squaramide (S3–11), amide (A3–11) and diurea (D3–11) anion trans-

porters. 

  

S3–11 

A3–11 

D3–11 
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3.2. Bisaryl Anion Transporter Effects in MDA-MB-231 Cells 

We first determined the ability of the bisaryl anion transporters to reduce the viability of MDA-

MB-231 cells using the MTS assay (Table 4 and Figure S67). The urea-based anion transporters were 

the most active in the series, with U3 and U7 reducing MDA-MB-231 cell viability with IC50 con-

centrations below 1 μM. The corresponding squaramides S3 and S7 were the next most active, and 

reduced cell viability with IC50 concentrations of 4.15 ± 1.4 and 7.28 ± 0.9 μM, respectively. Within 

the diurea and amide series, only the di-substituted analogues D3 and A3 affected cell viability, alt-

hough A3 lacked sufficient activity and solubility to produce an IC50 concentration. Neither D7 nor 

A7 had an impact on cell viability. The MTS data also indicated that substitution with electron-with-

drawing groups was required, as no unsubstituted anion transporters (series 11) had an effect on cell 

viability, while those bearing the strongest electron-withdrawing substituents (series 3) were the most 

active. It was also found that the MTS activity decreased as the electron-withdrawing capacity of the 

substituents decreased. For example, U9 (σtotal = 0.35) failed to reduce cell viability to below 50% at 

100 μM, while U3 and U7 (σtotal > 0.54) reduced MDA-MB-231 cell viability with IC50 concentrations 

below 1 μM. The exception to this trend was A3, which was the most active in the amide series, 

although it contains relatively weakly electron-withdrawing trifluoromethoxy substituents (series 3 

substitution). It is noteworthy that A3 did not affect mitochondrial polarisation (as reflected by the 

JC-1 assay), as this suggests that A3 reduces cell viability via a different mechanism that does not 

involve mitochondrial targeting. 

To confirm that the MTS data reflected reductions in the number of viable cells, phase contrast 

images of MDA-MB-231 cells treated with the active compounds U3, U7, S3, S7, A9 and D3 at their 

IC50 concentrations were recorded (Figure S68 in the Supplementary Material). Vehicle (DMSO) 

control cells and cells treated with the inactive compound U11 were included for comparison. The 

images revealed that the MTS active compounds (but not inactive U11) reduced the number of cells 

and altered their morphology compared to control, which is consistent with the MTS data. We also 

assessed the antiproliferative activity of U3, U7, S3, S7, A9 and D3 against BEAS-2B lung epithelial 
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cells in MTS assays to obtain an indication of the selectivity of these compounds towards cancer cells. 

As shown in Figure S69 of the Supplementary Material, U3, U7 and S3 preferentially reduced MDA-

MB-231 cell viability, while A9 had no effect on BEAS-2B cells. In contrast, diurea D3 and squara-

mide S7 had similar effects on the viability of both cell lines. 

 

Table 4. Chemical structures, MTS (72 h) and JC-1 (1 h) IC50 concentrations measured in MDA-MB-

231 breast cancer cells. 

   
U3–11 

 
S3–11 

 
A3–11 

 
D3–11 

Substitution 
Pattern R 

IC50 (μM) IC50 (μM) IC50 (μM) IC50 (μM) 
MTS JC-1 MTS JC-1 MTS JC-1 MTS JC-1 

Series 3 
 

0.37  
± 0.1 

0.26  
± 0.1 

4.15  
± 1.4 

1.73  
± 0.1 >20 a 7.30  

± 1.0 
10.5  
± 1.1 

8.1  
± 1.2 

Series 7 
 

0.84  
± 0.1 

2.26  
± 0.4 

7.28  
± 0.9 

3.34  
± 0.9 - b 19.7  

± 5.9 - b >50 a 

Series 9 
 

>100 a >100 a - b - b 5.64  
± 1.1 - b - b >50 a 

Series 11 
 

- b >100 a - b - b - b - b - b >100 a 

a Produced moderate activity at maximum test concentration but insufficient for absolute IC50 deter-

mination. b No significant activity observed at the maximum test concentration. 

We next assessed the capacity of the analogues to transport protons across the MIM and depolar-

ise mitochondria in MDA-MB-231 cells using JC-1 assays. JC-1 is a cationic, fluorescent dye that 

partitions between the mitochondrial matrix and the cytosol according to the ΔΨM. In polarised mi-

tochondria with high ΔΨM, JC-1 forms aggregates in the matrix that fluoresce red. When mitochon-

drial depolarisation occurs, JC-1 is released into the cytosol and disaggregates into monomers that 

fluoresce green. Thus, the JC-1 red/green fluorescence ratio reflects the proton gradient across the 

MIM. JC-1 IC50 concentrations were determined for the bisaryl analogues from dose–response curves 
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(Figure S70), which were defined as the concentration required to shift the red/green fluorescence 

ratio by 50% of the control (Table 4). Cells were treated for one hour to discriminate between direct 

mitochondrial uncoupling activity and the mitochondrial depolarisation that occurs during apoptosis. 

Similar to the trends observed from the MTS data, the urea-based U3 was the most active (IC50 = 0.26 

± 0.1) anion transporter with series 3 substitution, followed by squaramide S3 (IC50 = 1.73 ± 0.1), 

and then the amide and diurea analogues A3 and D3. The dependence on electron-withdrawing sub-

stituents for activity was also observed, as JC-1 IC50 concentrations tended to increase moving from 

series 3 to series 7 to series 9 substitution patterns, with all unsubstituted analogues (series 11) lacking 

sufficient JC-1 activity to determine IC50 concentrations. The broad similarities between the observed 

MTS and JC-1 data indicate that the active anion transporters depolarise mitochondria, which leads 

to a loss of cell viability. This finding is consistent with previous studies, which have shown that the 

collapse of the proton gradient across the MIM by mitochondrial uncouplers leads to cancer cell 

death.100,121,131 

To further investigate the mitochondrial actions of the anion transporters, we measured the capacity 

of series 3 (3-Cl 5-CF3) and 11 (unsubstituted) analogues to increase the oxygen consumption rate 

(OCR) and extracellular acidification rate (ECAR) of MDA-MB-231 cells using a seahorse analyser 

(see Figure 14). Proton transport across the MIM by mitochondrial uncouplers reduces OXPHOS 

efficiency, leading to an increase in oxygen consumption and a shift to glycolysis (proportional to 

ECAR) to meet energy demands.77 Anion transporters that were JC-1 active were anticipated to pro-

duce the same metabolic shifts, and were tested at concentrations two-fold higher than their JC-1 IC50 

concentrations.  



 

66 
 

 

Figure 15. OCR and ECAR in MDA-MB-231 cells treated with series 3 and 11 test compounds as 

measured using a Seahorse XFe24 flux analyser. Measurements normalised to the OCR and ECAR 

of DMSO vehicle wells prior to test compound addition. 

As anticipated, the JC-1 active anion transporters U3, S3 and A3 in-
creased OCR and ECAR in MDA-MD-231 cells, which is consistent with 
their activity as mitochondrial uncouplers, and JC-1 inactive anion trans-
porters U11, S11, A11 and D11 failed to impact OCR and ECAR ( 

Figure 15). Diurea D3 had the smallest impact on OCR and ECAR, which may reflect its lack of 

potency in JC-1 assays.  

3.3. HPTS Proton Transport Assay 

The cellular data suggest that bisaryl anion transporters substituted with electron withdrawing 

substituents (series 3) can transport protons across the MIM in MDA-MB-231 cells, leading to mito-

chondrial uncoupling and a loss of cell viability, while unsubstituted (series 11) transporters lack 

activity. We therefore studied the proton transport mechanisms of the series 3 and 11 anion transport-

ers using the cell-free 8-hydroxy-1,3,6-pyrene trisulfonic acid (HPTS) proton transport assay to 
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identify the underlying proton transport mechanisms.104 Our previous work determined that bisaryl 

urea U3 operated predominantly via the fatty acid-facilitated proton transport mechanism rather than 

directly cycling protons in a unimolecular process. The strong binding affinity of the urea group to-

wards the carboxylate head groups, and the efficient shuttling across the membrane due to the pres-

ence of multiple lipophilic groups, were noted as contributing factors to its high proton transport 

activity.121 

Large unilamellar 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine vesicles (POPC, 200 nm) 

were prepared in a solution of potassium gluconate (100 mM) and HEPES buffer (10 mM). HPTS, a 

pH-sensitive fluorescent probe, was encapsulated inside the vesicles and used to measure the intrave-

sicular pH (see Supplementary Material for full details).105 Once a pH gradient had been established 

by the addition of a base pulse to the extravesicular medium, dissipation across the membrane oc-

curred via proton transport facilitated by the target compound. 

Initially, dose–response studies were conducted for each compound in untreated POPC vesicles 

to establish their proton transport activity. Synthetic POPC contains trace amounts of fatty acid im-

purities (palmitic and oleic acid), which means that transport under these conditions may be partially 

facilitated by the fatty acid flip-flop mechanism.134,135 Therefore, the studies were then repeated with 

vesicles treated with bovine serum albumin (BSA, 1 mol%). This protein binds to free fatty acids 

present in the membrane and removes them, meaning that proton transport under these conditions is 

a consequence of direct proton cycling, akin to classical protonophores such as CCCP.10 The fatty 

acid impurities present in synthetic POPC are found at a significantly lower concentration than the 

quantity of BSA added to the vesicles, meaning we can safely assume that all fatty acid impurities are 

removed upon treatment with BSA. A final set of studies involved the addition of oleic acid (OA, 10 

mol%) to the BSA-treated vesicles, which saturated the remaining BSA binding sites and resulted in 

a 4 mol% concentration of fatty acid present in the membrane (see Figure 16 for representative plots). 

An enhancement in transport activity under these conditions, compared to the results of the BSA-

treated vesicles, can be attributed to proton transport facilitated by a fatty acid-activated mechanism. 
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Transport activity was quantified by fitting the dose–response curve to an adapted Hill equation and 

calculating an EC50 value (the transport concentration required to facilitate 50% proton efflux after 

200 s) under each of the experimental conditions. The Hill coefficient, n, provides an indication of 

the transporter/anion stoichiometry of the transmembrane transport event. These values, under each 

of the experimental conditions, are presented in Table 5. 

 

Table 5. HPTS (200 s) EC50 concentrations and Hill coefficients in untreated (Utd) POPC vesicles, 

BSA-treated POPC vesicles and OA-treated vesicles. 

Compound 
a 

EC50 

(Utd, mol%) 
n (Utd) 

EC50  

(BSA, mol%) 
n (BSA) 

EC50  

(OA, mol%) 
n (OA) 

Activation 

Factor 

U3 0.0046 ± 4 × 10−4 
0.82  

± 0.07 
0.06 ± 0.004 

1.24  

± 0.09 
0.003 ± 1 × 10−4 

0.8  

± 0.04 
20 

A3 0.02 ± 2 × 10−4 
2.00  

± 0.07 
0.12 ± 0.005  

1.74  

± 0.08 
0.02 ± 0.001 

1.44  

± 0.2 
6 

D3 0.04 ± 0.003 
0.91  

± 0.08 
0.15 ± 0.02 

0.58  

± 0.05 
0.04 ± 0.001 

0.66  

± 0.05 
3.75 

S3 0.007 ± 6 × 10−5 
1.63  

± 0.02 
0.02 ± 0.001 

1.38  

± 0.11 
0.01 ± 0.001 

1.24  

± 0.01 
2 

S11 0.15 ± 0.006 
1.09  

± 0.09 
0.89 ± 0.009 

1.67  

± 0.05 
0.13 ± 0.008 

0.74  

± 0.04 
6.85 

a Anion transporters U11, A11 and D11 lacked activity in HPTS assays and are not shown. 

In general, the results of the studies on untreated POPC vesicles correlate well with the in vitro 

findings. U3 was the most active protonophore in the series (EC50 = 0.0046 ± 4 × 10−4), followed by 

squaramide S3, amide A3 and then diurea D3. This same ordering of activities was observed in MTS 

and JC-1 assays. Unsubstituted anion transporters U11, A11 and D11 were inactive in the HPTS assay, 

and also lacked MTS and JC-1 activity. Squaramide S11 was the only unsubstituted derivative to 

display transport activity; however, it was approximately 21 times less active than substituted squar-

amide S3, reflecting the poor electron-withdrawing ability of this substituent. Compounds bearing 



 

69 
 

the series 11 substitution were less likely to bind to carboxylate groups and facilitate fatty acid-facil-

itated transport, or acidify the hydrogen donor effectively enough to enable direct proton cycling. The 

low proton transport capacity of S11 likely accounts for its lack of significant activity in cell-based 

assays. 

 

Figure 16. (a) The proton transport induced in the HPTS assay by A3 at a molar-to-lipid concentra-

tion of 0.1 mol%, under various experimental conditions. Black represents untreated vesicles, dark 

blue represents BSA-treated vesicles, and light blue represents OA-treated vesicles. (b) The proton 

transport induced in the HPTS assay by S3 at a molar-to-lipid concentration of 0.02 mol%, under 

various experimental conditions. Black represents untreated vesicles, dark green represents BSA-

treated vesicles, and light green represents OA-treated vesicles. 

An activation factor was calculated for each transport by dividing the EC50 value of the BSA-

treated vesicles by the EC50 value of the OA-treated vesicles. A value greater than 1.0 reflects an 

enhancement in transport activity in the presence of free fatty acids, and that a fatty acid-facilitated 

mechanism is the predominant mode of proton transport. A3 and D3 returned activation factors of 

6.00 and 3.75, respectively. These were lower than the activation factor of U3, but still suggest that 

binding to carboxylate head groups is a key mechanism of proton transport. Interestingly, the Hill 

coefficients for these compounds suggest a transport stoichiometry which matches a fatty acid-facil-

itated process. The n values for A3 were all greater than 1.0, and a value of exactly n = 2.00 was 

A3 S3 
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reported in the studies using untreated vesicles. This suggests that amide donor motifs from two in-

dependent molecules were involved in binding to a single carboxylate group to facilitate its movement 

across the membrane. The n values for D3 were less than 1.0, and n was close to 0.50 in the case of 

the OA-treated vesicles. This stoichiometry reflects a potential transport pathway where the two urea 

groups of a single unit of D3 coordinate to two separate carboxylate head groups and facilitate their 

transport simultaneously. Proton transport purely via the classical proton cycling pathway would re-

turn a Hill coefficient closer to 1.0. 

The only unsubstituted anion transporter with HPTS activity was S11, and the activation factor 

suggested that a fatty acid-facilitated mechanism was the active pathway. This may be due to the 

enhanced hydrogen bond donor capacity of squaramide protons and the smaller bite-angle of this 

donor leading to greater contributions to binding by the ortho-CH protons.136 With these properties 

under consideration, we would therefore expect to see enhanced fatty acid-facilitated transport for S3 

compared to U3. However, S3 in untreated POPC vesicles is 1.5 times less active than its urea ana-

logue. Moreover, S3 returned the lowest activation factor of the series, and instead exhibited the 

greatest potency in BSA-treated vesicles (Figure 16), indicating that a fatty acid-facilitated mecha-

nism is not the preferred mechanism of proton transport for this squaramide. It is possible that the 

coordination of this molecule to carboxylate head groups is very strong, resulting in a reduced ten-

dency to decomplex after the translocation of the carboxylate through the membrane—a vital step in 

the fatty acid “flip-flop” cycle depicted in Figure 13. Furthermore, the enhanced acidity of squara-

mides compared to urea groups and the delocalisation of the charge around the squarate system, cou-

pled with the increase in lipophilicity provided by the bis-trifluoromethyl groups, means that com-

pound S3 can most likely facilitate proton transport by a classical proton cycling mechanism. This 

would account for the low activation factor calculated for compound S3. 

The results of these experiments verify that a number of hydrogen bond donor motifs can facili-

tate proton transport via a fatty acid-activated mechanism. The anion transporters with electron-with-

drawing substituents (series 3) all demonstrated enhanced activity over their unsubstituted analogues; 
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however, the results for compound S3  suggest that bisaryl squaramides appended with multiple elec-

tron-withdrawing substituents are sufficiently acidic to function as classical protonophores. This 

means that a combination of hydrogen bond donor species and aryl substituents must be considered 

to maximise proton transport via the fatty acid-activated pathway. 

4. Conclusions 

In this paper, we replaced the anion binding motif of bisaryl urea mitochondrial uncouplers with 

squaramide, amide and diurea groups, and investigated the capacity of these compounds to uncouple 

mitochondria via fatty acid-activated proton transport. Bisaryl squaramide-based anion transporters 

were found to uncouple mitochondria and reduce MDA-MB-231 cell viability with similar potency 

to their urea counterparts, while amide and diurea scaffolds were less active. LUV studies found that 

lipophilic electron-withdrawing groups on the amide and diurea scaffolds were essential for fatty 

acid-activated proton transport. However, the same substituents reduced fatty acid dependency in 

bisaryl squaramides, instead favouring proton transport as a classical protonophore via direct depro-

tonation. 
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Chapter Four preamble 

Another class of urea-based anion transporters are aryl urea substituted fatty acids (termed ‘aryl ureas’ 

in this chapter), which possess promising anticancer activity in MDA-MB-231 xenografts in mice 

and were demonstrated in 2020 by Rawling et al. to function as protein-independent mitochondrial 

uncouplers.78 These molecules possess an aryl-urea anion receptor and fatty acid moiety separated by 

a long alkyl chain, and thus their acidic group is not conjugated to an extended π-system (See Figure 

17a). This deviates from classical protonophores like FCCP, which has lead to an investigation of the 

aryl urea uncoupling mechanism. Upon deprotonation of the fatty acid group in the mitochondrial 

matrix, the aryl ureas were found to self-assemble into lipophilic dimers that diffuse across the MIM, 

allowing for continued protonophoric cycling (see Figure 17c for full mechanism). The uncoupling 

actions of these compounds has spurred interest in aryl ureas as mitochondria-targeted anticancer 

agents, but despite demonstrating promising activity in vitro and in vivo, these compounds lack over-

all potency. The crucial feature enabling membrane transport is the formation of intermolecular hy-

drogen bonds between the carboxylate and urea groups, a similar interaction to that of fatty acid-

activated proton transporters presented in Chapters Two and Three. Given these mechanistic similar-

ities, and because of the superior transport activity of bisaryl ureas compared to the aryl ureas, it was 

anticipated that introduction of a second aromatic ring would enhance aryl urea proton transport ac-

tivity by enhancing the urea NH hydrogen bond donor strength and providing a larger π-system for 

charge delocalisation. A library of diphenyl urea substituted fatty acids were designed and synthesised 

to test this hypothesis and evaluate the uncoupling and antiproliferative actions of these compounds 

against MDA-MB-231 breast cancer cells. This investigation resulted in the following chapter, which 

was published in Chemistry – A European Journal and titled ‘Expanding the π-system of Fatty Acid-

Anion Transporter Conjugates Modulates Their Mechanism of Proton Transport and Mitochondrial 

Uncoupling Activity’. 
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Figure 17. (a) aryl urea substituted fatty acid 2a and bisaryl urea U3 (b) The acidic group of aryl 

ureas is separated from its extended π-system by a long alkyl chain. On deprotonation, the aryl ureas 

mediate proton transport by self-assembling into lipophilic dimers that are stabilised by intermolecu-

lar hydrogen bonds between the carboxylate and urea groups. 
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Abstract: Disrupting proton gradients across mitochondrial inner membranes by mitochondrial un-

couplers is a promising strategy for developing novel anticancer agents. Recently, aryl urea substi-

tuted fatty acids (aryl ureas) have been identified as a new class of protonophoric mitochondrial un-

coupler with promising anticancer activity.  The molecules consist of a distal aryl-urea anion receptor 

and fatty acid motif that, when deprotonated, mediate proton transport via self-assembly into lipo-

philic dimers. Intermolecular hydrogen bonds between the carboxylate and aryl-urea anion receptor 

delocalise the negative charge across the aromatic π-system and promote membrane permeability. In 

this work, we extend the aromatic π-system by introducing a second phenyl substituent to the aryl 

urea scaffold and compare the proton transport mechanisms and mitochondrial uncoupling actions of 

these compounds against their monoarylated analogues. It was found that incorporation of meta-

linked phenyl substituents into the aryl urea scaffold enhanced proton transport in vesicles and 

demonstrated superior capacity to depolarise mitochondria, inhibit ATP production and reduce the 

viability of MDA-MB-231 breast cancer cells. In contrast, diphenyl ureas linked through a 1,4-distri-

bution across the phenyl ring displayed diminished proton transport activity, despite both diphenyl 

urea isomers possessing similar binding affinities for carboxylates. Mechanistic studies suggest that 

mailto:Tristan.Rawling@uts.edu.au
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these compounds transport protons via a competing mechanism that relies on free fatty acids in the 

phospholipid bilayer, presumably due to steric factors that impose higher energy penalties for dimer 

formation. 

Introduction 

Cancer cell mitochondria have emerged as a promising target for new anticancer agents due to their 

key roles in regulating metabolism and cell survival, and because mitochondria in cancerous and 

noncancerous cells are structurally and functionally distinct.47,100 In respiring mitochondria, energy 

derived from nutrient oxidation is used by the electron transport chain (ETC) to pump protons across 

the mitochondrial inner membrane (MIM) and into the intermembrane space. The resultant mitochon-

drial membrane potential (∆ΨM) drives proton flow through the MIM-embedded enzyme ATP syn-

thase, which harnesses this energy to synthesise adenosine triphosphate (ATP).2,5 Thus, nutrient oxi-

dation is coupled to ATP synthesis via the ∆ΨM. Mitochondrial uncoupling occurs when protons flow 

back across the MIM independent of ATP synthase, which dissipates the ∆ΨM and creates a futile 

cycle of nutrient expenditure without ATP production. Mitochondrial uncoupling can be mediated by 

MIM-embedded proteins or small molecule mitochondrial uncouplers. Most classical small molecule 

uncouplers are weakly acidic protonophores that transport protons across the MIM by transmembrane 

flip-flop of the protonated species followed by deprotonation in the relatively alkaline interior of 

mitochondria, called the mitochondrial matrix (Figure 18c).10 For repeated proton shuttling to occur 

the resulting anion must diffuse across the MIM back into the intermembrane space. To achieve this, 

the acidic functional group of protonophores is conjugated to a π-system that delocalises the negative 

charge, generating a lipophilic anion that can permeate through the non-polar core of the MIM. For 

example, the classical protonophore carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP, 

1, Figure 18a) forms MIM-permeable anions by distributing its negative charge across the hydrazone 

and aromatic π-systems adjacent to its acidic NH group.13  
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Figure 18. (a) Chemical structures of classical protonophore FCCP (1), aryl urea substituted fatty 

acid (2a) and representative diphenyl urea (3a) investigated in this work. (b) Ball-and-stick model 

showing optimised geometry of a monoanionic 2a dimer calculated at the M062X/6-31+G(d) level 

of theory in n-pentadecane, hydrogen bonds shown as red dashed lines. (c) Mechanism of proton 

transport across the mitochondrial inner membrane (MIM) mediated by FCCP (left) and aryl urea 

substituted fatty acids (right). The rate determining step is diffusion of the anionic species across the 

MIM. Left: the acidic group in FCCP is attached to a π-system that delocalises the negative charge to 

produce a MIM-permeable anion. Right: the acidic group in aryl urea 2a is separated from its ex-

tended π-system by a long alkyl chain, and instead self-assembles into MIM-permeable dimers stabi-

lised by intermolecular hydrogen bonds between the carboxylate and urea moieties. Arrows labelled 

with “flip” and “flop” denote the transbilayer flip-flop motion of compounds in the MIM as part of 

the protonophoric cycle. 

We recently reported the discovery of aryl urea substituted fatty acids (termed aryl ureas, Figure 18a) 

as a new class of protonophoric mitochondrial uncoupler78 in which the acidic group is not conjugated 

to an extended π-system. These compounds utilise an aryl-urea anion receptor to form membrane-

permeable dimers that allow for continued protonophoric cycling. As shown in Figure 18c, the car-

boxylate group of an aryl urea accepts a proton in the intermembrane space and diffuses across MIM 

as a neutral species. Deprotonation in the alkaline matrix results in the transport of one proton and 

generation of an anionic species. The aryl urea then self-assembles into a dimer via intermolecular 

hydrogen bonds between the carboxylate and urea-based anion receptor (Figure 18b). The MIM-per-

meable dimer can re-enter the intermembrane space to facilitate further protonophoric cycling. In 
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Figure 18c deprotonation and dimer formation are shown as two distinct events, but it should be noted 

that these processes may occur in a concerted manner where dimer formation simultaneously drives 

deprotonation of the acid. 

Given their protonophoric activity, the aryl ureas have been assessed as mitochondria-targeted anti-

cancer agents. In cell-based assays the aryl ureas were shown to reduce the viability of several breast 

cancer cell lines (MDA-MB-231, T47D, MDA-MB-468, and MCF-7), as well as reduce tumour vol-

ume in nude mice carrying MDA-MB-231 xenografts.79 Although the aryl ureas possess promising 

anticancer actions they lack potency and we have undertaken structural modifications of the scaffold 

to enhance activity, attention has focused on the aryl urea-based anion receptor due to its central role 

in facilitating dimer formation and charge delocalisation across the π-system. Substitution of the ar-

omatic ring with lipophilic electron withdrawing groups (see 2a in Figure 18a) was found to enhance 

protonophoric activity by promoting dimer formation and charge delocalisation by through-bond 

propagation of electron density.78 Replacement of the anion binding urea group with carbamate 

groups afforded a series of analogues with similar but not superior activity to the parent aryl ureas.137  

In this paper we explore the impact of extending the π-system on protonophoric and anticancer activ-

ity. To achieve this a series of diphenyl urea substituted fatty acids (termed diphenyl ureas) were 

synthesised that possess an additional aromatic ring between the alkyl chain and urea binding group 

(referred to as proximal ring, Figure 18a). The proton transport capacity, mitochondrial actions and 

anticancer activity of the diphenyl ureas were evaluated and compared to the parent aryl ureas. It was 

anticipated that extending the aromatic π-system of the urea anion receptor would promote protono-

phoric activity by increasing the hydrogen bond acidity of the NH groups and the overall surface area 

available for charge delocalisation. From these studies it emerged that incorporation of meta-linked 

but not para-linked proximal rings enhanced proton transport in cell-free HPTS vesicle studies, and 

the most active compounds depolarised mitochondria, inhibited ATP production and reduced viability 
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of MDA-MB-231 cells with greater potency than their aryl urea counterparts. Using experimental 

and computational approaches we show that para-linked diphenyl ureas transport protons by a com-

peting fatty acid-activated mechanism due to steric factors that misalign the carboxylate and urea 

moieties for optimal dimerisation. 

Results and Discussion 

Compound Library Design  

To extend the π-systems of aryl ureas 2a and 2b we designed analogues that incorporated a second 

proximal aromatic ring between the urea and alkyl linker groups (Figure 19). Analogues 3a and 3b 

were designed with alkyl chains connected at the meta-position of the proximal ring. Relative to an 

unsubstituted phenyl ring, in this position the alkyl chain was expected to donate electron density 

towards the urea group, which may hinder anion binding and dimer formation.121 The 4 and 5 series 

analogues possess ether linkages in the meta- and para-positions, respectively. Ether substituents 

provide an electron withdrawing effect in the meta-position and a donating effect in the para-posi-

tion.106 It was therefore anticipated that the urea groups in the 4 series would have higher anion affin-

ity for carboxylates and thus superior protonophoric activity than the 3 and 5 series analogues.  

To evaluate the impact of the proximal ring the activities of 3a–5b were directly compared to the 

parent compounds 2a and 2b. However, introduction of a second ring also increases compound lipo-

philicity, which is known to affect anion transport activity.108 To exclude the role of lipophilicity the 

length of the alkyl chains in compounds 3a–5b were shortened to provide compounds with similar 

calculated LogP (cLogP) values to 2a and 2b. 
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Figure 19. Chemical structures and cLogP values of the aryl and diphenyl ureas studied in this work. 

The partition coefficient shown represents the average cLogP value obtained using freely available 

ALOGPS 2.1, XLOGP2 and MiLogP web tools as well as Marvin Consensus software. 

Diphenyl ureas 3-5a and 3-5b were synthesised as shown in Scheme 2. Important intermediates in 

the syntheses were anilines 3-5x, which could be reacted with carbamoylimidazoles 23a and 23b to 

form the diphenyl urea groups. Ether-linked intermediates 4x and 5x were synthesised from bromo-

fatty acids 12 and 13, which were sourced commercially or synthesised from the corresponding alco-

hol (11) using HBr in good yield (87%). The carboxylic acid groups of 12 and 13 were esterified 

using acetyl chloride in ethanol to give 14 (88%) and 15 (85%), which were then reacted with Boc-

protected anilines 19 and 20 under Williamson conditions to yield ethers Boc4 (40%) and Boc5 (91%) 

respectively. The aniline groups of 17 and 18 were Boc protected prior to Williamson reactions to 

prevent N-alkylation side reactions. 17 was readily Boc-protected by reaction with Boc anhydride in 

anhydrous dichloromethane, however reactions with 18 under the same conditions gave a mixture of 

both N- and O-Boc-protected products. Selective Boc protection of 18 was instead achieved using 
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Amberlyst 15 as a catalyst, affording 20 (87%) in high yield.138 Finally, trifluoroacetic acid was used 

to remove the Boc groups of Boc4 and Boc5 to provide key ether intermediates 4x (98%) and 5x 

(91%) in excellent yields.  

A different pathway was needed to produce alkyl intermediate 3x, which relied on the synthesis of 

aldehyde 10. To access 10 the aldehyde group of 6 was first acetal-protected to give 7 in excellent 

yield (97%). The exposed nitro group was then reduced with Pd/C + HCOONH4 to give aniline 8 

(78%). N-Boc protection was achieved in anhydrous dichloromethane under argon to form 9 (71%), 

followed by selective hydrolysis of the acetal protecting group with Amberlyst 15, at last affording 

aldehyde 10 (94%). 3x was then synthesised in four steps from 14. In the first step, phosphonium 16 

(78%) was synthesised by reaction of 14 with triphenylphosphine. A Wittig reaction between alde-

hyde 10 and phosphonium 16 with sodium bis(trimethylsilyl)amide was used to prepare olefin 21 

(80%),139 which was reduced to Boc3 (99%) and then reacted with trifluoracetic acid to remove the 

Boc group and afford anilino fatty acid ester 3x (98%).  
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Scheme 2. Synthesis of Diphenyl ureas 3-5a and 3-5b. Curved arrows represent convergent synthe-

ses. Reagents and conditions: (i) toluene, ethylene glycol, cat. TsOH, Dean-Stark trap, reflux, 18 h; 
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(ii) absolute ethanol, palladium/charcoal, HCOONH4, 0°C to 35°C, 1 h; (iii) anhydrous dichloro-

methane under argon, Boc anhydride, 40°C 18 h; (iv) acetone/water, Amberlyst 15, rt, 3.5 h; (v) 1:4 

98% H2SO4 : 48% HBr, reflux, 16 h (vi) absolute ethanol, acetyl chloride, rt, 4 h; (vii) neat, Ph3P, 

120°C, 20 h; (viii) 95% ethanol, Boc anhydride, Amberlyst 15, rt, 15 min; (ix) anhydrous dimethyl-

formamide under argon, K2CO3, 100°C, 24 h; (x) anhydrous tetrahydrofuran, NaN(TMS)2, 0°C to -

78°C to rt, 2 h; (xi) absolute ethanol, palladium/charcoal, HCOONH4, 0°C to 35°C, 1 h; (xii) anhy-

drous dichloromethane, trifluoroacetic acid, rt, 4 h; (xiii) 1,2-dichloroethylene under nitrogen, car-

bonyldiimidazole, 50°C, 24 h (xiv) anhydrous dichloromethane under argon, rt, 24 h; (xv). 95% eth-

anol, NaOH, 40°C, 3 h. 

Following the successful synthesis of key intermediates 3-5x formation of the diphenyl urea groups 

was achieved using 23a and 23b, which were prepared by reactions of substituted anilines 22a and 

22b with N,N’-carbonyldiimidazole. In solution 23a and 23b dissociate into imidazole and isocyanate 

species,140 thus serving as masked isocyanates that were reacted with anilino fatty acid esters 3-5x to 

give diphenyl urea fatty acid esters 3–5a-Et and 3–5b-Et in varying yields (40-90%). In the final step 

base-catalysed hydrolysis of the ester protecting groups afforded the final acid products 3-5a and 3-

5b as solids in excellent yields (>90%). 

HPTS Proton Transport Assay 

The capacity for diphenyl urea fatty acids 3a–5b to mediate proton transport was assessed using a 

cell-free 8-hydroxy-1,3,6-pyrene trisulfonic acid (HPTS) vesicular proton transport assay.  The results 

were compared against the activity of aryl ureas 2a and 2b to investigate the influence of the proximal 

ring on transmembrane transport. Large unilamellar 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-

line vesicles (POPC, 200 nm) containing the pH-sensitive fluorophore HPTS were prepared in 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, 10 mM)-buffered potassium gluconate (100 

mM) (see Supporting Information for full experimental details). To initiate the experiment, an 
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addition of base to the extravesicular environment establishes a pH gradient across the membrane 

before addition of the test molecule.  In this system the increase in intravesicular pH by proton trans-

porters can be measured by monitoring the ratio of HPTS fluorescence emission intensity at different 

excitation wavelengths. Transporter dose-response curves were used to fit an adapted Hill equation 

and calculate an EC50 value for each compound (representing the transporter concentration required 

to facilitate 50% proton efflux after 200 s). The Hill coefficient, n, indicating the stoichiometry of the 

transport event, was also calculated, and both are presented in Table 6. We note that in this assay 

proton efflux and hydroxide influx appear identical, which can obscure efforts to identify the trans-

ported ion. In 2016 Wu et al. suggested that symmetrical bisaryl ureas likely transport OH− via hy-

drogen bonds because they lack an acidic group for protonophoric transport.141 However, the diphenyl 

ureas studied in this work possess an acidic group, which on deprotonation would anchor the com-

pound to one membrane leaflet and prevent the urea moiety from successfully transporting hydroxide. 

Consequently, the HPTS transport data was interpreted as extravesicular proton transport. This is 

supported by the mitochondrial uncoupling activity of the compounds (see following subsection), 

which requires the transport of protons across the MIM.  

 

Several structure-activity relationships can be gained from the EC50 data. Firstly, the 3- and 4-series 

diphenyl ureas are approximately two-fold more potent than parent aryl ureas 2a and 2b, while the 5-

series diphenyl ureas were less active. These data indicate that extension of the π-system via proximal 

ring inclusion can promote proton transport activity, although only when the ring is meta-substituted. 

The data also indicate that 3,5-substitution of the distal ring (a-series) is preferred to 3,4-substitution 

(b-series) as the a-series diphenyl ureas consistently outperformed their 3,4-substituted counterparts. 

These trends in activity may be attributed to substituent electronic effects. Due to their substitution 

pattern the chloro and trifluoromethyl substituents in the a-series provide a greater electron 
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withdrawing effect than in the b-series (σtotal = 0.80 for a-series and 0.66 for b-series),106 which may 

influence the anion affinity of the urea NHs. Similarly, the reduced activity of 5a and 5b may be 

attributed to the electron donating effect provided by the para-ether group on the proximal ring. It 

should be noted however that the meta-alkyl chain of the 3-series analogues also provides an electron 

donating effect, but this did not translate to inferior activity compared to the meta-ether-linked 4-

series analogues. Alternatively, the diminished activity of 5a and 5b could also be due to the subtle 

shape change between the meta- and para-linked analogues, which misaligns the carboxylate and 

urea moieties against favourable dimerisation. 

Table 6. HPTS (200 s) EC50 concentrations and Hill coefficients in Corden Pharma POPC vesicles, 

acetate binding affinities determined by 1H NMR titrations with tetrabutylammonium acetate 

(TBAOAc) in DMSO / 0.5% H2O, JC-1 (1 h) and MTS (48 h) absolute IC50 concentrations measured 

in MDA-MB-231 breast cancer cells. 

 HPTS EC50 
(mol%) 

Hill 
(n) 

AcO- Binding Af-
finity (M-1) 

JC-1 IC50 
(μM) 

MTS IC50 
(μM) 

2a 0.016 ± 0.003 2.00 ± 0.38 1159 ± 1.4% [a] 2.07 ± 0.05 3.48 ± 0.45 

2b 0.021 ± 0.002 1.72 ± 0.25 548 ± 0.8% [b] 2.98 ± 0.10 5.76 ± 0.52 

3a 0.008 ± 5 x 10-4 0.93 ± 0.05 7201 ± 4.8% [b] 0.26 ± 0.05 2.96 ± 0.39 

3b 0.013 ± 6 x 10-4 0.82 ± 0.01 6761 ± 3.8% [b] 0.48 ± 0.04 5.00 ± 0.70 

4a 0.008 ± 7 x 10-4 1.32 ± 0.08 7388 ± 0.7% [b] 0.31 ± 0.01 2.96 ± 0.38 

4b 0.011 ± 3 x 10-4 1.00 ± 0.03 6128 ± 4.1% [b] 0.51 ± 0.06 3.99 ± 0.50 

5a 0.023 ± 0.003 1.15 ± 0.09 5077 ± 1.2% [b] 1.75 ± 0.09 5.00 ± 0.90 

5b 0.035 ± 0.001 1.33 ± 0.06 6991 ± 4.4% [b] 1.96 ± 0.02 6.95 ± 0.65 

 [a] Methyl ester tested; [b] Ethyl ester tested. 
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To determine if substituent electronic effects significantly alter the favourability of intermolecular 

urea-carboxylate interaction, we determined acetate (AcO-) binding constants using 1H NMR titra-

tions in DMSO-d6 / 0.5% H2O with tetrabutylammonium acetate. The methyl or ethyl ester precursors 

of each compound were used to eliminate competing interactions from their carboxylic acid group. 

The chemical shifts of the urea NHs were recorded and fit a 1:1 (host:guest) binding model (see 

Supporting Information for details).  Consistent with the EC50 data and Hammett substituent con-

stants, 2a, 3a and 4a had higher acetate affinities than their b-series counterparts, suggesting the 

greater electron withdrawing effect of the 3,5-substitution pattern promotes dimerisation and proton 

transport. However, 5b bound acetate more strongly than 5a but exhibited inferior transport activity, 

opposing this trend. Similarly, the relationship between EC50, Hammett substituent constant and anion 

affinity was less clear in comparing the 4- and 5-series. It was found that all diphenyl ureas bound 

acetate more strongly than their aryl urea counterparts, but the 5-series compounds did not have con-

sistently lower anion affinities than the 4-series despite the electron donating character of the para-

ether substituent. Taken together, these data indicate that binding affinity alone cannot explain the 

diminished transport activity of 5a and 5b, indicating that the proton transport event is influenced by 

additional factors. 

 

Interestingly, the HPTS Hill coefficients for the compounds suggest that the proton transport stoichi-

ometry for diphenyl ureas differ from their aryl urea analogues. 2a and 2b returned n values close to 

2 (2.00 and 1.72 respectively). This aligns with previous molecular dynamics simulations that ob-

served 2a dimer formation between one protonated and one deprotonated 2a molecule (monoanionic 

complex),78 resulting in the transmembrane transport of a single proton. In contrast, the diphenyl 

ureas returned n values between 0.82-1.33, which may reflect that these compounds favour the co-

transport of two deprotonated molecules bound at each end (dianionic complex), resulting in a two-
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proton transport event to give a transport stoichiometry of one. Alternatively, this could indicate that 

diphenyl ureas transport protons monomerically via intramolecular urea-carboxylate interactions, 

and/or rely on free fatty acids present in the membrane to facilitate transport. For example, symmet-

rical bisaryl urea anion transporters have been shown to facilitate proton transport by a fatty acid-

activated mechanism, where the transporter shuttles a deprotonated fatty acid across the membrane 

to enable protonophoric cycling.104,121 The POPC lipids used for the previous HPTS studies (pur-

chased from Corden Pharma) contain high levels of free fatty acids (up to 2 mol%). Deprotonation of 

the urea groups in the diphenyl ureas,142 rather than the carboxylic acid, could also be responsible for 

their proton transport stoichiometry, however this is unlikely. Calculated87 and experimental88 pKa 

values of symmetrical bisaryl ureas substituted with electron withdrawing groups range from 14 to 

18, which is significantly higher than known protonophores (pKa values range from 4 to 8)10 and 

indicates that the urea NHs are not sufficiently acidic to allow protonation/deprotonation in HPTS 

assays and at mitochondrial pH.  

To investigate the contribution of the fatty acid-activated mechanism to diphenyl urea proton 

transport, additional HPTS assays were performed on all compounds using low fatty acid content 

POPC (purchased from Avanti Polar Lipids) in the presence and absence of oleic acid (OA, at 2 and 

4 mol%, see Figure 20). Compounds were tested under each condition at concentrations close to their 

original EC50. Remarkably, the addition of OA reduced proton transport by all compounds, except for 

5a and 5b, which showed a sharp increase with the addition of OA. This confirms that 5a and 5b 

transport protons partially by a fatty acid-activated mechanism, which may account for their inferior 

transport activity. The dual mechanism may stem from steric factors that incur a higher energy penalty 

for the complexation of para-linked analogues and expose the urea group to the approach of free fatty 

acids.  



 
 

90 
 

 

Figure 20. (a) Schematic of the HPTS proton transport assay performed using low fatty acid POPC 

to determine transporter (C) fatty acid-dependency and (b) the proton transport induced by 2a, 3a, 4a 

and 5a in low fatty acid content POPC with and without OA (2 and 4 mol%) (see Supporting Infor-

mation for b-series proton transport plots). 

To examine this, binding free energies were calculated for the complexation of deprotonated 2a–5a 

molecules at the M062X/6-31+G(d) level of theory in n-pentadecane to estimate the relative stability 

of the dimeric and monomeric species in a low dielectric environment such as the MIM (see Support-

ing Information for details).143 Notably, deprotonated 5a molecules dimerised less favourably (−278.5 

kJ/mol) compared to meta-linked analogue 4a (−300.2 kJ/mol), and the same trend was observed for 

the formation of monomeric species (−283.8 kJ/mol and −321.0 kJ/mol respectively). This indicates 

that the subtle shape change of para-linked 5a and 5b does hinder intra- and intermolecular binding. 

Both dimerisation and intramolecular complexation was identified as favourable for all diphenyl 
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ureas 3a–5a and aryl urea 2a (Supporting Information, Table S4 and Figure S125), although it should 

be noted that intramolecular complexation was not observed in previous molecular dynamics simu-

lations of 2a in DOPC membranes. Instead, the exclusion of the carboxylate group from the bilayer 

interior favoured linear bilayer packing and the formation of head-to-tail dimers and multimers.78  

Interestingly, OA addition reduced proton transport for the 3-series more than the 2- and 4-series 

analogues. HPTS assay Hill analysis of 3a and 3b returned the lowest n values, which may suggest 

these compounds exhibit a stricter preference for co-transport as a dianionic complex. This could 

account for the effect of OA on 3a and 3b, as increased competition for urea binding sites would 

hinder formation of dianionic dimers over cyclic monomers or monoanionic dimers that only require 

one urea-carboxylate binding event. Taken together, these studies show that the diphenyl ureas oper-

ate by different transport mechanisms to the aryl ureas. In contrast to the aryl ureas, all diphenyl ureas 

transport one proton per molecule. The change in transport stoichiometry may result from the prefer-

ence of the diphenyl ureas to form dianionic dimers, intramolecularly bound monomeric complexes 

or complexation to free fatty acids in the membrane, the latter of which is more likely for para-linked 

analogues 5a and 5b. 

 

Mitochondrial Effects of Diphenyl Ureas  

We next sought to evaluate the capacity of diphenyl ureas to transport protons across the MIM and 

depolarise mitochondria in MDA-MB-231 cells. Mitochondrial depolarisation was measured using 

JC-1, a cationic fluorophore that forms aggregates in energised mitochondria (that possess a high 

∆ΨM) that fluoresce red.144 Dissipation of the ∆ΨM by mitochondrial uncouplers releases JC-1 into 

the cytosol as monomers that fluoresce green. Dose-response curves (Supporting Information, Figure 

S126) were constructed for all aryl and diphenyl ureas and JC-1 IC50 concentrations were determined 

as the concentration required to shift the red/green fluorescence ratio by 50% of control. Cells were 
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exposed to test compounds for 1 h to distinguish direct mitochondrial uncoupling actions from the 

characteristic mitochondrial depolarisation that occurs during apoptosis. 

As shown in Table 6, all test compounds were active in JC-1 assays. Diphenyl ureas 3a–4b were the 

most active compounds in JC-1 assays and shifted the JC-1 red/green fluorescence ratio with IC50 

concentrations below 1 µM. Para-ether-linked diphenyl ureas 5a and 5b, and aryl ureas 2a and 2b 

had similar levels of activity with JC-1 IC50 concentrations between 1.75 and 2.98 µM. All a-series 

compounds bearing 3,5-substituted distal rings outperformed their 3,4-substituted b-series counter-

parts. The activity trends observed in JC-1 assays reflect those found in HPTS assays, which indicates 

that proton transport capacities measured in the vesicle-based HPTS proton transport assay translates 

into depolarisation of the MIM in live cell mitochondria. Indeed and bivariate analysis of JC-1 and 

HPTS activity demonstrates a strong positive association (r2 = 0.77, Supporting Information, Figure 

S128). 

Mitochondria utilise the proton gradient across the MIM for ATP production, so we measured ATP 

levels in MDA-MB-231 cells treated with each compound at the common concentration of 5 μM (see 

Figure 21). All 3- and 4-series compounds, which have submicromolar JC-1 IC50 concentrations, re-

duced intracellular ATP levels to ~ 80% of time-matched control. Decreased intracellular ATP can 

result from reduced cell viability rather than direct effects on mitochondrial function, so LDH release 

assays were conducted to detect cell death. It was found that 3a–4b (5 μM) did not increase LDH 

release over 6 h treatment (Supporting Information, Figure S129), thus confirming direct inhibition 

of ATP synthesis by these compounds. In contrast, aryl urea 2b and the 5-series diphenyl ureas failed 

to reduce ATP production, while 2a had a modest effect on ATP levels at 4 h only. These compounds 
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all had reduced capacity to depolarise mitochondria in JC-1 assays and their failure to inhibit ATP 

production at 5 µM is likely to be a result of their diminished proton transport capacity.   

Figure 21. Total intracellular ATP levels in MDA-MB-231 cells following treatment with (a) 3-, 4- 

and (b) 5-series diphenyl ureas and parent aryl ureas 2a and 2b (5 µM). ATP levels are expressed as 

the percentage of time-matched DMSO control. Different from DMSO-treated control: (*) P < 0.05, 

(**) P < 0.01, (***) P < 0.001. 

Finally, we performed Seahorse Mito Stress Tests using MDA-MB-231 cells treated with the a-series 

compounds to confirm their mitochondrial uncoupling activity. This assay measures the oxygen con-

sumption rate (OCR) of the ETC in MDA-MB-231 cells. Cells are first treated with the ATP synthase 

inhibitor Oligomycin, which blocks the flow of protons through ATP synthase. As a consequence 

electron flow through the ETC is inhibited, which is detected as a decrease in OCR. Introducing a 

protonophoric uncoupler under these conditions reestablishes proton flow across the MIM, leading to 

unimpeded ETC activity and an increase in OCR.145Seahorse assays were carried out using 2a, 3a, 

4a, 5a (5 μM) and the classical protonophore 1 (FCCP, 1 µM) for comparison. As shown in Figure 

22, 3a produced an increase in OCR that exceeded that produced by 1. 4a and 2a also increased OCR 

while compound 5a showed no effect compared to control. The observed OCR trace for 3a is similar 
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to that observed for FCCP76 and compound 3 in Chapter Two, and may be attributed to the inhibition 

of ETC complexes I and II due to matrix acidification caused by excessive uncoupling. 

 

Figure 22. OCR in MDA-MB-231 cells treated sequentially with the ATP synthase inhibitor oligo-

mycin (1 μM), a test compound (5 μM 2a, 3a, 4a or 5a), and the ETC complex inhibitors rotenone/an-

timycin A (1 μM). Test compounds were compared against classical protonophore 1 (FCCP, 1 μM) 

and a 0.1% DMSO vehicle containing no test compound as control (CTL). 

Effects of Diphenyl Ureas on MDA-MB-231 Cell Viability 

Mitochondrial uncouplers have been shown to induce cancer cell death so MTS assays were per-

formed to investigate the effect of diphenyl ureas on MDA-MB-231 cell viability. Cells were treated 

with the test compounds for 48 h over a wide concentration range, and dose-response curves (Sup-

porting Information, Figure S127) were used to calculate absolute IC50 concentrations (Table 6). Con-

sistent with the other assays, the a-series analogues were more active than their b-series counterparts. 

Bivariate analysis of the HPTS and MTS data exhibits a strong positive association (r2 = 0.79, Sup-

porting Information, Figure S128), although it should be noted that the changes in MTS activities 

across the test series were minor compared to those seen in JC-1 and HPTS assays. For example, 

diphenyl urea 3a was >2-fold more active than 2a in JC-1 and HPTS assays, but both compounds 
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reduced MDA-MB-231 cell viability with similar IC50 concentrations of 2.96 ± 0.39 and 3.48 ± 0.45 

µM, respectively.  

Taken together, the data presented here demonstrates that incorporation of a meta- but not para- linked 

proximal ring into the aryl urea scaffold promotes proton transport capacity in vesicles and live cell 

mitochondria, but this does not translate into a significant increase in cytotoxicity. 

Conclusion 

In this paper we extended the π-systems of aryl urea-substituted fatty acids by introduction of a second 

phenyl group to the scaffold and evaluated the impact on proton transport and mitochondrial uncou-

pling actions. Incorporation of meta-linked proximal rings into the aryl urea scaffold enhanced proton 

transport in vesicle studies, indicating improved charge delocalisation by the urea anion binding group 

to produce membrane-permeable complexes. The most active compounds in the series depolarised 

mitochondria, inhibited ATP production and reduced cell viability with greater potency than the par-

ent aryl urea analogues. In contrast, diphenyl ureas linked through a 1,4-distribution across the prox-

imal ring showed diminished proton transport and cellular activity, despite both meta- and para-

linked isomers possessing similar binding affinities for carboxylates. Mechanistic testing and com-

putational binding enthalpies indicate that para-linked diphenyl ureas form monomeric and dimeric 

complexes less favourably due to steric factors and instead transport protons by a competing fatty 

acid-activated mechanism. 

Supporting Information 
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5.1 General Conclusions 
The anticancer bisaryl urea SR4 exhibits mitochondrial uncoupling activity but lacks the acidic group 

of classical protonophores, an apparent contradiction that has hindered further development of the 

drug scaffold as an anticancer agent. Informed by the discovery thiourea T1, an anion transporter that 

mediates proton transport by a novel fatty acid-activated mechanism, this project sought to assess the 

capacity for SR4 and other anion transporters to operate using the same mechanism, and to optimise 

the mitochondrial uncoupling and antiproliferative activity of these compounds towards MDA-MB-

231 breast cancer cells. 

In Chapter Two, vesicular proton transport assays were performed that provided experimental evi-

dence that SR4-mediated proton transport occurs via the fatty acid-activated mechanism. Based off 

this finding, a library of bisaryl ureas was synthesised bearing various aromatic substituents for struc-

ture-activity relationship studies and subsequent testing in MDA-MB-231 breast cancer cells. These 

studies revealed that substitution with lipophilic electron withdrawing groups enhanced proton 

transport activity, which correlated with their capacity to induce mitochondrial dysfunction in MDA-

MB-231 cells. The most active compound in the series, bisaryl urea U3, uncoupled mitochondria, 

reduced cell viability and inhibited ATP production with greater potency than SR4. 

In Chapter Three the urea anion binding motif was replaced with squaramide, amide and diurea 

groups, and the capacity for these compounds to uncouple mitochondria, reduce MDA-MB-231 cell 

viability and transport protons via fatty acid-activated proton transport was evaluated. Bisaryl squar-

amide, amide and diurea-based transporters depolarised mitochondria and reduced MDA-MB-231 

cell viability, but with lower potency than their urea counterparts. Proton transport studies revealed 

that lipophilic electron withdrawing substituents were essential for the bisaryl amide and diurea scaf-

folds to participate in fatty acid-activated proton transport. However, the same substituents reduced 
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fatty acid dependence in bisaryl squaramides. This was attributed to the enhanced acidity of the squar-

amide motif, that when coupled with electron withdrawing aromatic substituents, favoured proton 

transport by direct deprotonation of the squaramide NHs. 

In Chapter Four this anion transporter knowledge was translated to enhance the activity of aryl urea 

substituted fatty acids, a new class of mitochondrial uncoupler that also rely on intermolecular urea-

carboxylate interactions. Due to the superior transport activity of bisaryl ureas compared to the aryl 

ureas, it was anticipated that incorporating a second (proximal) ring into the aryl urea scaffold would 

enhance proton transport by increasing urea NH hydrogen bond donor strength and providing a larger 

π-system for charge delocalisation. As expected, introduction of meta-linked proximal rings into the 

scaffold enhanced proton transport in vesicles, consistent with improved binding and charge delocal-

isation. In contrast, the inclusion of para-linked proximal rings diminished proton transport and cel-

lular effects, despite possessing similar carboxylate binding affinities as the meta-linked analogues. 

Interestingly, mechanistic studies demonstrated that para-linked diphenyl ureas transport protons par-

tially by the fatty acid-activated mechanism, which was attributed to steric factors that hinder these 

compounds from forming monomeric and dimeric complexes. Overall, the inclusion of meta-linked 

proximal rings approximately doubled the proton transport activity for these compounds, and greatly 

enhanced their ability to depolarise mitochondria. However, this only translated to a minor enhance-

ment in antiproliferative activity towards MDA-MB-231 cells compared to the parent aryl ureas.  

Taken together, these studies demonstrate the fatty acid-activated proton transport activity of a range 

of different anion transporters and provide the first experimental evidence of this mechanism operat-

ing in live cells to induce mitochondrial uncoupling. These effects were also shown to reduce the 

viability of MDA-MB-231 breast cancer cells, indicating that these compounds may represent a 

promising class of anticancer agents.  SARs derived from this project provide useful insight into how 

various anion transport motifs and aromatic substitution patterns can be tuned to optimise carboxylate 
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binding and proton transport. These findings are important for the development of new classes of 

mitochondrial uncouplers and their application as mitochondria-targeted anticancer agents. 

5.2 Future Directions 

This thesis was primarily concerned with demonstrating the mechanisms of anion transport-mediated 

uncoupling, but an integral feature of well tolerated anticancer agents is their selectivity towards can-

cer cells. Consequently, more research is needed to better assess the efficacy of lead compounds such 

as U3 and 3a as potential anticancer agents for clinical use. Firstly, the cytotoxicity of U3 and 3a was 

only assessed against one cancer cell line (MDA-MB-231 cells), and should be tested on an array of 

cancerous and noncancerous cells lines to elucidate their anticancer selectivity. Additionally, the lim-

ited data on the ADMET (absorption, distribution, metabolism, excretion and toxicity) properties of 

these scaffolds precludes these compounds from clinical use. To begin addressing systemic human 

toxicity, off-target pharmacological profiling could be performed for the lead compounds using in 

vitro ligand binding assays such as Eurofins Discovery SafetyScreen87TM and SpectrumScreen® Pan-

els. Finally, in recognition of the promising activity of parent compounds SR4 and aryl urea 2b in 

xenograft mouse models, U3 and diphenyl urea 3a should be tested in vivo to evaluate whether their 

superior proton transport and in vitro biological actions translate to improved antitumour activity. 

The biological features that govern the anticancer activity of these compounds could be elucidated 

further. There is evidence suggesting that charged species such as delocalised lipophilic cations can 

selectively accumulate in cancer cell mitochondria due to their elevated ΔΨM,150 but accumulation of 

uncouplers into cancer cell mitochondria has not been demonstrated. It is likely that the mitochondrial 

uncouplers studied in this project disrupt OXPHOS in both cancerous and noncancerous cells, but 

these effects are more poorly tolerated by cancerous cells due to their unique energy demands and 

abnormal metabolism. Alternatively, the rate of uncoupling may be accelerated in hyperpolarised 
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mitochondria, causing a greater perturbation of OXPHOS in cancer cells. The elevated ΔΨM is at-

tributed to higher proton flux across the MIM and thus a greater ΔpH, and would drive favourable 

equilibria for deprotonation in the matrix and protonation in the intermembrane space. Further, diffu-

sion of the anionic species across the MIM, which is considered the rate-limiting step of the cycle,151 

would be accelerated in mitochondria with elevated ΔΨM due to the increased electrostatic forces 

experienced by the anion.  

Importantly, the characterisation of anion transport-based mitochondrial uncoupling in this project, 

coupled with the superior anticancer activity of SR4 compared to classical protonophores such as 

niclosamide and FCCP,76,77 may suggest that fatty acid-activated uncoupling has improved selectivity 

and/or toxicity towards cancer cell mitochondria. The crucial difference between this mechanism and 

classical protonophoric cycling is the involvement of endogenous free fatty acids in the MIM.  

One possibility is that the pKa’s of free fatty acids, which are approximately 4.8,152 are uniquely suited 

for the acid-base equilibria present in cancer cell mitochondria. While pKa determinations of small 

molecules in biological membranes differ from those measured in water,153,154 the pKa’s of reported 

protonophores vary between 4 to 8.10 This broad range suggests that free fatty acids do not possess 

unique acid-base properties, and indicates that the protonation and deprotonation events in the 

transport cycle are non-rate-limiting. 

Alternatively, selectivity could instead arise because there are more free fatty acids in the MIM of 

cancerous cells, leading to increased uncoupling of OXPHOS by fatty acid-activated proton transport.  

A metabolic hallmark of cancer cells is the abnormal activation of de novo fatty acid synthesis and β-

oxidation of fatty acids for ATP, leading to increased transport of free fatty acids to mitochondria.155 

Further, the highly folded structure of the MIM is organised in part by phospholipases, which hydro-

lyse phospholipids into free fatty acids and are upregulated in numerous cancers including lung, 
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prostate, colon, and breast.156 These hypotheses are informed by the findings of this thesis but extend 

beyond its scope, and serve to stimulate new research avenues into the kinetics of fatty acid-activated 

proton transport, the levels of free fatty acids in the MIM of cancerous and noncancerous cells, and 

the development of new anticancer agents that function as fatty acid-activated mitochondrial uncou-

plers.  

Finally, demonstrating that uncouplers like U3 selectively transport deprotonated fatty acids over 

other physiologically relevant anions is important to directly link their biological actions to the fatty 

acid-activated mechanism. The physicochemical properties that make these molecules effective anion 

transporters for carboxylates would enhance their affinity for other anions too. As such the observed 

anticancer activity of this compounds could arise in part from the transport of other anions that are 

critical to cell viability. For example the squaramide-based synthetic anion transporter S7 has been 

shown to induce apoptosis and disrupt autophagy in cancerous liver cells by facilitating chloride 

transport across membranes.92 To explore the contribution of this pathway to the observed biological 

effects, future studies should be performed to determine whether these compounds can transport chlo-

ride in cancer cells at concentrations corresponding to their MTS IC50 values. If these compounds 

perturb chloride levels and uncouple mitochondria at similar concentrations, they could be considered 

as multitarget anticancer agents that enhances their therapeutic potential. 
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Appendices 

Supplementary Information for Chapter Two 

S2.1 HPTS proton transport assay 

Vesicle Preparation 

HPTS assays were conducted using POPC LUVs (200 nm diameter) vesicles loaded with an 

internal solution containing pH-sensitive fluorescent dye HPTS (1 mM), HEPES buffer (10 mM) and 

potassium gluconate (100 mM). An external solution of HEPES buffer (10 mM) and potassium glu-

conate (100 mM) was also prepared, and both solutions were buffered to pH 7.105 

Unilamellar vesicles were prepared following a procedure outlined previously by the Gale 

group.105 A chloroform solution of POPC (37.5 mM, 4 mL) was transferred to a pre-weighed round-

bottom flask, and the solvent was removed using a rotary evaporator. The pressure was lowered 

slowly to ensure the formation of a smooth lipid film. Subsequently, the film was dried in vacuo for 

4−24 h, and the mass of lipid was recorded. The lipids were rehydrated with 4 mL of internal solution 

(this number should correspond to the volume of POPC solution used initially) and vortexed until all 

lipids were removed from the sides of the flask and were suspended in solution. The lipids were 

subjected to 9 cycles of freeze-thaw by freezing using a dry ice/acetone bath and thawing in lukewarm 

water. Following this, the vesicles were left to rest at room temperature for 30 min. The lipids were 

extruded through a 200 nm polycarbonate membrane 25 times to form monodisperse vesicles. Only 

1 mL of solution was extruded at a time before being collected. Finally, any residual unencapsulated 

salt from the internal solution was removed using a B19 column packed with hydrated G-25 Se-

phadex®, which had been pre-saturated with the respective external solution. The lipid suspensions 

were diluted with the external solution to afford a stock solution (10 mL) of a known concentration. 
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When fatty acid removal by BSA was required, fatty acid-free BSA was dissolved in the ves-

icle stock suspension to a final BSA concentration of 1 mol% (with respect to lipid). The BSA-con-

taining vesicle stock suspension was stirred for 20 min before being used for membrane transport 

studies. 

HPTS Assay 

For a given experiment, the prepared vesicles were diluted to a concentration of 0.1 mM in a 

4.5 mL plastic cuvette. A pH gradient is required to drive transport through the vesicle membrane in 

these experiments before the transporter is added. An aliquot of aqueous NaOH solution (25 µL, 0.5 

M) was added to increase the pH of the external solution by approx. one pH unit to pH 8.0. For 

experiments requiring the addition of Oleic Acid (5 μL of 5 mM DMSO solution, 10 mol%, corre-

sponding to ∼4 mol% free concentration after BSA binding) was added before NaOH. Following 

this, valinomycin (5 μL of 25 μM DMSO solution, 0.05 mol%) was added to each cuvette.  Transport 

was initiated with the addition of the transporter as a DMSO solution (5 µL) and ended with the 

addition of detergent (Triton X-100 (10% v/v in water), 25 µL) was added at t = 200 s to lyse the 

vesicles, and a final fluorescence intensity reading was recorded at t = 300 s to signify 100% proton 

efflux.  

Experiments were conducted under three conditions: i) Untreated vesicles (NaOH and valino-

mycin addition); ii) BSA-treated vesicles (NaOH and valinomycin addition); iii) BSA-treated vesicles 

with OA addition (OA, NaOH and valinomycin addition). 

Dose-Response Hill Analysis 

The changes in the fluorescent activity of intravesicular HPTS were used to detect pH changes 

during the experiments, and hence represent proton efflux. The acidic and basic forms of the HPTS 

probe were excited at λex = 403 nm and λex = 460 nm, respectively, and the fluorescence emission of 
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both forms recorded at λem = 510 nm. The intensity ratio of basic form to acidic form was determined, 

and the fractional fluorescence intensity (IF) was calculated using the equation: 

𝐼𝐹 =
𝑅𝑡 − 𝑅0

𝑅𝑑 − 𝑅0
 

Where Rt is the ratiometric fluorescence value at a given time (t), R0 is the ratiometric fluorescence 
value at t = 0 s and Rd is the fluorescence ratiometric value recorded at t = 280 s following the addition 
of detergent. 

Dose-response experiments were performed at a minimum of five transporter concentrations 

plus a blank DMSO control run. The fractional fluorescence intensity (IF) was plotted as a function 

of transporter concentration (mol%, with respect to lipid concentration). The IF value at t = 200 s for 

each tested transporter concentration was fit to an adapted Hill Equation, using Origin 2021b (Aca-

demic), given as: 

𝑦 = 𝑦0 + (𝑦𝑚𝑎𝑥 − 𝑦0)
𝑥𝑛

𝑘𝑛 + 𝑥𝑛
 

where y0 is the IF value at t = 200 s for the DMSO blank run, ymax is the maximum IF value, n is the 
Hill coefficient, and k is a derived parameter. 

A derived equation was used to calculate the EC50 value, the transporter concentration required to 
facilitate 50% proton efflux, given as: 

𝐸𝐶50 = 𝑘 (
0.5

𝑦1 − 𝑦0
)

1/𝑛

 

where k and n are the derived parameters from the Hill equation, y0 is the percentage proton efflux at 
t = 0 s, and y1 is the percentage proton efflux at t = 280 s. The dose-response Hill analyses for 1–14 
under each test condition can be found in section 1.8 in this document. 
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S2.2 Purity testing of 1-14 through qNMR 

The purity of all test compounds was confirmed to be >95% by absolute quantitative NMR 

spectroscopy according to the protocol outlined by the Journal of Medicinal Chemistry.125 This tech-

nique determines purity by comparing the NMR signals of a given analyte against an internal calibrant 

(IC) of known purity. DMSO-d6 was spiked with a known mass of the internal calibrant 1,3,5-trioxane 

(99.5% purity) to give a final IC concentration of approximately 3 mg/ml. Approximately 5 mg of 

each test compound was accurately weighed on a 5-decimal place analytical balance (0.01 mg accu-

racy). The sample was then dissolved in 600 μL of IC spiked DMSO-d6 administered via mechanical 

pipette, then transferred to 5 mm NMR tubes. Collection and processing of NMR spectra, and calcu-

lation of purity, were performed according to the procedure described by the Journal of Medicinal 

Chemistry. The final calculated purities are shown in Table S1. 

 

Table S1. Bisaryl urea qNMR table 

 

 

 

 

 

 

 

 

 

 

 

 

Compound Purity 
(%) 

1 100.7 
2 95.9 
3 96.0 

SR4 98.8 
5 96.0 
6 100.7 
7 99.7 
8 100.7 
9 98.9 

10 99.1 
11 101.9 
12 100.2 
13 96.9 
14 100.9 
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S2.3 JC-1 Representative dose-response curves 

 

 

Figure S1 – Representative dose-response curves showing the effects of bisaryl ureas 1, 2, 3, 

6, 7, 8, 9 and SR4 on the JC-1 red:green fluorescence ratio in MDA-MB-231 breast cancer cells after 

1 hour treatment with the test compound. Dose-response curves were constructed using log(inhibitor) 

vs response, variable slope (4 parameters) nonlinear regressions on GraphPad Prism 8 . Absolute 

IC50 concentrations were interpolated from these normalised curves (data normalised to DMSO ve-

hicle control) with the top constrained to 100%. Equation: Y=Bottom + (Top-Bot-

tom)/(1+10^((LogIC50-X)*HillSlope)). 

 

 

Figure S2 – Correlation plot of HPTS Log(1/EC50) against JC-1 Log(1/IC50) for 1–SR4 and 6–8. 



 
 

108 
 

S2.4 MTS representative dose-response curves 

 

 

Figure S3 – Representative Dose-response curves showing the antiproliferative effects of bisaryl 

ureas 1, 2, 3, 6, 7, 8, 9 and SR4 in MDA-MB-231 cells in a 72 h MTS cell viability assay. Dose-

response curves were constructed using log(inhibitor) vs response, variable slope (4 parameters) non-

linear regressions on GraphPad Prism 8. Absolute IC50 concentrations were interpolated from these 

normalised curves (data normalised to DMSO vehicle control) with the top constrained to 100%. 

Equation: Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)). 

 

Figure S4 – Correlation plot of HPTS Log(1/EC50) against MTS Log(1/IC50) for 1–SR4, 6 and 7. 
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S2.5 ATP assay data distribution  

Figure S5 – Total intracellular ATP assay bar chart describing the mean, SEM and individual data 

points from three independent experiments. 
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 S2.6 LDH Release Cytotoxicity Assay 

Figure S6 – LDH release assay data displaying cytotoxicity of SR4 and 3 vs DMSO vehicle control 

following 8 hours treatment. Maximum LDH release determined from a positive control consisting 

of cells treated with 0.2% Triton X-100 and incubated for 15 minutes prior to sample collection. 
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S2.7 1-14 1H NMR and 13C NMR Spectra 

N,N’-bis[3,4-bis(trifluoromethyl)phenyl]urea (1) 

 

Figure S7. 1H NMR spectrum of 1 

 

 

Figure S8. 13C NMR spectrum of 1 
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N,N’-bis[4-(trifluoromethylsulfonyl)phenyl]urea (2)  

 

 

 

Figure S9. 1H NMR spectrum of 2 

 

Figure S10. 13C NMR spectrum of 2 
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N,N’-bis[3-chloro-5-(trifluoromethyl)phenyl]urea (3) 

 

 

 

Figure S11. 1H NMR spectrum of 3 

 

 

Figure S12. 13C NMR spectrum of 3 
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N,N’-bis[3,5-dichlorophenyl]urea (SR4)  

 

 

 

Figure S13. 1H NMR spectrum of SR4 

 

Figure S14. 13C NMR spectrum of SR4 
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N,N’-bis[4(methylsulfonyl)phenyl]urea (5) 

 

 

Figure S15. 1H NMR spectrum of 5 

 

Figure S16. 13C NMR spectrum of 5 
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N,N’-bis[4-chloro-3-(trifluoromethyl)phenyl]urea (6)  

 

 

Figure S17. 1H NMR spectrum of 6 

 

 

 

Figure S18. 13C NMR spectrum of 6 
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N,N’-bis[4-(trifluoromethyl)phenyl]urea (7)  

 

 

Figure S19. 1H NMR spectrum of 7 

 

 

Figure S20. 13C NMR spectrum of 7 
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N,N’-bis(4-acetylphenyl)urea (8)  

 

 

Figure S21. 1H NMR spectrum of 8 

 

 

Figure S22. 13C NMR spectrum of 8 
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N,N’-bis[4-(trifluoromethoxy)phenyl]urea (9)  

 

 

Figure S23. 1H NMR spectrum of 9 

 

Figure S24. 13C NMR Spectrum of 9 
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N,N’-bis[4-chlorophenyl]urea (10)  

 

 

Figure S25. 1H NMR spectrum of 10 

 

Figure S26. 13C NMR spectrum of 10 
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N,N’-diphenylurea (11) 

 

 

Figure S27. 1H NMR spectrum of 11 

 

Figure S28. 13C NMR spectrum of 11 
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N,N’-bis(4-methylphenyl)urea (12)  

 

 

Figure S29. 1H NMR spectrum of 12 

 

 

Figure S30. 13C NMR spectrum of 12 
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N,N-bis(3,4-dimethylphenyl)urea (13)  

 

Figure S31. 1H NMR spectrum of 13 

 

 

Figure S32. 13C NMR spectrum of 13 
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N,N-bis(4-methoxyphenyl)urea (14)  

 

Figure S33. 1H NMR spectrum of 14 

 

 

 

Figure S34. 13C NMR spectrum of 14  
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S2.8 1–14 HPTS Dose-response Hill Analyses 

 

 

Figure S35 – Hill plot analysis of H+/OH− transport facilitated by compound 1 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 1 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S36 – Hill plot analysis of H+/OH− transport facilitated by compound 1 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of 1 at 0 s. Detergent was added at 200 s 
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to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 

 

Figure S37 – Hill plot analysis of H+/OH− transport facilitated by compound 1 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 1 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S38 – Hill plot analysis of H+/OH− transport facilitated by compound 2 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 2 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 
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shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S39 – Hill plot analysis of H+/OH− transport facilitated by compound 2 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of 2 at 0 s. Detergent was added at 200 s 

to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 

 

Figure S40 – Hill plot analysis of H+/OH− transport facilitated by compound 2 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 
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valinomycin (0.05 mol%) were added to the vesicles before the addition of 2 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S41 – Hill plot analysis of H+/OH− transport facilitated by compound 3 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 3 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 
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Figure S42 – Hill plot analysis of H+/OH− transport facilitated by compound 3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of 3 at 0 s. Detergent was added at 200 s 

to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 

 

Figure S43 – Hill plot analysis of H+/OH− transport facilitated by compound 3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 3 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 
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Figure S44 – Hill plot analysis of H+/OH− transport facilitated by compound 4 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 4 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S45 – Hill plot analysis of H+/OH− transport facilitated by compound 4 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of 4 at 0 s. Detergent was added at 200 s 

to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 
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Figure S46 – Hill plot analysis of H+/OH− transport facilitated by compound 4 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 4 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S47 – Efflux plots of H+/OH− transport facilitated by compound 5 measured using the KGluc 

assay. A 10 mol% compound-to-lipid molar ratio of 5 was added to the vesicles at 0 s under the three 

conditions outlined above (Untreated, BSA treated, BSA and OA treated), and detergent was added 

at 200 s to lyse the vesicles. Error bars represent standard deviations from at least two repeats. H+/OH− 

efflux did not exceed 50% after 200 s under any of the conditions tested. 
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Figure S48 – Hill plot analysis of H+/OH− transport facilitated by compound 6 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 6 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S49 – Hill plot analysis of H+/OH− transport facilitated by compound 6 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of 6 at 0 s. Detergent was added at 200 s 

to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 
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Figure S50 – Hill plot analysis of H+/OH− transport facilitated by compound 6 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 6 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S51 – Hill plot analysis of H+/OH− transport facilitated by compound 7 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 7 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 
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Figure S52 – Hill plot analysis of H+/OH− transport facilitated by compound 7 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of 7 at 0 s. Detergent was added at 200 s 

to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 

 

Figure S53 – Hill plot analysis of H+/OH− transport facilitated by compound 7 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 7 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 
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Figure S54 – Hill plot analysis of H+/OH− transport facilitated by compound 8 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 8 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S55 – Efflux plot of H+/OH− transport facilitated by compound 8 measured using the KGluc 

assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin (0.05 

mol%) were added to the vesicles before the addition of a 10 mol% solution of 8 at 0 s. Detergent 

was added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid 
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molar ratios. Error bars represent standard deviations from at least two repeats. H+/OH− efflux did not 

exceed 50% after 200 s under the conditions tested. 

 

Figure S56 – Hill plot analysis of H+/OH− transport facilitated by compound 8 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 8 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S57 – Hill plot analysis of H+/OH− transport facilitated by compound 9 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 
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addition of 9 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S58 – Hill plot analysis of H+/OH− transport facilitated by compound 9 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of 9 at 0 s. Detergent was added at 200 s 

to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 
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Figure S59 – Hill plot analysis of H+/OH− transport facilitated by compound 9 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 9 at 0 s. Detergent was 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S60 – Hill plot analysis of H+/OH− transport facilitated by compound 10 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of 10 at 0 s. Detergent was added at 200 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 
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Figure S61 – Efflux plot of H+/OH− transport facilitated by compound 10 measured using the KGluc 

assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin (0.05 

mol%) were added to the vesicles before the addition of a 10 mol% solution of 10 at 0 s. Detergent 

was added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid 

molar ratios. Error bars represent standard deviations from at least two repeats. H+/OH− efflux did not 

exceed 50% after 200 s under the conditions tested 

 

Figure S62 – Hill plot analysis of H+/OH− transport facilitated by compound 10 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of 10 at 0 s. Detergent was 



 
 

140 
 

added at 200 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

 Figure S63 – Efflux plots of H+/OH− transport facilitated by compound 11 measured using the KGluc 

assay. A 10 mol% compound-to-lipid molar ratio of 11 was added to the vesicles at 0 s under the three 

conditions outlined above (Untreated, BSA treated, BSA and OA treated), and detergent was added 

at 200 s to lyse the vesicles. Error bars represent standard deviations from at least two repeats. H+/OH− 

efflux did not exceed 50% after 200 s under any of the conditions tested. 

 

 Figure S64 – Efflux plots of H+/OH− transport facilitated by compound 12 measured using the KGluc 

assay. A 10 mol% compound-to-lipid molar ratio of 12 was added to the vesicles at 0 s under the three 

conditions outlined above (Untreated, BSA treated, BSA and OA treated), and detergent was added 
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at 200 s to lyse the vesicles. Error bars represent standard deviations from at least two repeats. H+/OH− 

efflux did not exceed 50% after 200 s under any of the conditions tested. 

 

Figure S65 – Efflux plots of H+/OH− transport facilitated by compound 13 measured using the KGluc 

assay. A 10 mol% compound-to-lipid molar ratio of 13 was added to the vesicles at 0 s under the three 

conditions outlined above (Untreated, BSA treated, BSA and OA treated), and detergent was added 

at 200 s to lyse the vesicles. Error bars represent standard deviations from at least two repeats. H+/OH− 

efflux did not exceed 50% after 200 s under any of the conditions tested. 

 

Figure S66 – Efflux plots of H+/OH− transport facilitated by compound 14 measured using the KGluc 

assay. A 10 mol% compound-to-lipid molar ratio of 14 was added to the vesicles at 0 s under the three 

conditions outlined above (Untreated, BSA treated, BSA and OA treated), and detergent was added 
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at 200 s to lyse the vesicles. Error bars represent standard deviations from at least two repeats. H+/OH− 

efflux did not exceed 50% after 200 s under any of the conditions tested. 
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Supplementary Information for Chapter Three 

S3.1 H+/OH- transport assay in vesicles  

Vesicle Preparation 

HPTS assays were conducted using POPC LUVs (200 nm diameter) vesicles loaded with an 

internal solution containing pH-sensitive fluorescent dye HPTS (1 mM), HEPES buffer (10 mM) and 

potassium gluconate (100 mM). An external solution of HEPES buffer (10 mM) and potassium glu-

conate (100 mM) was also prepared, and both solutions were buffered to pH 7. 

Unilamellar vesicles were prepared following a procedure outlined previously by the Gale 

group.[1] A chloroform solution of POPC (37.5 mM, 4 mL) was transferred to a pre-weighed round-

bottom flask, and the solvent was removed using a rotary evaporator. The pressure was lowered 

slowly to ensure the formation of a smooth lipid film. Subsequently, the film was dried in vacuo for 

4−24 h, and the mass of lipid was recorded. The lipids were rehydrated with 4 mL of internal solution 

(this number should correspond to the volume of POPC solution used initially) and vortexed until all 

lipids were removed from the sides of the flask and were suspended in solution. The lipids were 

subjected to 9 cycles of freeze-thaw by freezing using a dry ice/acetone bath and thawing in lukewarm 

water. Following this, the vesicles were left to rest at room temperature for 30 min. The lipids were 

extruded through a 200 nm polycarbonate membrane 25 times to form monodisperse vesicles. Only 

1 mL of solution was extruded at a time before being collected. Finally, any residual unencapsulated 

salt from the internal solution was using a B19 column packed with hydrated G-25 Sephadex®, which 

had been pre-saturated with the respective external solution. The lipid suspensions were diluted with 

the external solution to afford a stock solution (10 mL) of a known concentration. 

When fatty acid removal by BSA was required, fatty acid-free BSA was dissolved in the ves-

icle stock suspension to a final BSA concentration of 1 mol% (with respect to lipid). The BSA-
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containing vesicle stock suspension was stirred for 20 min before being used for membrane transport 

studies. 

HPTS Assay 

For a given experiment, the prepared vesicles were diluted to a concentration of 0.1 mM in a 4.5 mL 

plastic cuvette. A pH gradient is required to drive transport through the vesicle membrane in these 

experiments before the transporter is added. An aliquot of aqueous KOH solution (25 µL, 0.5 M) was 

added to increase the pH of the external solution by approx. one pH unit to pH 8.0. For experiments 

requiring the addition of Oleic Acid (5 μL of 5 mM DMSO solution, 10 mol%, corresponding to ∼4 

mol% free concentration after BSA binding) was added before KOH. Following this, valinomycin (5 

μL of 25 μM DMSO solution, 0.05 mol%) was added to each cuvette.  Transport was initiated with 

the addition of the transporter as a DMSO solution (5 µL) and ended with the addition of detergent 

(Triton X-100 (10% v/v in water), 25 µL) was added at t = 205 s to lyse the vesicles, and a final 

fluorescence intensity reading was recorded at t = 300 s to signify 100% proton efflux.  

Experiments were conducted under three conditions: i) Untreated vesicles (KOH and valinomycin 

addition); ii) BSA-treated vesicles (KOH and valinomycin addition); iii) BSA-treated vesicles with 

OA addition (OA, KOH and valinomycin addition). 

Dose-Response Hill Analysis 

The changes in the fluorescent activity of intravesicular HPTS were used to detect pH changes during 

the experiments, and hence represent proton efflux. The acidic and basic forms of the HPTS probe 

were excited at λex = 403 nm and λex = 460 nm, respectively, and the fluorescence emission of both 

forms recorded at λem = 510 nm. The intensity ratio of basic form to acidic form was determined, 

and the fractional fluorescence intensity (IF) was calculated using the equation: 
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𝐼𝐹 =
𝑅𝑡 − 𝑅0

𝑅𝑑 − 𝑅0
 

Where Rt is the ratiometric fluorescence value at a given time (t), R0 is the ratiometric fluorescence 

value at t = 0 s and Rd is the fluorescence ratiometric value recorded at t = 280 s following the addition 

of detergent. 

Dose-response experiments were performed at a minimum of five transporter concentrations plus a 

blank DMSO control run. The fractional fluorescence intensity (IF) was plotted as a function of trans-

porter concentration (mol%, with respect to lipid concentration). The IF value at t = 200 s for each 

tested transporter concentration was fit to an adapted Hill Equation, using Origin 2021b (Academic), 

given as: 

𝑦 = 𝑦0 + (𝑦𝑚𝑎𝑥 − 𝑦0)
𝑥𝑛

𝑘𝑛 + 𝑥𝑛
 

where y0 is the IF value at t = 200 s for the DMSO blank run, ymax is the maximum IF value, n is the 

Hill coefficient, and k is a derived parameter. 

A derived equation was used to calculate the EC50 value, the transporter concentration required to 

facilitate 50% chloride efflux, given as: 

𝐸𝐶50 = 𝑘 (
0.5

𝑦1 − 𝑦0
)

1/𝑛

 

where k and n are the derived parameters from the Hill equation, y0 is the percentage chloride efflux 

at t = 0 s, and y1 is the percentage chloride efflux at t = 280 s. 
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S3.2 Absolute quantitative 1H NMR purity determination of S3-11, A3-11 and D3-11 

The purity of all test compounds was confirmed to be >95% by absolute quantitative NMR spectros-

copy according to the protocol outlined by the Journal of Medicinal Chemistry.125 This technique 

determines purity by comparing the NMR signals of a given analyte against an internal calibrant (IC) 

of known purity. DMSO-d6was spiked with a known mass of the internal calibrant 1,3,5-trioxane 

(99.5% purity) to give a final IC concentration of approximately 1.5 mg/ml. Approximately 5 mg of 

each test compound was accurately weighed on a 5-decimal place analytical balance (0.01 mg accu-

racy). The sample was then dissolved in 600 μL of IC spiked DMSO-d6 administered via mechanical 

pipette, then transferred to 5 mm NMR tubes. Collection and processing of NMR spectra, and calcu-

lation of purity, were performed according to the procedure described by the Journal of Medicinal 

Chemistry. The final calculated purities are shown in Table S2. 

Table S2. Bisaryl anion transporter qNMR table 

 

 

 

 

 

 

 

 

 

 

 

Compound Purity 
(%) 

S3 98.0 
S7 100.5 
S9 99 
S11 96.5 
A3 99.4 
A7 100.6 
A9 100.6 
A11 100.6 
D3 97.1 
D7 95.3 
D9 99.7 
D11 96.8 
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 S3.3 Representative MTS dose-response curves 

Figure S67. Representative Dose-response curves showing the antiproliferative effects of U3-11, S3-

11, A3-11 and D3-11 in MDA-MB-231 cells in a 72 h MTS cell viability assay. Dose-response curves 

were constructed using log(inhibitor) vs response, variable slope (4 parameters) nonlinear regressions 

on GraphPad Prism 8. Absolute IC50 concentrations were interpolated from these normalised curves 

(data normalised to DMSO vehicle control) with the top constrained to 100%. Equation: Y=Bottom 

+ (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)). 
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S3.4 MDA-MB-231 Cell Imaging 

 

 

Figure S68. Images of MDA-MB-231 cells treated with U3, U7, S3, S7, A9 and D3 for 72 hours at 

their corresponding MTS IC50 concentration. Inactive compound U11 (10 μM, 50 μM) and DMSO 

vehicle control shown for comparison. Cells were seeded in 12-well plates (2.5 x 104 cells/well) and 

imaged following treatment at 40X magnification using a Lumenera Infinity 1-2CB microscope cam-

era. 
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 S3.5 MDA-MB-231 and Beas-2B MTS cell viability 

Figure S69.  Effects of U3, U7, S3, S7, A9 and D3 on MDA-MB-231 and Beas-2B cell viability 

measured by 72 h MTS assays. Compounds with MTS activity in MDA-MB-231 cells were tested in 

Beas-2B cells at three common concentrations near and above their corresponding IC50 concentra-

tions to indicate selectivity between cell lines. Beas-2B MTS assays performed as described in the 

main text. 
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 S3.6 Representative JC-1 dose-response curves 

 

Figure S70. Representative dose-response curves showing the effects of U3-11, S3-11, A3-11 and 

D3-11 on the JC-1 red:green fluorescence ratio in MDA-MB-231 breast cancer cells after 1 hour 

treatment with the test compound. Dose-response curves were constructed using log(inhibitor) vs 

response, variable slope (4 parameters) nonlinear regressions on GraphPad Prism 8. Absolute IC50 

concentrations were interpolated from these normalised curves (data normalised to DMSO vehicle 

control) with the top constrained to 100%. Equation: Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-

X)*HillSlope)). 
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S3.7 1H NMR and 13C NMR Spectra 

Bis({[3-chloro-5-(trifluoromethyl)phenyl]amino})cyclobut-3-ene-1,2-dione (S3)  

 

 

Figure S71. 500 MHz 1H NMR spectrum of S3 

 

Figure S72. 125 MHz 13C NMR spectrum of S3 
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Bis({[4-(trifluoromethyl)phenyl]amino})cyclobut-3-ene-1,2-dione (S7) 

 

Figure S73. 500 MHz 1H NMR spectrum of S7 

 

 

Figure S74. 125 MHz 13C NMR spectrum of S7 
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Bis({[4-(trifluoromethoxy)phenyl]amino})cyclobut-3-ene-1,2-dione (S9) 

 

 

Figure S75. 500 MHz 1H NMR spectrum of S9 

 

 

 

Figure S76. 125 MHz 13C NMR spectrum of S9 
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Bis(phenylamino)cyclobut-3-ene-1,2-dione (S11) 

 

Figure S77. 500 MHz 1H NMR spectrum of S11 

 

Figure S78.  125 MHz 13C NMR spectrum of S11 
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3-chloro-N-[3-chloro-5-(trifluoromethyl)phenyl]-5-(trifluoromethyl)benzamide 

(A3)

Figure S79. 500 MHz 1H NMR spectrum of A3

Figure S80. 125 MHz 13C NMR spectrum of A3



156

4-(trifluoromethyl)-N-[4-(trifluoromethyl)phenyl]benzamide (A7)

Figure S81. 500 MHz 1H NMR spectrum of A7

Figure S82. 125 MHz 13C NMR spectrum of A7
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4-(trifluoromethoxy)-N-[4-(trifluoromethoxy)phenyl]benzamide (A9)

Figure S83. 500 MHz 1H NMR spectrum of A9

Figure S84. 125 MHz 13C NMR spectrum of A9
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N-phenylbenzamide (A11)

Figure S85. 500 MHz 1H NMR spectrum of A11

Figure S86. 125 MHz 13C NMR spectrum of A11
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3-[3-chloro-5-(trifluoromethyl)phenyl]-1-[6-({[3-chloro-5-(trifluoromethyl)phe-

nyl]carbamoyl}amino)hexyl]urea (D3)  

 

Figure S87. 400 MHz 1H NMR spectrum of D3 

 

 

Figure S88.  100 MHz 13C NMR spectrum of D3 
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3-[4-(trifluoromethyl)phenyl]-1-[6-({[4-(trifluoromethyl)phenyl]car-

bamoyl}amino)hexyl]urea (D7)  

Figure S89.  400 MHz 1H NMR spectrum of D7 

 

 

Figure S90. 100 MHz 13C NMR spectrum of D7 
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3-[4-(trifluoromethoxy)phenyl]-1-[6-({[4-(trifluoromethoxy)phenyl]car-

bamoyl}amino)hexyl]urea (D9)  

 

Figure S91. 400 MHz 1H NMR spectrum of D9 

 

Figure S92.  100 MHz 13C NMR spectrum of D9 
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3-phenyl-1-{6-[(phenylcarbamoyl)amino]hexyl}urea (D11)   

 

Figure S93. 500 MHz 1H NMR spectrum of D11 

 

Figure S94. 100 MHz 13C NMR spectrum of D11 
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S3.8 S1/S4, A1/A4, D1/D4 HPTS Dose-Response Hill Analyses 

 

Figure S95. Hill plot analysis of H+/OH− transport facilitated by compound S3 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of S3 at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S96. Hill plot analysis of H+/OH− transport facilitated by compound S3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of S3 at 0 s. Detergent was added at 205 

s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 
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Figure S97. Hill plot analysis of H+/OH− transport facilitated by compound S3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of S3 at 0 s. Detergent was 

added at 205 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S98. Hill plot analysis of H+/OH− transport facilitated by compound A3 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of A3 at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations 

are shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least 

two repeats. 
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Figure S99. Hill plot analysis of H+/OH− transport facilitated by compound A3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of A3 at 0 s. Detergent was added at 205 

s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 

 

Figure S100. Hill plot analysis of H+/OH− transport facilitated by compound A3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of A3 at 0 s. Detergent was 

added at 205 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 
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Figure S101. Hill plot analysis of H+/OH− transport facilitated by compound D3 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of D3 at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations 

are shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least 

two repeats. 

 

Figure S102. Hill plot analysis of H+/OH− transport facilitated by compound D3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of D3 at 0 s. Detergent was added at 205 

s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 
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Figure S103. Hill plot analysis of H+/OH− transport facilitated by compound D3 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of D3 at 0 s. Detergent was 

added at 205 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 

 

Figure S104. Hill plot analysis of H+/OH− transport facilitated by compound S11 measured using the 

KGluc assay. NaOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 

addition of S11 at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations 

are shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least 

two repeats. 
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Figure S105. Hill plot analysis of H+/OH− transport facilitated by compound S11 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). NaOH (5 mM) and valinomycin 

(0.05 mol%) were added to the vesicles before the addition of S11 at 0 s. Detergent was added at 205 

s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar ratios. Error 

bars represent standard deviations from at least two repeats. 

 

Figure S106. Hill plot analysis of H+/OH− transport facilitated by compound S11 measured using the 

KGluc assay. The vesicles were pre-treated with BSA (1 mol%). OA (10 mol%), NaOH (5 mM) and 

valinomycin (0.05 mol%) were added to the vesicles before the addition of S11 at 0 s. Detergent was 

added at 205 s to lyse the vesicles. Compound concentrations are shown as compound-to-lipid molar 

ratios. Error bars represent standard deviations from at least two repeats. 
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Figure S107. Efflux plots of H+/OH− transport facilitated by compound A11 and D11 measured using 

the KGluc assay. A 10 mol% compound-to-lipid molar ratio of either compound was added to the 

vesicles at 0 s and detergent was added at 205 s to lyse the vesicles. Error bars represent standard 

deviations from at least two repeats. H+/OH− efflux did not exceed 10% after 200 s under the condi-

tions tested. 
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Supporting Information for Chapter Four 

S4.1 Chemistry 

2a and 2b were synthesised by the procedure in the literature.[8] 3-chloro-5-(trifluoromethyl)aniline 

and 4-chloro-3-(trifluoromethyl)aniline were purchased from Fluorochem Limited (Hadfield, UK). 

The remaining reagents were purchased from Merck (Darmstadt, Germany). TLC reaction monitoring 

was performed using Merck silica gel 60 F254 aluminium-backed plates. Reaction products were 

purified as required with dry column vacuum chromatography on silica gel using gradient elutions. 

NMR spectra were recorded using a Bruker 400 MHz spectrometer operating at 400 MHz for 1H and 

100 MHz for 13C spectra.  Spectra were referenced internally to the residual solvent (CDCl3: 
1H δ 

7.26, 13C δ 77.16. DMSO-d6: 
1H δ 2.50, 13C δ 39.52). Multiplicity was assigned as s (singlet), d 

(doublet), t (triplet), q (quartet), quintet and m (multiplet). High resolution mass spectra (HRMS) 

were recorded on an Agilent Technologies 6510 Q-TOF LCMS. The purity of all test compounds was 

confirmed to be >95% using absolute quantitative NMR spectroscopy.[24] 
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S4.2 Synthesis and Characterisation data  

Synthesis of 3-nitrobenzaldehyde dioxolane acetal (7) 

3-nitrobenzaldehyde (10.0 g, 66 mmol, 1 equiv.) was added 250 ml toluene, then ethylene glycol (8.2 

g, 132 mmol, 2 equiv.) and para-toluenesulfonic acid (0.375 g, 2.2 mmol, 3.3 mol%). Reaction mix-

ture was heated and stirred to reflux with Dean-Stark trap and water-cooled condenser. Flask and 

dean-stark trap required heat insulation with foil and rubber tubing to encourage distillation. Follow-

ing 18 hours reflux, reaction mixture was cooled to room temperature then washed with 3 x 100 ml 

saturated sodium bicarbonate solution. Mixture was then dried over sodium sulfate, solvent removed 

under vacuo to give 3-nitrobenzaldehyde dioxolane acetal (12.5 g) in quantitative yield as a colourless 

viscous oil. 

Characterisation data for 3-nitrobenzaldehyde dioxolane acetal (7) 

Colourless Oil; Yield: 12.5 g, 98%; mp = N/A. 1H NMR (400 MHz, CDCl3): δ 8.35 (s, 1H), 8.23 (d, 

J = 8.2 Hz, 1H), 7.80 (d, J = 7.7 Hz, 1H), 7.55 (t, J = 7.9 Hz, 1H), 5.88 (s, 1H), 3.95-4.20 (m, 4H). 

13C NMR (100 MHz, CDCl3): δ 148.4 (1C), 140.5 (1C), 132.8 (1C), 129.5 (1C), 124.1 (1C), 121.8 

(1C), 102.3 (1C), 65.6 (2C). HRMS (ESI) m/z: [M + H]+ calcd for C9H9NO4, 196.0604; found, 

196.0590. 

Synthesis of 3-aminobenzaldehyde dioxolane acetal (8) 

3-nitrobenzaldehyde dioxolane acetal (2.928 g, 15 mmol, 1 equiv.) was added slowly to a suspension 

of Pd/C (0.146 mg, 5% w/w) in 40 ml absolute Ethanol (distilled from 95% Ethanol over KOH) with 

cooling in an ice-water bath. Ammonium formate (3.784 g, 60 mmol, 4 equiv.) was then added in one 

portion, reaction stirred and gently heated to maintain steady evolution of gas and reaction stirred for 

one hour. At one hour, the reaction was filtered through celite and solvent removed under vacuo. 

Added 30 ml of deionised water and extracted three times with 30 ml dichloromethane. The combined 
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extracts were dried over sodium sulfate and solvent removed under vacuo to give as 3-aminobenzal-

dehyde dioxolane acetal (1.921 g, 78%) as a brown oil. 

Characterisation data for 3-aminobenzaldehyde dioxolane acetal (8) 

Brown oil; Yield: 1.921 g, 78%; mp = N/A. 1H NMR (400 MHz, CDCl3): δ 7.16 (t, J = 7.7 Hz, 1H), 

6.87 (d, J = 7.6 Hz, 1H), 6.80 (s, 1H), 6.68 (d, J = 7.9 Hz, 1H), 5.74 (s, 1H), 3.95-4.20 (m, 4H), 3.69 

(br s, 2H). 13C NMR (100 MHz, CDCl3): δ 146.6 (1C), 139.2 (1C), 129.5 (1C), 116.7 (1C), 116.0 

(1C), 112.9 (1C), 103.8 (1C), 65.3 (1C). HRMS (ESI) m/z: [M + H]+ calcd for C9H11NO2, 166.0863; 

found, 166.0860. 

Synthesis of Boc-3-aminobenaldehyde dioxolane acetal (9) 

3-aminobenzaldehyde dioxolane acetal (0.330 g, 2 mmol, 1 equiv.) was dissolved in 8 mL anhydrous 

dichloromethane under an argon atmosphere. Boc anhydride (0.873 g, 4 mmol, 2 equiv.) was added 

and stirred at 40°C. Following 18 hours, reaction was cooled to room temperature and 50 mL deion-

ised water was added. Mixture was extracted three times with 20 mL dichloromethane. Combined 

organic extracts were washed with 50 mL brine then dried over sodium sulfate, filtered and solvent 

removed under vacuo. The resultant oil was purified by dry column vacuum chromatography using 

gradient elutions of EtOAc/Hexane (0:100 to 30:70) to isolate Boc-3-aminobenzaldehyde dioxolane 

acetal (0.377 g, 71%) as a pale green/colourless oil. 

Characterisation data for Boc-3-aminobenaldehyde dioxolane acetal (9) 

Colourless oil; Yield: 0.377 g, 71%; mp = N/A. 1H NMR (400 MHz, CDCl3): δ 7.47 (s, 1H), 7.37 (d, 

J = 8.1 Hz, 1H), 7.29 (t, J = 7.7 Hz, 1H), 7.14 (d, J = 7.5 Hz, 1H), 6.51 (br s, 1H), 5.78 (s, 1H), 3.95-

4.20 (m, 4H), 1.51 (s, 9H). 13C NMR (100 MHz, CDCl3): δ 152.8 (1C), 139.0 (1C), 138.6 (1C), 129.1 

(1C), 121.1 (1C), 119.3 (1C), 116.6 (1C), 103.6 (1C), 80.6 (1C), 65.4 (3C). HRMS (ESI) m/z: [M + 

H]+ calcd for C14H19NO4, 266.1387; found, 266.1387. 
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Synthesis of Boc-3-aminobenzaldehyde (10) 

Boc-3-aminobenzaldehyde dioxolane acetal (1.887 g, 7.1 mmol, 1 equiv.) was dissolved in 30 mL 

acetone and 0.3 mL deionised water. Amberlyst 15 (0.230 g, 12 % w/w) was added and reaction 

mixture was stirred at room temperature for 3.5 hours. The reaction mixture was filtered through 

celite and solvent removed under vacuo to give Boc-3-aminobenzaldehyde (1.473 g, 94%) as a white 

solid. 

Characterisation data for Boc-3-aminobenzaldehyde (10) 

White solid; Yield: 1.473 g, 94%; mp = 86-88°C. 1H NMR (400 MHz, CDCl3): δ 9.97 (s, 1H), 7.91 

(s, 1H), 7.63 (d, J = 8 Hz, 1H), 7.55 (d, J = 7.6 Hz, 1H), 7.45 (t, J = 7.8 Hz, 1H), 6.66 (br s, 1H), 1.53 

(s, 9H). 13C NMR (100 MHz, CDCl3): δ 192.2 (1C), 152.7 (1C), 139.5 (1C), 137.3 (1C), 129.8 (1C), 

124.3 (1C), 119.4 (1C), 81.3 (1C), 28.4 (3C). HRMS (ESI) m/z: [M + H]+ calcd for C12H15NO3, 

222.1125; found, 222.1121. 

 

Synthesis of 12-bromododecanoic acid (13) 

10 mL 98% sulfuric acid was added slowly to 40 mL 48% hydrobromic acid in an ice bath with 

stirring. 12-hydroxydodecanoic acid (1.514 g, 7 mmol, 1 equiv.) was then added and the reaction 

mixture was heated to reflux for 16 hours. On heating, the 12-hydroxydodecanoic acid melted to give 

a two phase reaction mixture, two stirrer bars were used to encourage mixing. The reaction was then 

cooled to room temperature, added to 50 mL deionised water then extracted three times with 40 mL 

dichloromethane. The combined extracts were then washed with 50 mL brine, dried over sodium 

sulfate and solvent removed under vacuum to give 12-bromododecanoic acid (1.879 g, 96%) as a 

beige solid. 
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Characterisation data for 12-bromododecanoic acid (13) 

Beige solid; Yield: 1.879 g, 96%; mp = 53-55 °C; 1H NMR (400 MHz, CDCl₃): δ 3.40 (t, J = 6.9 Hz, 

2H), 2.35 (t, J = 7.6 Hz, 2H), 1.83 (quintet, J = 7.6 Hz, 2H), 1.63 (quintet, J = 7.4 Hz, 2H), 1.44-1.39 

(m, 2H), 1.37-1.25 (m, 12H); 13C NMR (100 MHz, CDCl₃): δ 180.1 (1C), 34.2 (1C), 33.0 (1C), 29.6 

(2C), 29.52 (1C), 29.49 (1C), 29.3 (1C), 29.2 (1C), 28.9 (1C), 28.3 (1C), 24.8 (1C); HRMS (ESI) 

m/z: [M + H]+ calcd for C12H23BrO2, 279.0954; found, 279.0947. 

Synthesis of ethyl 10-bromodecanoate (14) 

Acetyl chloride (1.413 g, 18 mmol, 3 equiv.) was added dropwise to 10-bromodecanoic acid (1.507 

g, 6 mmol, 1 equiv.) in 12 mL absolute ethanol and stirred at room temperature. After 4 hours, solvent 

was removed under vacuo, then solid was dissolved in 30 mL ethyl acetate and washed three times 

with 20 mL 0.75 M sodium hydroxide solution. Solid sodium chloride added to last wash to aid re-

moval of residual water. Further dried ethyl actate over magnesium sulfate, filtered then solvent was 

removed under vacuo to give ethyl 10-bromodecanoate (1.477 g, 88%) as a yellow liquid. 

Characterisation data for ethyl 10-bromodecanoate (14) 

Yellow liquid; Yield: 1.477 g, 88%; mp = N/A; 1H NMR (400 MHz, CDCl3): δ 4.11 (q, J = 7.1 Hz, 

2H), 3.39 (t, J = 6.8 Hz, 2H), 2.28 (t, J = 7.6 Hz, 2H), 1.84 (quintet, J = 7.6 Hz, 2H), 1.63-1.58 (m, 

2H), 1.43-1.39 (m, 2H), 1.37-1.26 (m, 8H), 1.24 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ 

174.0 (1C), 60.3 (1C), 34.5 (1C), 34.1 (1C), 32.9 (1C), 29.4 (1C), 29.3 (1C), 29.2 (1C), 28.8 (1C), 

28.3 (1C), 25.1 (1C), 14.4 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C12H23BrO2, 279.0954; found, 

279.0950. 

Synthesis of ethyl 12-bromododecanoate (15) 

Ethyl 12-bromododecanoate was synthesised following the same procedure as for 14 and was isolated 

as a yellow liquid (85%). 
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Characterisation data for ethyl 12-bromododecanoate (15) 

Yellow liquid; Yield: 1.735 g, 85%; mp = N/A; 1H NMR (400 MHz, CDCl3): δ 4.12 (q, J = 7.1 Hz, 

2H), 3.40 (t, J = 6.9 Hz, 2H), 2.28 (t, J = 7.7 Hz, 2H), 1.85 (quintet, J = 7.6 Hz, 2H), 1.63-1.58 (m, 

2H), 1.45-1.35 (m, 2H), 1.30-1.22 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 174.1 (1C), 60.3 (1C), 

34.5 (1C), 34.2 (1C), 33.0 (1C), 29.6 (2C), 29.5 (1C), 29.4 (1C), 29.3 (1C), 28.9 (1C), 28.3 (1C), 25.1 

(1C), 14.4 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C14H27BrO2, 307.1267; found, 307.1261. 

 

Synthesis of (10‐ethoxy‐10‐oxodecyl)triphenylphosphonium bromide (16) 

Triphenylphosphine (3.864 g, 14.7 mmol, 1.4 equiv.) was added to neat ethyl 10-bromodecanoate 

(2.936 g, 10.5 mmol, 1 equiv.) and stirred at 120°C for 20 hours. The resultant mixture was purified 

by dry column vacuum chromatography using gradient elutions of Ethanol / Ethyl acetate (0:100 to 

60:40) to give  (10‐ethoxy‐10‐oxodecyl)triphenylphosphonium bromide (4.481 g, 79%) as a tacky 

brown gum. 

Characterisation data for (10‐ethoxy‐10‐oxodecyl)triphenylphosphonium bromide (16) 

Tacky brown resin; Yield: 4.481 g, 78%; mp = N/A; 1H NMR (400 MHz, CDCl3): δ 7.9-7.6 (m, 15H), 

4.09 (q, J = 7.1 Hz, 2H), 3.9-3.7 (m, 2H), 2.23 (t, J = 7.6 Hz, 2H), 1.60-1.52 (m, 6H), 1.24-1.15 (m, 

11H); 13C NMR (100 MHz, CDCl3): δ 174.0 (1C), 135.1 (1C), 133.8 (d, J = 10 Hz, 6C), 130.6 (d, J 

= 12.5 Hz, 6C), 118.5 (d, J = 85.2 Hz, 3C), 60.2, 34.4, 30.5, 30.4, 29.2, 29.0, 25.0, 23.1, 22.8, 22.7, 

14.3; HRMS (ESI) m/z: [M + H]+ calcd for C30H38O2P, 461.2604; found, 461.2589. 

Synthesis of Boc-3-aminophenol (19) 

3-aminophenol (0.545 g, 5 mmol, 1 equiv.) was dissolved in 20 mL anhydrous dichloromethane under 

argon. Boc anhydride (2.183 g, 10 mmol, 2 equiv.) and stirred at 40°C. Following 18 hours, reaction 
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was cooled to room temperature and 50 mL deionised was added. Mixture was extracted three times 

with 20 mL dichloromethane. Combined organic extracts were washed with 50 mL brine then dried 

over sodium sulfate, filtered and solvent removed under vacuo. The resultant oil was purified by dry 

column vacuum chromatography using gradient elutions of DCM/EtOAc (100:0 to 80:20) to isolate 

Boc-3-aminophenol (0.641 g, 61%) as a colourless oil that crystallised on hi-vac to give a white solid. 

Characterisation data for Boc-3-aminophenol (19) 

White solid; Yield: 0.641 g, 61%; mp = 133-136°C; 1H NMR (400 MHz, CDCl3): δ 7.13 (s, 1H), 7.12 

(t, J = 8 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 6.52 (d, J = 8.1 Hz, 1H), 6.48 (br s, 1H), 5.27 (br s, 1H), 

1.53 (s, 9H); 13C NMR (100 MHz, CDCl3): δ 156.6 (1C), 153.1 (1C), 139.5 (1C), 130.0 (1C), 110.8 

(1C), 110.5 (1C), 106.1 (1C), 81.0 (1C), 28.5 (3C); HRMS (ESI) m/z: [M+Na]+ calcd for C11H15NO3, 

232.0944; found, 232.0939. 

Synthesis of Boc-4-aminophenol (20) 

 

4-aminophenol (0.873 g, 8 mmol, 1 equiv.) was added to a solution of Boc anhydride (1.921 g, 8.8 

mmol, 1.1 equiv.) in 10 mL 95% ethanol containing Amberlyst 15 (0.040 g, 10% w/w) and was stirred 

at room temperature for 15 minutes with evolution of gas. Solvent removed under vacuo, then the 

resultant solid was resuspended in 10 mL hexane and filtered through celite. Desired solid dissolved 

in 10 mL ethyl acetate and refiltered to remove amberlyst 15 beads. Solvent removed under vacuo to 

give Boc-4-aminophenol (1.454 g, 87%) as an off-white solid. 

Characterisation data for Boc-4-aminophenol (20) 

Off-white solid; Yield: 1.454 g, 87%; mp = 139-142 °C. 1H NMR (400 MHz, CDCl3): δ 7.17 (d, J = 

8.5 Hz, 2H), 6.74 (d, J = 8.8 Hz, 2H), 6.33 (br s, 1H), 5.08 (br s, 1H), 1.51 (s, 9H). 13C NMR (100 
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MHz, CDCl3): δ 153.8 (1C), 152.2 (1C), 131.0 (1C), 121.6 (2C), 115.9 (2C), 80.6 (1C), 28.5 (3C). 

HRMS (ESI) m/z: [M + Na]+ calcd for C11H15NO3, 232.0944; found, 232.0943. 

 

Synthesis of  ethyl (10E)‐11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undec‐10‐enoate (21) 

(10‐ethoxy‐10‐oxodecyl)triphenylphosphonium bromide (4.061 g, 7.5 mmol, 1.5 equiv.) in 25 mL 

anhydrous tetrahydrofuran at 0°C under argon was slowly added 9.5 mL of 1 M sodium bis(trime-

thylsilyl)amide solution in THF. The resulting bright orange mixture was stirred at room temperature 

for 20 minutes. The reaction was then cooled to -78°C, and Boc-3-aminobenzaldehyde (1.106 g, 5 

mmol, 1 equiv.) was added dropwise dissolved in 5 mL anhydrous THF. The mixture was stirred for 

30 minutes at -78°C after which was allowed to warm to room temperature over 90 minutes.  50 mL 

saturated ammonium chloride solution was added to quench any unreacted ylide and the mixture was 

extracted three times with 50 mL ethyl acetate. The combined extracts were washed with 100 mL 

brine, dried over magnesium sulfate then solvent removed under vacuo. The resultant orange oil was 

further purified by dry column vacuum chromatography using gradient elutions of ethyl acetate / 

hexane (0:100 to 30:70) to give ethyl (10E)‐11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undec‐10‐

enoate (1.630 g, 80%) as a colourless liquid. 

Characterisation data for ethyl (10E)‐11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undec‐10‐eno-

ate (21) 

Colourless liquid; Yield: 1.630 g, 80%; mp = N/A; 1H NMR (400 MHz, CDCl3): δ 7.25-7.22 (m, 3H), 

6.97-6.94 (m, 1H), 6.35 (d, J = 11.6 Hz, 1H), 5.70-5.60 (m, 1H), 4.12 (q, J = 7.1 Hz, 2H), 2.35-2.25 

(m, 4H), 1.65-1.55 (m, 2H), 1.52 (s, 9H), 1.45-1.35 (m, 2H), 1.35-1.20 (m, 12H); 13C NMR (100 

MHz, CDCl3): δ 174.1 (1C), 152.9 (1C), 138.8 (1C), 138.3 (1C), 133.7 (1C), 128.8 (1C), 128.6 (1C), 

123.7 (1C), 119.0 (1C), 116.9 (1C), 80.6 (1C), 60.3 (1C), 34.5 (1C), 30.0 (1C), 29.4 (1C), 29.34 (1C), 
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29.33 (1C), 29.2 (2C), 28.7 (1C), 28.5 (3C), 25.1 (1C); HRMS (ESI) m/z: [M + Na]+ calcd for 

C24H37NO4, 426.2615; found, 426.2618. 

Synthesis of  N‐[3‐chloro‐4‐(trifluoromethyl)phenyl]‐1H‐imidazole‐1‐carboxamide (23a) 

3-chloro-5-(trifluoromethyl)aniline (1.956 g, 10 mmol, 1 equiv.) was added to N,N'-carbonyldiimid-

azole (2.270 g, 14 mmol, 1.4 equiv.) in 14 mL 1,2-dichloroethylene under nitrogen and stirred at 50°C 

for 18 hours. After this, the reaction mixture was cooled to room temperature, with an ice bath and 

then was left to crystallise overnight in -20°C freezer. White N‐[4‐chloro‐3‐(trifluoromethyl)phenyl]‐

1H‐imidazole‐1‐carboxamide (1.912 g, 66%) crystals were isolated by vacuum filtration and were 

used without characterisation due to their propensity to dissociate in solution into their corresponding 

isocyanate and imidazole.[18] 

Synthesis of N‐[4‐chloro‐3‐(trifluoromethyl)phenyl]‐1H‐imidazole‐1‐carboxamide (23b) 

N‐[4‐chloro‐3‐(trifluoromethyl)phenyl]‐1H‐imidazole‐1‐carboxamide was synthesised following the 

same procedure as for 23a and was isolated as a white crystalline solid (2.840, 98%) 

Synthesis of ethyl 11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undecanoate (Boc3) 

Ethyl (10E)‐11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undec‐10‐enoate (1.009 g, 2.5 mmol, 1 

equiv.) and Pd/C (0.050 g, 5 % w/w) were slowly added 30 mL absolute ethanol while cooling in an 

ice bath. Ice bath was removed and ammonium formate (1.577 g, 25 mmol, 10 equiv.) was added and 

reaction mixture was heated gently to maintain steady evolution of gas. Following one hour, reaction 

was cooled to room temperature then filtered through celite and solvent was removed under vacuo. 

Crude product was added 50 mL deionised water then extracted twice with 40 mL dichloromethane. 

The combined extracts were washed with 20 mL brine, dried over magnesium sulfate and solvent 

removed under vacuo to give ethyl 11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undecanoate (0.997 

g, 99%) as a white solid. 
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Characterisation data for ethyl 11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undecanoate (Boc3) 

White solid; Yield: 0.997 g, 99%; mp = 35-37°C; 1H NMR (400 MHz, CDCl3): δ 7.22 (s, 1H), 7.20 

(t, J = 7.8 Hz, 1H), 7.12 (d, J = 8.3 Hz, 1H), 6.44 (br s, 1H), 4.12 (q, J = 7.1 Hz, 2H), 2.56 (t, J = 8.0 

Hz, 2H), 2.2807 (t, J = 7.7 Hz, 2H), 1.65-1.55 (m, 4H), 1.51 (s, 9H), 1.30-1.20 (m, 16H); 13C NMR 

(100 MHz, CDCl3): δ 174.1 (1C), 152.9 (1C), 144.1 (1C), 138.4 (1C), 128.9 (1C), 123.3 (1C), 118.6 

(1C), 115.9 (1C), 80.5 (1C), 60.3 (1C), 36.2 (1C), 34.5 (1C), 31.6 (1C), 29.61 (2C), 29.59 (1C), 29.55 

(1C), 29.5 (1C), 29.4 (1C), 28.5 (3C), 25.1 (1C), 14.4 (1C); HRMS (ESI) m/z: [M+Na]+ calcd for 

C24H39NO4, 428.2771; found, 428.2768. 

Synthesis of ethyl 11‐(3‐aminophenyl)undecanoate (3x) 
 

Trifluoroacetic acid (2.25 ml, 29.4 mmol, 15 equiv.) was slowly added to ethyl 11‐(3‐{[(tert‐

butoxy)carbonyl]amino}phenyl)undecanoate (0.811 g, 2 mmol, 1 equiv.) in 6 mL anhydrous dichloro-

methane and stirred at room temperature for 4 hours. 50 mL deionised water was added and the re-

sultant mixture was extracted three times with 25 mL ethyl acetate. The combined organic extracts 

were washed with 50 mL brine, dried over magnesium sulfate and solvent removed under vacuo to 

give ethyl 11‐(3‐aminophenyl)undecanoate (0.600 g, 98%) as a brown oil. 

Characterisation data for ethyl 11‐(3‐aminophenyl)undecanoate (3x) 

 Brown oil; Yield: 0.600 g, 98%; mp = N/A; 1H NMR (400 MHz, CDCl3): δ 7.06 (t, J = 7.5 Hz, 1H), 

6.58 (d, J = 7.5 Hz, 1H), 6.52-6.48 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 3.50 (br s, 2H), 2.50 (t, J = 7.9 

Hz, 2H), 2.28 (t, J = 7.7 Hz, 2H), 1.65-1.55 (m, 4H), 1.35-1.20 (m, 15H); 13C NMR (100 MHz, 

CDCl3): δ 174.1 (1C), 146.4 (1C), 144.4 (1C), 129.2 (1C), 119.0 (1C), 115.4 (1C), 112.6 (1C), 60.3 

(1C), 36.1 (1C), 34.5 (1C), 31.5 (1C), 31.5 (1C), 29.62 (2C), 29.56 (1C), 29.5 (1C), 29.4 (1C), 29.3 

(1C), 25.1 (1C), 14.4 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C19H31NO2, 306.2428; found, 

306.2425. 
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Synthesis of ethyl 12‐(3‐{[(tert‐butoxy)carbonyl]amino}phenoxy)dodecanoate (Boc4) 

tert‐butyl N‐(3‐hydroxyphenyl)carbamate (0.502 g, 2.4 mmol, 1.2 equiv.) was added to ethyl 12-bro-

mododecanoate (0.615 g, 2 mmol, 1 equiv.) in 7 mL anhydrous dimethylformamide. Potassium car-

bonate (0.553 g, 4 mmol, 2 equiv.) was added and the resultant suspension was stirred at 100°C under 

argon. After 24 hours, the reaction mixture was cooled to room temperature, diluted with 50 mL brine 

and extracted three times with 50 mL ethyl acetate. The combined organic extracts were washed twice 

with 50 mL brine, then was dried over magnesium sulfate and solvent removed under vacuum. The 

crude product was then purified by dry column vacuum chromatography using gradient elutions of 

hexane / dichloromethane (60:40 to 100:0) to yield ethyl 12‐(4‐{[(tert‐butoxy)carbonyl]-amino}phe-

noxy)dodecanoate (0.345 g, 40%) as a white solid. 

Characterisation data for ethyl 12‐(3‐{[(tert‐butoxy)carbonyl]amino}phenoxy)dodecanoate (Boc4) 

White solid; Yield: 0.664 g, 33%; mp = 56-58°C; 1H NMR (400 MHz, CDCl3): δ 7.14 (t, J = 8.2 Hz, 

1H), 7.09 (s, 1H), 6.57 (d, J = 8.2 Hz, 1H), 6.48 (br s, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.93 (t, J = 6.6 

Hz, 2H), 2.28 (t, J = 7.7 Hz, 2H), 1.75 (quint, J = 7.9 Hz, 2H), 1.68-1.56 (m, 2H), 1.51 (s, 9H), 1.47 

– 1.38 (m, 2H), 1.37-1.22 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 174.1 (1C), 152.9 (1C), 144.1 

(1C), 138.4 (1C), 128.9 (1C), 123.3 (1C), 118.6 (1C), 115.9 (1C), 80.5 (1C), 60.3 (1C), 36.2 (1C), 

34.5 (1C), 31.6 (1C), 29.61 (2C), 29.59 (1C), 29.55 (1C), 29.5 (1C), 29.4 (1C), 29.3 (1C), 28.5 (3C), 

25.1 (1C), 14.4 (1C); HRMS (ESI) m/z: [M + Na]+ calcd for C25H41NO5, 458.2877; found, 458.2881. 

Synthesis of ethyl 12‐(3‐aminophenoxy)dodecanoate (4x) 

Ethyl 12‐(3‐aminophenoxy)dodecanoate was synthesised following the same procedure as for 3x and 

was isolated as a beige solid (91%). 

Characterisation of ethyl 12‐(3‐aminophenoxy)dodecanoate (4x) 
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Beige solid; Yield: 0.386 g, 91%; mp = 54-55°C; 1H NMR (400 MHz, CDCl3): δ 7.04 (t, J = 8 Hz, 

1H), 6.31 (dd, J = 8.3, 2.4 Hz, 1H), 6.27 (dd, J = 8, 2.2 Hz, 1H), 6.24 (t, J = 2.2 Hz, 1H), 4.12 (q, J = 

7.2 Hz, 2H), 3.90 (t, J = 6.6 Hz, 2H), 3.64 (br s, 2H), 2.28 (t, J = 7.6 Hz, 2H), 1.75 (q, J = 7.9 Hz, 

2H), 1.61 (q, J = 7.3 Hz, 2H), 1.47-1.37 (m, 2H), 1.36-1.22 (m, 15H); 13C NMR (100 MHz, CDCl3): 

δ 174.1 (1C), 160.5 (1C), 147.8 (1C), 130.2 (1C), 107.9 (1C), 104.8 (1C), 101.8 (1C), 67.9 (1C), 60.3 

(1C), 34.5 (1C), 29.7 (1C), 29.6 (2C), 29.56 (1C), 29.51 (1C), 29.44 (1C), 29.38 (1C), 29.27 (1C), 

26.2 (1C), 25.1 (1C), 14.4 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C20H33NO3, 336.2533; found, 

336.2543. 

Synthesis of ethyl 12‐{3‐[(tert‐butoxycarbonyl)amino]phenoxy}decanoate (Boc5) 

Ethyl 12‐{3‐[(tert‐butoxycarbonyl)amino]phenoxy}decanoate was synthesised following the same 

procedure as for Boc4 and was isolated as a white solid (40%). 

Characterisation data for ethyl 12‐{3‐[(tert‐butoxycarbonyl)amino]phenoxy}decanoate (Boc5) 

White solid; Yield: 0.345 g, 40%; mp = 62-64°C; 1H NMR (400 MHz, CDCl3): δ 7.23 (d, J = 8.5 

Hz, 2H), 6.82 (d, J = 9.0 Hz, 2H), 6.33 (br s, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.91 (t, J = 6.6 Hz, 2H), 

2.28 (t, J = 7.6 Hz, 2H), 1.75 (q, J = 7.8 Hz, 2H), 1.65-1.57 (m, 2H), 1.50 (s, 9H), 1.45-1.38 (m, 

2H), 1.35-1.20 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 174.1 (1C), 155.4 (1C), 153.3 (1C), 131.4 

(1C), 120.6 (2C), 115.0 (2C), 80.4 (1C), 68.5 (1C), 60.3 (1C), 34.5 (1C), 29.7 (1C), 29.6 (2C), 29.5 

(2C), 29.42 (1C), 29.38 (1C), 29.27 (1C), 28.5 (3C), 26.1 (1C), 25.1 (1C); HRMS (ESI) m/z: [M + 

Na]+ calcd for C25H41NO5, 458.2877; found, 458.2880. 

Synthesis of ethyl 12‐(4‐aminophenoxy)dodecanoate (5x) 

 

Ethyl 12‐(4‐aminophenoxy)dodecanoate was synthesised following the same procedure as for 3x and 

was isolated as a brown solid (98%). 
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Characterisation data for ethyl 12‐(4‐aminophenoxy)dodecanoate (5x) 
 

Brown solid; Yield: 0.639 g, 98%; mp = 42-45°C; 1H NMR (400 MHz, CDCl3): δ 6.74 (d, J = 8.8 Hz, 

2H), 6.63 (d, J = 8.8 Hz, 2H), 4.12 (q, J = 7.2 Hz, 2H), 3.87 (t, J = 6.6 Hz, 2H), 3.40 (br s, 2H), 2.28 

(t, J = 7.6 Hz, 2H), 1.73 (quint, J = 8 Hz, 2H), 1.65-1.55 (m, 2H), 1.42 (quint, J = 8 Hz, 2H), 1.36-

1.22 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 174.0 (1C), 152.4 (1C), 139.8 (1C), 116.4 (2C), 115.7 

(2C), 68.7 (1C), 60.2 (1C), 34.4 (1C), 29.5 (1C), 29.5 (1C), 29.4 (2C), 29.4 (1C), 29.3 (1C), 29.1 

(1C); HRMS (ESI) m/z: [M + H]+ calcd for C20H33NO3, 336.2533; found, 336.2529. 

Synthesis of ethyl 12‐[4‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodec-

anoate (5a-Et) 

N‐[4‐chloro‐3‐(trifluoromethyl)phenyl]‐1H‐imidazole‐1‐carboxamide (0.312 g, 1.1 mmol, 2 equiv.) 

dissolved in 3 ml anhydrous dichloromethane was added dropwise to a solution of ethyl 12‐(4‐ami-

nophenoxy)dodecanoate (0.181 g, 0.5 mmol, 1 equiv.) in 3 mL anhydrous dichloromethane. Reaction 

mixture stirred at room temperature under argon for 24 hours. After this, 50 mL of brine was added 

and mixture was extracted twice with 50 mL ethyl acetate, then the combined organic extracts were 

then dried over magnesium sulfate and solvent was removed. The crude product was then purified by 

dry column vacuum chromatography using gradient elutions of dichloromethane / ethyl acetate (100:0 

to 90:10) to give ethyl 12‐[4‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]-carbamoyl}amino)phenoxy]do-

decanoate (0.277 g, 92%) as an off-white solid. 

Characterisation data for ethyl 12‐[4‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino-

phenoxy]dodecanoate (5a-Et) 

Off-white solid; Yield: 0.277 g, 92%; mp = 112-114°C; 1H NMR (400 MHz, CDCl3): δ 7.63 (s, 1H), 

7.43 (s, 1H), 7.24-7.04 (m, 4H), 6.90-6.70 (m, 3H), 4.13 (q, J = 7.1 Hz, 2H), 3.91 (t, J = 6.4 Hz, 2H), 

2.30 (t, J = 7.6 Hz, 2H), 1.76 (q, J = 7.8 Hz, 2H), 1.66-1.56 (m, 2H), 1.44 (q, J = 8 Hz, 2H), 1.38-
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1.22 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 174.5 (1C), 157.6 (1C), 153.6 (1C), 140.5 (1C), 135.5 

(1C), 132.6 (q, J = 33 Hz, 1C), 129.2 (1C), 125.6 (1C), 123.3 (q, J = 271.2 Hz, 1C), 122.3 (2C), 119.9 

(q, J = 4 Hz, 1C), 115.7 (2C), 114.2 (q, J = 3.8 Hz, 1C), 68.5 (1C), 60.5 (1C), 34.6 (1C), 29.6 (1C), 

29.5 (2C), 29.4 (1C), 29.37 (1C), 29.31 (1C), 29.2 (1C), 26.0 (1C), 25.2 (1C), 14.4 (1C); HRMS (ESI) 

m/z: [M + H]+ calcd for C28H36ClF3N2O4, 557.2388; found, 557.2404. 

Synthesis of 12‐[4‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy] dodecanoic 

acid (5a) 

Ethyl 12‐[4‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoate (0.100 

g, 0.2 mmol, 1 equiv.) in 36 mL 95% ethanol and heated to 40°C with stirring to dissolve. 12 mL 1.5 

M sodium hydroxide was then added and reaction mixture was heated and stirred for 3 hours. After 

this, the solvent volume was reduced by 75% under vacuo and the resultant mixture was acidified 

with 1 M HCl to pH 1. The mixture was extracted three times with 30 mL ethyl acetate, which was 

then washed with brine, dried over sodium sulfate and solvent removed under vacuo to give 12‐[4‐

({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoic acid in quantitative 

yield as an off-white solid. 

Characterisation data for 12‐[4‐({[3‐Chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phe-

noxy]dodecanoic acid (5a) 

Off-white solid; Yield: 0.094 g, 99%; mp = 132-134°C; 1H NMR (400 MHz, DMSO-d6): δ 11.95 (br 

s, 1H), 9.16 (s, 1H), 8.72 (s, 1H), 7.81 (d, J = 7.1 Hz, 2H), 7.40-7.30 (m, 3H), 6.85 (d, J = 9 Hz, 2H), 

3.90 (t, J = 6.6 Hz, 2H), 2.18 (t, J = 7.3 Hz, 2H), 1.68 (q, J = 7.5 Hz, 2H), 1.53-1.33 (m, 4H), 1.32-

1.19 (m, 12H). 13C NMR (100 MHz, DMSO-d6): δ 174.6 (1C), 154.4 (1C), 152.5 (1C), 142.4 (1C), 

134.2 (1C), 131.9 (1C), 131.1 (q, J = 32.6 Hz, 1C), 123.3 (q, J = 272.1 Hz, 1C), 121.0 (1C), 120.7 

(2C), 117.5 (1C), 114.6 (2C), 112.9 (1C), 67.6 (1C), 33.7 (1C), 29.01 (1C), 28.96 (1C), 28.9 (1C), 
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28.81 (1C), 28.76 (2C), 28.6 (1C), 25.5 (1C), 24.5 (1C). HRMS (ESI) m/z: [M + H]+ calcd for 

C26H32ClF3N2O4, 529.2075; found, 529.2083. 

Synthesis of ethyl 12‐[3‐({[3‐chloro‐5 (trifluoromethyl)phenyl]carbamoyl}amino)phenoxy] dodec-

anoate (4a-Et) 

Ethyl 12‐[3‐({[3‐chloro‐5(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoate was syn-

thesised following the same procedure as for 5a-Et and was isolated as an off-white solid (74%). 

Characterisation data for Ethyl 12‐[3‐({[3‐chloro‐5 (trifluoromethyl)phenyl]carbamoyl} 

amino)phenoxy]dodecanoate (4a-Et) 

Off-white solid; Yield: 0.123 g, 74%; mp = 85-87°C; 1H NMR (400 MHz, CDCl3): δ 7.73 (s, 1H), 

7.58 (s, 1H), 7.44-7.38 (m, 2H), 7.21 (s, 1H), 7.15 (t, J = 8.2 Hz, 1H), 6.88 (t, J = 2.1 Hz, 1H), 6.84 

(d, J = 7.9 Hz, 1H), 6.61 (dd, J = 8.2, 2.0 Hz, 1H), 4.15 (q, J = 7.2 Hz, 2H), 3.85 (t, J = 6.6 Hz, 2H), 

2.32 (t, J = 7.6 Hz, 2H), 1.74-1.58 (m, 4H), 1.44-1.20 (m, 17H); 13C NMR (100 MHz, CDCl3): δ 

175.1 (1C), 160.1 (1C), 153.2 (1C), 140.4 (1C), 138.6 (1C), 135.5 (1C), 132.6 (q, J = 33.3 Hz, 1C), 

130.2 (1C), 123.3 (q, J = 273 Hz, 1C), 122.5 (1C), 119.9 (1C), 114.3 (1C), 113.3 (1C), 110.7 (1C), 

107.9 (1C), 68.1 (1C), 60.7 (1C), 34.7 (1C), 29.41 (2C), 29.38 (2C), 29.3 (1C), 29.23 (2C), 29.18 

(1C), 26.0 (1C), 25.2 (1C), 14.3 (1C); HRMS (ESI) m/z: [M - H]- calcd for C28H36ClF3N2O4, 

555.2240; found, 555.2244.  

Synthesis of 12‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoic 

acid (4a) 

12‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoic acid was syn-

thesised following the same procedure as for 5a and was isolated as a beige solid (96%). 
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Characterisation data for 12‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phe-

noxy]dodecanoic acid (4a) 

Beige solid; Yield: 0.071 g, 96%; mp = 110-112°C; 1H NMR (400 MHz, DMSO-d6): δ 11.95 (br s, 

1H), 9.24 (s, 1H), 8.93 (s, 1H), 7.84-7.78 (m, 2H), 7.39 (s, 1H), 7.20-7.13 (m, 2H), 6.92 (d, J = 8 Hz, 

1H), 6.56 (d, J = 8.3 Hz, 1H), 3.92 (t, J = 6.4 Hz, 2H), 2.17 (t, J = 7.2 Hz, 2H), 1.69 (q, J = 7.5 Hz, 

2H), 1.52-1.35 (m, 4H), 1.34-1.20 (m, 12H); 13C NMR (100 MHz, DMSO-d6): δ 175.5 (1C), 160.1 

(1C), 153.2 (1C), 143.1 (1C), 141.3 (1C), 135.2 (1C), 132.0 (q, J = 32.8 Hz, 1C), 130.5 (1C), 124.2 

(q, J = 275 Hz, 1C), 122.1 (1C), 118.7 (1C), 114.0 (1C), 111.8 (1C), 109.4 (1C), 105.9 (1C), 68.3 

(1C), 34.7 (1C), 30.0 (1C), 29.93 (1C), 29.88 (1C), 29.76 (1C), 29.73 (1C), 29.7 (1C), 29.5 (1C), 26.5 

(1C), 25.5 (1C); HRMS (ESI) m/z: [M - H]- calcd for C26H32ClF3N2O4, 527.1930; found, 527.1930. 

Synthesis of ethyl 11‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]-un-

decanoate (3a-Et) 

Ethyl 11‐[3‐({[3‐chloro‐5‐ (trifluoromethyl)phenyl]carbamoyl}amino)phenyl]undecanoate was syn-

thesised following the same procedure as for 5a-Et and was isolated as an off-white solid (41%). 

Characterisation data for ethyl 11‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)-

phenyl]undecanoate (3a-Et) 

Off-white solid; Yield: 0.108 g, 41%; mp = 92-93°C; 1H NMR (400 MHz, CDCl3): δ 7.65 (s, 1H), 

7.57 (s, 1H), 7.44 (s, 1H), 7.24-7.14 (m, 4H), 7.06 (s, 1H), 6.93 (d, J = 7.2 Hz, 1H), 4.15 (q, J = 7.2 

Hz, 2H), 2.53 (t, J = 7.8 Hz, 2H), 2.32 (t, J = 7.6 Hz, 2H), 1.66-1.50 (m, 4H), 1.34-1.18 (m, 15H); 

13C NMR (100 MHz, CDCl3): δ 175.1 (1C), 153.1 (1C), 144.6 (1C), 140.6 (1C), 137.3 (1C), 135.5 

(1C), 132.6 (q, J = 33 Hz, 1C), 129.4 (1C), 125.2 (1C), 123.2 (q, J = 273 Hz, 1C), 122.3 (1C), 121.6 

(1C), 119.8 (q, J = 3.9 Hz, 1C), 118.9 (1C), 114.2 (q, J = 4.1 Hz, 1C), 60.7 (1C), 35.8 (1C), 34.7 (1C), 
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31.1 (1C), 29.2 (2C), 29.13 (1C), 29.12 (2C), 29.10 (1C), 28.9 (1C), 25.1 (1C); HRMS (ESI) m/z: [M 

+ H]+ calcd for C27H34ClF3N2O3, 527.2283; found, 527.2306. 

Synthesis of 11‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]undecanoic 

acid (3a) 

11‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]undecanoic acid was synthe-

sised following the same procedure as for 5a and was isolated as a cream solid (99%). 

Characterisation data for 11‐[3‐({[3‐chloro‐5-(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]-

undecanoic Acid (3a) 

Cream solid; Yield: 0.074 g, 99%; mp = 124-126°C; 1H NMR (400 MHz, DMSO-d6): δ 11.94 (br s, 

1H), 9.21 (s, 1H), 8.87 (s, 1H), 7.83 (s, 1H), 7.81 (s, 1H), 7.39 (s, 1H), 7.33 (s, 1H), 7.24 (d, J = 8.2 

Hz, 1H), 7.18 (t, J = 7.9 Hz, 1H), 6.83 (d, J = 7.2 Hz, 1H), 2.56-2.48 (m, 2H), 2.17 (t, J = 7.4 Hz, 

1H), 1.60-1.40 (m, 4H), 1.34-1.18 (m, 13H); 13C NMR (100 MHz, DMSO-d6): δ 174.5 (1C), 152.3 

(1C), 143.0 (1C), 142.2 (1C), 139.0 (1C), 134.2 (1C), 131.1 (q, J = 32.6 Hz, 1C), 128.6 (1C), 123.3 

(q, J = 272.7 Hz, 1C), 122.5 (1C), 121.1 (1C), 118.6 (1C), 117.7 (q, J = 4 Hz, 1C), 116.1 (1C), 113.0 

(q, J = 4.2 Hz, 1C), 35.2 (1C), 33.7 (1C), 30.9 (1C), 29.0 (1C), 28.9 (1C), 28.8 (1C), 28.7 (1C), 28.6 

(1C), 28.6 (1C), 24.5 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C25H30ClF3N2O3, 499.1970; found, 

499.1997. 

Synthesis of ethyl 12‐[4‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodec-

anoate (5b-Et) 

Ethyl 12‐[4‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoate was 

synthesised following the same procedure as for 5a-Et and was isolated as an off-white solid (78%). 
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Characterisation data for ethyl 12‐[4‐({[4‐chloro‐3-(trifluoromethyl)phenyl]carbamoyl}amino)-

phenoxy]dodecanoate (5b-Et) 

Off-white solid; Yield: 0.105 g, 78%; mp = 98-100°C; 1H NMR (400 MHz, CDCl3): δ 7.56 (s, 1H), 

7.50 (d, J = 8.7 Hz, 1H), 7.32 (d, J = 8.7 Hz, 1H), 7.19-7.12 (m, 3H), 6.88-6.81 (m, 3H), 4.13 (q, J = 

7.1 Hz, 2H), 3.90 (t, J = 6.5 Hz, 2H), 2.29 (t, J = 7.7 Hz, 2H), 1.75 (q, J = 7.8 Hz, 2H), 1.67-1.55 (m, 

2H), 1.43 (q, J = 7.7 Hz, 2H), 1.38-1.22 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 174.5 (1C), 157.4 

(1C), 153.9 (1C), 137.6 (1C), 132.0 (2C), 129.4 (1C), 128.7 (q, J = 31.1 Hz, 1C), 125.8 (1C), 125.3 

(1C), 123.6 (1C), 122.7 (q, J = 271.8 Hz, 1C), 123.6 (1C), 118.5 (q, J = 5.6 Hz, 1C), 115.5 (2C), 68.4 

(1C), 60.5 (1C), 34.6 (1C), 29.6 (1C), 29.6 (1C), 29.5 (1C), 29.4 (2C), 29.3 (1C), 29.2 (1C), 26.0 

(1C), 25.2 (1C); HRMS (ESI) m/z: [M - H]- calcd for C28H36ClF3N2O4, 555.2243; found, 555.2248. 

Synthesis of 12‐[4‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy] dodecanoic 

acid (5b) 

12‐[4‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoic acid was syn-

thesised following the same procedure as for 5a and was isolated as a brown solid (99%). 

Characterisation data for 12‐[4‐({[4‐Chloro‐3-(trifluoromethyl)phenyl]carbamoyl}amino)-phe-

noxy]dodecanoic acid (5b) 

Brown solid; Yield: 0.073 g, 99%; mp = 120-122°C; 1H NMR (400 MHz, DMSO-d6): δ 11.96 (bs, 

1H), 9.09 (s, 1H), 8.63 (s, 1H), 8.09 (s, 1H), 7.65-7.55 (m, 2H), 7.33 (d, J = 9 Hz, 2H), 6.85 (d, J = 9 

Hz, 2H), 3.90 (t, J = 6.5 Hz, 2H), 2.18 (t, J = 7.4 Hz, 2H), 1.67 (q, J = 7.8 Hz, 2H), 1.53-1.33 (m, 

4H), 1.32-1.20 (m, 12H); 13C NMR (100 MHz, DMSO-d6): δ 174.5 (1C), 154.2 (1C), 152.6 (1C), 

139.6 (1C), 132.0 (1C), 131.9 (1C), 126.7 (q, J = 30.2 Hz, 1C), 122.9 (1C), 122.8 (q, J = 273.1 Hz, 

1C), 122.0 (1C), 120.5 (2C), 116.6 (q, J = 5.6 Hz, 1C), 114.6 (2C), 67.6 (1C), 33.7 (1C), 29.0 (1C), 



 
 

188 
 

28.95 (1C), 28.90 (1C), 28.8 (1C), 28.7 (2C), 28.6 (1C), 25.5 (1C), 24.5 (1C); HRMS (ESI) m/z: [M 

+ H]+ calcd for C26H32ClF3N2O4, 529.2075; found, 529.2094. 

Synthesis of ethyl 12‐[3‐({[4‐chloro‐3(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy] dodeca-

noate (4b-Et) 

Ethyl 12‐[3‐({[4‐chloro‐3(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoate was syn-

thesised following the same procedure as for 5a-Et and was isolated as a cream solid (81%). 

Characterisation data for Ethyl 12‐[3‐({[4‐chloro‐3(trifluoromethyl)phenyl]carbamoyl} 

amino)phenoxy]dodecanoate (4b-Et) 

Cream solid; Yield: 0.135 g, 81%; mp = 97-99°C; 1H NMR (400 MHz, CDCl3): δ 7.57-7.50 (m, 3H), 

7.32 (d, J = 8.6 Hz, 1H), 7.25 (s, 1H), 7.17 (t, J = 8.1 Hz, 1H), 6.89-6.82 (m, 2H), 6.62 (d, J = 8.3 Hz, 

1H), 4.14 (q, J = 7.1 Hz, 2H), 3.87 (t, J = 6.5 Hz, 2H), 2.32 (t, J = 7.6 Hz, 2H), 1.76-1.56 (m, 4H), 

1.46-1.36 (m, 2H), 1.35-1.23 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 174.9 (1C), 160.1 (1C), 153.2 

(1C), 138.7 (1C), 137.5 (1C), 132.0 (1C), 130.2 (1C), 128.8 (q, J = 31.6 Hz, 1C), 125.9 (1C), 123.6 

(1C), 122.7 (q, J = 271.6 Hz, 1C), 118.6 (q, J = 5.6 Hz, 1C), 113.3 (1C), 110.6 (1C), 107.9 (1C), 68.1 

(1C), 60.7 (1C), 34.7 (1C), 29.4 (1C), 29.38 (1C), 29.36 (1C), 29.3 (1C), 29.2 (1C), 29.2 (1C), 29.2 

(1C), 26.0 (1C), 25.2 (1C), 14.3 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C28H36ClF3N2O4, 

557.2388; found, 557.2401. 

Synthesis of 12‐[3‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy] dodecanoic 

acid (4b) 

 

12‐[3‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]dodecanoic  

acid was synthesised following the same procedure as for 5a and was isolated as a beige solid (95%). 
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Characterisation data for 12‐[3‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)-phe-

noxy]dodecanoic acid (4b) 

Beige solid; Yield: 0.070 g, 95%; mp = 116-118°C; 1H NMR (400 MHz, DMSO-d6): δ 11.95 (s, 1H), 

9.16 (s, 1H), 8.83 (s, 1H), 8.09 (s, 1H), 7.65-7.57 (m, 2H), 7.19-7.13 (m, 2H), 6.91 (d, J = 8.1 Hz, 

1H), 6.55 (d, J = 8.2 Hz, 1H), 3.91 (t, J = 6.6 Hz, 2H), 2.17 (t, J = 7.4 Hz, 2H), 1.69 (q, J = 7.7 Hz, 

2H), 1.52-1.35 (m, 4H), 1.34-1.21 (m, 12H); 13C NMR (100 MHz, DMSO-d6): δ 174.5 (1C), 159.1 

(1C), 152.3 (1C), 140.4 (1C), 139.4 (1C), 132.0 (1C), 129.5 (1C), quartet 126.7 (J = 30.5 Hz, 1C), 

122.3 (1C), quartet 122.8 (J = 271.4 Hz, 1C), 122.3 (1C), quartet 116.7 (J = 5.8 Hz, 1C), 110.8 (1C), 

108.2 (1C), 104.9 (1C), 67.3 (1C), 33.7 (1C), 29.0 (1C), 28.96 (1C), 28.91 (1C), 28.79 (1C), 28.76 

(1C), 28.7 (1C), 28.6 (1C), 25.5 (1C), 24.5 (1C); HRMS (ESI) m/z: [M + H]+ calcd for 

C26H32ClF3N2O4, 529.2075; found, 529.2094. 

Synthesis of ethyl 11‐[3‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl] unde-

canoate (3b-Et) 

Ethyl 11‐[3‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]undecanoate was syn-

thesised following the same procedure as for 5a-Et and was isolated as a beige solid (61%). 

Characterisation data for Ethyl 11‐[3‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino) 

phenyl]undecanoate (3b-Et) 

Beige solid; Yield: 0.162 g, 61%; mp = 82-83°C; 1H NMR (400 MHz, CDCl3): δ 7.59-7.51 (m, 3H), 

7.32 (d, J = 8.4 Hz, 1H), 7.24 (s, 1H), 7.19 (t, J = 7.6 Hz, 1H), 7.14 (d, J = 8.4 Hz, 1H), 7.05 (s, 1H), 

6.91 (d, J = 7.4 Hz, 1H), 4.15 (q, J = 7.2 Hz, 2H), 2.51 (t, J = 7.8 Hz, 2H), 2.32 (t, J = 7.6 Hz, 2H), 

1.66-1.50 (m, 4H), 1.34-1.18 (m, 15H); 13C NMR (100 MHz, CDCl3): δ 175.0 (1C), 153.4 (1C), 144.6 

(1C), 137.6 (1C), 137.4 (1C), 132.0 (1C), 129.3 (1C), quartet 128.8 (J = 31.3 Hz, 1C), 125.8 (1C), 

125.0 (1C), 123.5 (1C), quartet 122.7 (J = 271.8 Hz, 1C), 121.5 (1C), 118.8 (1C), quartet 118.4 (J = 
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5.6 Hz, 1C), 60.7 (1C), 35.8 (1C), 34.7 (1C), 31.1 (1C), 29.3 (1C), 29.2 (2C), 29.18 (1C), 29.15 (1C), 

29.0 (1C), 25.1 (1C), 14.3 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C27H34ClF3N2O3, 527.2283; 

found, 527.2288. 

Synthesis of 11‐[3‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl] undecanoic 

acid (3b) 

11‐[3‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]undecanoic acid was synthe-

sised following the same procedure as for 5a and was isolated as a beige solid (91%). 

Characterisation data for 11‐[3‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino) 

phenyl]undecanoic acid (3b) 

Beige solid; Yield: 0.068 g, 91%; mp = 101-103°C; 1H NMR (400 MHz, DMSO-d6): δ 11.95 (s, 1H), 

9.14 (s, 1H), 8.77 (s, 1H), 8.10 (s, 1H), 7.65-7.55 (m, 2H), 7.31 (s, 1H), 7.23 (d, J = 8.2 Hz, 1H), 7.17 

(t, J = 7.9 Hz, 1H), 6.82 (d, J = 7.4 Hz, 1H), 2.56-2.46 (m, 2H), 2.17 (t, J = 7.4 Hz, 2H), 1.60-1.41 

(m, 4H), 1.32-1.18 (m, 12H); 13C NMR (100 MHz, DMSO-d6): δ 174.6 (1C), 152.4 (1C), 143.0 (1C), 

139.4 (1C), 139.1 (1C), 132.0 (1C), 128.6 (1C), quartet 126.7 (J = 30.7 Hz, 1C), 123.0 (1C), quartet 

122.9 (J = 271.4 Hz, 1C), 122.4 (1C), 122.2 (1C), 118.5 (1C), quartet 116.7 (J = 5.9 Hz, 1C), 116.0 

(1C), 35.3 (1C), 33.7 (1C), 30.9 (1C), 29.0 (1C), 28.91 (1C), 28.86 (1C), 28.7 (1C), 28.7 (1C), 28.6 

(1C), 24.5 (1C); HRMS (ESI) m/z: [M + H]+ calcd for C25H30ClF3N2O3, 499.1970; found, 499.1974. 
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S4.3 Absolute quantitative 1H NMR purity determination of 3-5a and 3-5b 

The purity of all test compounds was confirmed to be >95% by absolute quantitative NMR spectros-

copy.[24] This technique determines purity by comparing the NMR signals of a given analyte against 

an internal calibrant (IC) of known purity. DMSO-d6 was spiked with a known mass of the internal 

calibrant 1,3,5-trioxane (99.5% purity) to give a final IC concentration of approximately 1.5 mg/ml. 

Approximately 5 mg of each test compound was accurately weighed on a 5-decimal place analytical 

balance (0.01 mg accuracy). The sample was then dissolved in 600 μL of IC spiked DMSO-d6 ad-

ministered via mechanical pipette, then transferred to 5 mm NMR tubes. Collection and processing 

of NMR spectra, and calculation of purity, were performed according to the procedure described by 

the Journal of Medicinal Chemistry.[24] The final calculated purities are shown in Table S3. The purity 

of compound 5a was above 100%, and is attributed to the ~1% error associated with manual sample 

preparation for qNMR experiments.[25]  

 

Table S3. Purity of diphenyl ureas 3a-5b as determined by qNMR  

 

 

 

 

 

 

  

Compound Purity (%) 

3a 96.9 
3b 99.1 
4a 98.5 
4b 98.1 
5a 101.2 
5b 99.7 
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S4.4 H+/OH- transport assay in vesicles  

Vesicle Preparation 

HPTS assays were conducted using POPC LUVs (200 nm diameter) vesicles loaded with an 

internal solution containing pH-sensitive fluorescent dye HPTS (1 mM), HEPES buffer (10 mM) and 

potassium gluconate (100 mM). An external solution of HEPES buffer (10 mM) and potassium glu-

conate (100 mM) was also prepared, and both solutions were buffered to pH 7. 

Unilamellar vesicles were prepared following a procedure outlined previously by the Gale 

group.[26] A chloroform solution of POPC (37.5 mM, 4 mL) was transferred to a pre-weighed round-

bottom flask, and the solvent was removed using a rotary evaporator. The pressure was lowered 

slowly to ensure the formation of a smooth lipid film. Subsequently, the film was dried in vacuo for 

4−24 h, and the mass of lipid was recorded. The lipids were rehydrated with 4 mL of internal solution 

(this number should correspond to the volume of POPC solution used initially) and vortexed until all 

lipids were removed from the sides of the flask and were suspended in solution. The lipids were 

subjected to 9 cycles of freeze-thaw by freezing using a dry ice/acetone bath and thawing in lukewarm 

water. Following this, the vesicles were left to rest at room temperature for 30 min. The lipids were 

extruded through a 200 nm polycarbonate membrane 25 times to form monodisperse vesicles. Only 

1 mL of solution was extruded at a time before being collected. Finally, any residual unencapsulated 

salt from the internal solution was using a B19 column packed with hydrated G-25 Sephadex®, which 

had been pre-saturated with the respective external solution. The lipid suspensions were diluted with 

the external solution to afford a stock solution (10 mL) of a known concentration. 

HPTS Assay 

For a given experiment, the prepared vesicles were diluted to a concentration of 0.1 mM in a 4.5 mL 

plastic cuvette. A pH gradient is required to drive transport through the vesicle membrane in these 
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experiments before the transporter is added. An aliquot of aqueous KOH solution (25 µL, 0.5 M) was 

added to increase the pH of the external solution by approx. one pH unit to pH 8.0. For experiments 

requiring the addition of Oleic Acid was added before KOH. Following this, valinomycin (5 μL of 25 

μM DMSO solution, 0.05 mol%) was added to each cuvette.  Transport was initiated with the addition 

of the transporter as a DMSO solution (5 µL) and ended with the addition of detergent (Triton X-100 

(10% v/v in water), 25 µL) was added at t = 205 s to lyse the vesicles, and a final fluorescence intensity 

reading was recorded at t = 300 s to signify 100% proton efflux.  

Dose-Response Hill Analysis 

The changes in the fluorescent activity of intravesicular HPTS were used to detect pH changes during 

the experiments, and hence represent proton efflux. The acidic and basic forms of the HPTS probe 

were excited at λex = 403 nm and λex = 460 nm, respectively, and the fluorescence emission of both 

forms recorded at λem = 510 nm. The intensity ratio of basic form to acidic form was determined, and 

the fractional fluorescence intensity (IF) was calculated using the equation: 

𝐼𝐹 =
𝑅𝑡 − 𝑅0

𝑅𝑑 − 𝑅0
 

Where Rt is the ratiometric fluorescence value at a given time (t), R0 is the ratiometric fluorescence 

value at t = 0 s and Rd is the fluorescence ratiometric value recorded at t = 280 s following the addition 

of detergent. 

Dose-response experiments were performed at a minimum of five transporter concentrations plus a 

blank DMSO control run. The fractional fluorescence intensity (IF) was plotted as a function of trans-

porter concentration (mol%, with respect to lipid concentration). The IF value at t = 200 s for each 

tested transporter concentration was fit to an adapted Hill Equation, using Origin 2021b (Academic), 

given as: 
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𝑦 = 𝑦0 + (𝑦𝑚𝑎𝑥 − 𝑦0)
𝑥𝑛

𝑘𝑛 + 𝑥𝑛
 

where y0 is the IF value at t = 200 s for the DMSO blank run, ymax is the maximum IF value, n is the 

Hill coefficient, and k is a derived parameter. 

A derived equation was used to calculate the EC50 value, the transporter concentration required to 

facilitate 50% chloride efflux, given as: 

𝐸𝐶50 = 𝑘 (
0.5

𝑦1 − 𝑦0
)

1/𝑛

 

where k and n are the derived parameters from the Hill equation, y0 is the percentage chloride efflux 

at t = 0 s, and y1 is the percentage chloride efflux at t = 280 s. 
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 S4.5 2a-5b HPTS Dose-Response Hill Analyses 

 

Figure S108. Hill plot analysis of H+/OH− transport facilitated by compound 2a measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the ad-

dition of 2a at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S109. Hill plot analysis of H+/OH− transport facilitated by compound 2b measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 
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addition of 2b at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S110. Hill plot analysis of H+/OH− transport facilitated by compound 3a measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the ad-

dition of 3a at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 
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Figure S111. Hill plot analysis of H+/OH− transport facilitated by compound 3b measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the ad-

dition of 3b at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S112. Hill plot analysis of H+/OH− transport facilitated by compound 4a measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 
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addition of 4a at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

Figure S113. Hill plot analysis of H+/OH− transport facilitated by compound 4b measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the ad-

dition of 4b at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats.  
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Figure S114. Hill plot analysis of H+/OH− transport facilitated by compound 5a measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the ad-

dition of 5a at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

 

 

Figure S115. Hill plot analysis of H+/OH− transport facilitated by compound 5b measured using the 

KGluc assay. KOH (5 mM) and valinomycin (0.05 mol%) were added to the vesicles before the 
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addition of 5b at 0 s. Detergent was added at 205 s to lyse the vesicles. Compound concentrations are 

shown as compound-to-lipid molar ratios. Error bars represent standard deviations from at least two 

repeats. 

  



 
 

201 
 

S4.6  NMR Studies 

Experimental Procedure - Acetate binding studies 

1H NMR titration of 2a-Me and 2a-Et-5b-Et with tetrabutylammonium acetate (TBAOAc) in 

DMSO-d6 / 0.5% H2O was performed on a Bruker 400 MHz spectrometer at 298 K, using 600 μL of 

2.5 mM host solution of DMSO-d6 / 0.5% H2O. Stock solutions of TBAOAc (30-100 mM) used as 

the titrant contained 2.5 mM of the host to prevent host dilution throughout the titration. 
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1H NMR TBAOAc Titration Stack Plots 

 

Figure S116. 1H NMR (400 MHz) titration of 2a-Me with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 1159 M-1 by fitting of the urea NH resonances 

(downfield shifted from 6.4 to 9.5 and 9 to 12.3 ppm with [-OAc] from 0 to 21 mM / Mm Host. Full 

plot details published on http://app.supramolecular.org/bindfit/ and can be found using the following 

link: http://app.supramolecular.org/bindfit/view/d178c9da-37ee-43c7-89c1-15ae813d74d6. 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/d178c9da-37ee-43c7-89c1-15ae813d74d6
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Figure S117. 1H NMR (400 MHz) titration of 2b-Et with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 548 M-1 by fitting of the urea NH resonances 

(downfield shifted from 6.3 to 9.3 and 8.9 to 12.0 ppm with [-OAc] from 0 to 21 mM / Mm Host. Full 

plot details published on http://app.supramolecular.org/bindfit/ and can be found using the following 

link: http://app.supramolecular.org/bindfit/view/08da0a48-845c-4f13-8df9-04950f08112d. 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/08da0a48-845c-4f13-8df9-04950f08112d
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Figure S118. 1H NMR (400 MHz) titration of 3a-Et with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 7201 M-1 by fitting of the urea NH resonances 

(downfield shifted from 8.9 to 12.1 and 9.2 to 12.9 ppm with [-OAc] from 0 to 8 mM / Mm Host. Full 

plot details published on http://app.supramolecular.org/bindfit/ and can be found using the following 

link: http://app.supramolecular.org/bindfit/view/a9031072-83f0-4122-b0b5-05677ba87d96. 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/a9031072-83f0-4122-b0b5-05677ba87d96
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Figure S119. 1H NMR (400 MHz) titration of 3b-Et with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 6761 M-1 by fitting of the urea NH resonances 

(downfield shifted from 8.8 to 12.0 and 9.1 to 12.7 ppm with [-OAc] from 0 to 6 mM / Mm Host. Full 

plot details published on http://app.supramolecular.org/bindfit/ and can be found using the following 

link: http://app.supramolecular.org/bindfit/view/111644a5-e48a-4fa1-b89b-d772d2a7c849. 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/111644a5-e48a-4fa1-b89b-d772d2a7c849
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Figure S120. 1H NMR (400 MHz) titration of 4a-Et with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 7388 M-1 by fitting of the urea NH resonances 

(downfield shifted from 8.9 to 12.2 and 9.2 to 12.9 ppm with [-OAc] from 0 to 6 mM / Mm Host. Full 

plot details published on http://app.supramolecular.org/bindfit/ and can be found using the following 

link: http://app.supramolecular.org/bindfit/view/47d8b6ae-82c0-458b-a03a-79cb2de2f78c. 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/47d8b6ae-82c0-458b-a03a-79cb2de2f78c
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Figure S121. 1H NMR (400 MHz) titration of 4b-Et with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 6128 M-1 by fitting of the urea NH resonances 

(downfield shifted from 8.9.5 to 12.2 and 9.2 to 12.8 ppm with [-OAc] from 0 to 37 mM / Mm Host. 

Full plot details published on http://app.supramolecular.org/bindfit/ and can be found using the fol-

lowing link: http://app.supramolecular.org/bindfit/view/6e5dde39-65a6-48ca-9642-995ee06e6fc3. 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/6e5dde39-65a6-48ca-9642-995ee06e6fc3
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Figure S122. 1H NMR (400 MHz) titration of 5a-Et with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 5077 M-1 by fitting of the urea NH resonances 

(downfield shifted from 8.8 to 12.1 and 9.2 to 12.8 ppm with [-OAc] from 0 to 35 mM / Mm Host. 

Full plot details published on http://app.supramolecular.org/bindfit/ and can be found using the fol-

lowing link: http://app.supramolecular.org/bindfit/view/bb2dead9-8dcb-42ad-a46f-d1b016d3e1c0. 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/bb2dead9-8dcb-42ad-a46f-d1b016d3e1c0
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Figure S123. 1H NMR (400 MHz) titration of 5b-Et with TBAOAc in DMSO-d6 / 0.5% H2O at 298 

K. The -OAc binding constant was determined to be 5077 M-1 by fitting of the urea NH resonances 

(downfield shifted from 8.6 to 12.0 and 9.1 to 12.6 ppm with [-OAc] from 0 to 10 mM / Mm Host. 

Full plot details published on http://app.supramolecular.org/bindfit/ and can be found using the fol-

lowing link: http://app.supramolecular.org/bindfit/view/2ff182e7-b447-4c72-9e15-45e8e6a2e2f8. 

 

  

http://app.supramolecular.org/bindfit/
http://app.supramolecular.org/bindfit/view/2ff182e7-b447-4c72-9e15-45e8e6a2e2f8
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S4.7 2b-5b Low Fatty Acid Content POPC HPTS proton transport assay plots 

 

 

Figure S124. Proton transport induced by 2b, 3b, 4b and 5b in low fatty acid content POPC with 

and without OA (2 and 4 mol%) measured using vesicular HPTS proton transport assays.  
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S4.8 Binding Free Energy calculations for complexation of 2a-5a in n-pentadecane 

We performed quantum chemical calculations using the ORCA 5.0.4 software package.[27] Reaction 

free energies were computed for the complexation of deprotonated 2a-5a molecules as head-to-tail 

dimers (ΔEdimer) and cyclic monomers (ΔEA) using an n-pentadecane SMD continuum solvent model 

to mimic the low dielectric environment of the MIM. Free energies were calculated using at the M06-

2X/6-31+G(d) level of theory, using the Boys-Bernadi counterpoise correction for basis set superpo-

sition error (BSSE).[28][29] The resulting free energies are presented in Table S4 and Figure S125. 
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Table S4. Reaction free energies of 2a-5a and components of their calculation. Values are shown in 

Hartree (Eh) unless otherwise specified. 

  

 

Reaction free energies for dianionic dimer (A = deprotonated species) 

 

 

Compound ΔEdimer  

(kJ/mol) 

ΔEdimer  

 

 𝑬𝑨
𝑨(𝑨)    

2a −266.4 -0.1015 -4060.115 -2030.000 -2030.000 -2029.994 

3a −292.4 -0.1114 -4129.123 -2064.497 -2064.503 -2064.494 

4a −300.2 -0.1143 -4358.080 -2178.977 

 

-2178.979 

 

-2178.973 

 

5a −278.5 -0.1061 -4358.066 -2178.975 -2178.972 -2178.967 

Reaction free energies for monoanionic dimer (B = protonated species) 

 
 

Compound 𝜟𝑬𝒅𝒊𝒎𝒆𝒓
∗

  

(kJ/mol) 

𝜟𝑬𝒅𝒊𝒎𝒆𝒓
∗  𝑬𝑨𝑩

𝑨𝑩(𝑨𝑩) 𝑬𝑨
𝑨(𝑨) 𝑬𝑩

𝑩(B)    𝑬𝑩
𝑨𝑩(𝑩) 

 

2a -192.0 -0.0731 -4060.611 -2030.000 -2030.528 -2030.005 -2029.997 -2030.523 -2030.521 

3a -227.7 -0.0867 -4129.615 -2064.497 -2065.026 -2064.501 -2064.496 -2065.021 -2065.022 

4a -208.9 -0.0796 -4358.575 -2178.977 

 

-2179.512 -2178.981 -2178.975 -2179.507 -2179.507 

5a -216.5 -0.0824 -4358.576 -2178.975 -2179.509 -2178.979 -2178.971 -2179.501 -2179.500 

Reaction free energies for cyclic monomer (C = cyclic monomer) 
 

                                  ∆𝑬𝑨 = 𝑬𝑨
𝑨(𝑨) − 𝑬𝑨

𝑪(𝑪)                         ∆𝑬𝑩 = 𝑬𝑩
𝑩(𝑩) − 𝑬𝑩

𝑪 (𝑪) 
Compound ∆𝑬𝑨 

(kJ/mol) 
∆𝑬𝑨 

 
𝑬𝑨

𝑨(𝑨) 𝑬𝑨
𝑪(𝑪) ∆𝑬𝑩 

(kJ/mol) 
∆𝑬𝑩 𝑬𝑩

𝑩(𝑩) 𝑬𝑩
𝑪 (𝑪) 

2a −136.4 -0.0519 -2030.000 -2030.052 −17.3 -0.0066 -2030.528 -2030.534 

3a −176.1 -0.0671 -2064.497 -2064.564 −34.3 -0.0131 -2065.026 -2065.039 

4a −160.5 -0.0611 -2178.977 

 

-2179.038 −12.9 -0.0049 -2179.512 -2179.517 

5a −141.9 -0.0541 -2178.975 -2179.029 −9.6 -0.0037 -2179.509 -2179.612 

𝑬𝑨
𝑨𝑨(𝑨𝑨) 𝑬𝑨𝑨

𝑨𝑨(𝑨𝑨) 𝑬𝑨
𝑨𝑨(𝑨)  

𝜟𝑬𝒅𝒊𝒎𝒆𝒓 = 𝑬𝑨𝑨
𝑨𝑨(𝑨𝑨) − 𝟐𝑬𝑨

𝑨(A)−[𝟐𝑬𝑨
𝑨𝑨(AA)−𝟐𝑬𝑨

𝑨𝑨(A)] 

∆𝑬𝒅𝒊𝒎𝒆𝒓
∗ = 𝑬𝑨𝑩

𝑨𝑩(𝑨𝑩) − 𝑬𝑨
𝑨(A)−𝑬𝑩

𝑩(B) −[𝑬𝑨
𝑨𝑩(AB)−𝑬𝑨

𝑨𝑩(A)−𝑬𝑩
𝑨𝑩(AB)−𝑬𝑩

𝑨𝑩(B)] 

𝑬𝑨
𝑨𝑩(𝑨𝑩)  𝑬𝑨

𝑨𝑩(𝑨) 𝑬𝑩
𝑨𝑩(𝑨𝑩)) 

𝐸𝐴
𝐴𝐴(AA) 1) 𝐸𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 → 

2) ↑ 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ′𝐴′ 

3) ↓ 𝐼𝑛 𝑜𝑝𝑡𝑖𝑚𝑖𝑠𝑒𝑑 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑦 𝑓𝑜𝑟 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ′𝐴𝐴′ 

← 4) 𝑈𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑏𝑎𝑠𝑖𝑠 𝑠𝑒𝑡 𝑓𝑜𝑟 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ′𝐴𝐴′ 
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Figure S125. Optimised geometries of deprotonated 4a molecules in n-pentadecane as linear, di-

meric, and cyclic conformers used for single point energy calculations (at M06-2X/6-31+G(d) level 

of theory, using an SMD continuum solvent model and the Boys-Bernadi counterpoise correction for 

basis set superposition error (BSSE). 
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S4.9 Cell Culture and Assay Conditions 

Cell Culture Conditions: 

 

Human MDA-MB-231 breast cancer cells (ATCC) were cultured in Dulbecco’s Modified Ea-

gle Medium containing 1% (v/v) penicillin/streptomycin (Merck) and 10% (v/v) fetal bovine 

serum (Thermo Fisher Scientific), referred to as complete media. Cells were cultured at 37°C 

in a humidified atmosphere of 5% CO2 and harvested at 80-90% confluency using tryp-

sin/EDTA after washing with Dulbecco’s phosphate-buffered saline (dPBS, Merck). Test com-

pounds were administered to cells using a DMSO vehicle (final concentration 0.1% v/v and 

were compared against cells treated with DMSO alone (vehicle only control). 

MTS Cell Viability Assay 

Cell viability following 48-hour drug treatment was assayed by measuring the conversion of 

MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-te-

trazolium) to formazan by dehydrogenase enzymes in metabolically active cells. In a 96-well 

plate, MDA-MB-231 cells were seeded in triplicate in complete media at a density of 7.0 × 104 

cells per well and incubated for 24 h. After serum starvation for 24 h, media was removed and 

replaced with serum-free DMEM containing various drug concentrations and incubated for 48 

h. Cells were then incubated with CellTiter MTS 96 Aqueous MTS Reagent Powder (Promega) 

and phenazine ethosulfate (Merck) under dark conditions for approximately 3 h. The absorb-

ance of each well at 490 nm was measured using a Tecan Infinite M1000 Pro plate reader to 

evaluate cell viability (CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay, 

Promega). 

JC-1 Mitochondrial Membrane Potential Assay 

The ability of the test compounds to depolarise the inner mitochondrial membrane was 
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measured using the JC-1 assay. MDA-MB-231 cells were seeded in triplicate in black wall 96-

well plates (1.0 × 104 cells per well) in complete media and incubated for 24 h. After serum 

starvation for 24 h, cells were treated with various drug concentrations in serum-free media 

and incubated for one hour. Cells were incubated with JC-1 in media for 20 min, washed with 

dPBS and read using a Tecan Infinite M1000 Pro plate reader to evaluate red (535 nm) and 

green (595 nm) fluorescence using excitation wavelengths of 485 and 535 nm, respectively 

(JC-1 Mitochondrial Membrane Potential Assay Kit; Cayman Chemical). 

Intracellular ATP Assay 

MDA-MB-231 cells were seeded in triplicate in 96-well plates (1.0 × 104 cells per well) in 

complete media and incubated for 24 h, followed by serum starvation for 24 h. At different 

timepoints, media were removed, and cells were treated with test compounds (5 μM) in serum-

free media and incubated for the duration of the experiment. Cells were incubated with 

CellTiter-Glo 2.0 in complete media, mixed on an orbital shaker for 2 min, and left at room 

temperature under dark conditions for 10 min, and luminescence was read on a Tecan Infinite 

M1000 Pro plate reader (CellTiter-Glo 2.0 Luminescent Cell Viability Assay). 

LDH Release Cell Viability Assay 

MDA-MB-231 cells well seeded in triplicate in 96-well plates (1.0 × 104 cells per well) in 

complete media and incubated for 24 h. Following serum starvation for 24 h, well media was 

removed, and cells were treated with the test compounds (5 μM) or vehicle control in serum-

free media and incubated for 6 h. Well media were homogenised gently, sampled, and diluted 

in LDH storage buffer and stored at −20 °C, including wells containing the vehicle control 

treated with 0.2% (v/v) Triton X-100 (Sigma-Aldrich) and incubated for 15 min prior to sam-

pling to obtain a maximum LDH release value. Samples were thawed and incubated with LDH 
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detection reagent in a black-wall plate at room temperature for 1 h, and luminescence was 

measured on a Tecan infinite M1000 Pro plate reader (LDH-Glo Cytotoxicity Assay, Promega). 

Seahorse XFe24 Analyser Assay  

Mitochondrial function was measured by determining the oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) of cells with a Seahorse XFe24 extracellular flux ana-

lyser (Seahorse Bioscience, North Billerica, MA, USA) according to the manufacturer’s pro-

tocol. MDA-MB-231 cells were seeded in Seahorse XF24 well cell culture microplates (2.5 × 

104 cells per well) in complete media, allowed to adhere for 3 h at room temperature, and 

incubated overnight. Following serum starvation for 24 h, wells were washed and media were 

replaced with 500 µL of XF media (1 mM pyruvate, 2 mM glutamine, and 10 mM glucose 

Seahorse XF DMEM, pH 7.4 with 5 mM HEPES) and placed in a non-CO2 incubator (37 ◦C, 

humidified) for 1 h, and then the OCR was measured utilising an XF Cell Mito Stress Test kit 

(Seahorse Bioscience, MA, USA). Following sensor calibration and baseline measurements, 

Oligomycin (final concentration: 1 μM), test compounds (final concentration: 5 μM or 20 μM) 

or FCCP (final concentration: 1 μM), and rotenone/antimycin A (final concentrations: 0.5 μM 

each) were added to the sensor cartridge. Changes to oxygen consumption rate (OCR) was 

monitored using a modified cycling program on Agilent Seahorse Wave Desktop software. 

Statistical Analysis 

All IC50 concentration values are expressed as means ± SEM from three independent experi-

ments (N = 3). Data were normalised to the DMSO vehicle control, and dose−response curves 

were constructed on GraphPad Prism 8 using log(inhibitor) versus response, variable slope 

(four parameters) nonlinear regressions. Equation: Y = Bottom + (Top − Bottom)/(1 + 100[(Log 

IC50-X) ∗ HillSlope)]. Intracellular ATP assay data are expressed as mean percentages of the 

time-matched DMSO control. (*) P < 0.05, (**) P < 0.01, (***) P < 0.001 versus time-matched 



 
 

217 
 

control by two-way analysis of variance with Dunnett’s multiple comparison test. Absolute 

IC50 concentrations were then interpolated from these normalised curves, and the top con-

strained to 100%. Seahorse data were normalised to the baseline OCR prior to oligomycin 

addition.  
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 S4.10 Representative JC-1 dose-response curves 

 

Figure S126. Representative dose-response curves showing the effects of 2a-5b on the JC-1 

red:green fluorescence ratio in MDA-MB-231 breast cancer cells after 1 h treatment with the 

test compound. Dose-response curves were constructed using log(inhibitor) vs response, vari-

able slope (4 parameters) nonlinear regressions on GraphPad Prism 8. Absolute IC50 concen-

trations were interpolated from these normalised curves (data normalised to DMSO vehicle 

control) with the top constrained to 100%. Equation: Y=Bottom + (Top-Bot-

tom)/(1+10^((LogIC50-X)*HillSlope)). 
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 S4.11 Representative MTS dose-response curves 

 

Figure S127. Representative Dose-response curves showing the antiproliferative effects of 2a-

5b in MDA-MB-231 cells in a 48 h MTS cell viability assay. Dose-response curves were con-

structed using log(inhibitor) vs response, variable slope (4 parameters) nonlinear regressions 

on GraphPad Prism 8. Absolute IC50 concentrations were interpolated from these normalised 

curves (data normalised to DMSO vehicle control) with the top constrained to 100%. Equation: 

Y=Bottom + (Top-Bottom)/(1+10^((LogIC50-X)*HillSlope)). 
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S4.12 HPTS, JC-1 and MTS Bivariate Analysis 

 

 

Figure S128. Correlation plot of HPTS Log(1/EC50) against left: JC-1 Log(1/IC50) and right: 

MTS (Log(1/IC50) for 2a-5b. 

  



 
 

221 
 

 S4.13 LDH release data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S129. LDH release assay data displaying cytotoxicity of 3a-4b vs DMSO vehicle con-

trol following 6 hours treatment. Maximum LDH release determined from a positive control 

consisting of cells treated with 0.2% Triton X-100 and incubated for 15 minutes prior to sample 

collection. 
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S4.14 Diphenyl Urea intermediate and product  1H NMR and 13C NMR Spectra 

3-nitrobenzaldehyde dioxolane acetal (7)  

 

Figure S130. 400 MHz 1H NMR spectrum of 7 

 

 

Figure S131. 100 MHz 13C NMR spectrum of 7 
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3-aminobenzaldehyde dioxolane acetal (8) 

 

Figure S132. 400 MHz 1H NMR spectrum of 8 

 

 

 

 

Figure S133. 100 MHz 13C NMR spectrum of 8 
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Boc-3-aminobenaldehyde dioxolane acetal (9)  

 

 

Figure S134. 400 MHz 1H NMR spectrum of 9 

 

 

 

Figure S135. 100 MHz 13C NMR spectrum of 9 
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Boc-3-aminobenzaldehyde  (10)

Figure S136. 400 MHz 1H NMR spectrum of 10

Figure S137. 100 MHz 13C NMR spectrum of 10
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Boc-3-aminophenol (19) 

 

Figure S138. 400 MHz 1H NMR spectrum of 19 

 

Figure S139. 100 MHz 13C NMR spectrum of 19 
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Boc-4-aminophenol (20) 

 

Figure S140. 400 MHz 1H NMR spectrum of 20 

Figure S141. 100 MHz 13C NMR spectrum of 20 
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12-bromododecanoic acid (13) 

Figure S142. 400 MHz 1H NMR spectrum of 13 

 

 

Figure S143. 100 MHz 13C NMR spectrum of 13 
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Ethyl 10-bromododecanoate (14) 

Figure S144. 400 MHz 1H NMR spectrum of 14 

 

 

Figure S145.  100 MHz 13C NMR spectrum of 14 
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Ethyl 12-bromododecanoate (15) 

Figure S146. 400 MHz 1H NMR spectrum of 15 

 

 

Figure S147. 100 MHz 13C NMR spectrum of 15 
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(10‐ethoxy‐10‐oxodecyl)triphenylphosphonium bromide (16)  

Figure S148. 400 MHz 1H NMR spectrum of 16 

 

Figure S149.  100 MHz 13C NMR spectrum of 16 

 

  



 
 

232 
 

Ethyl(10E)‐11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undec‐10‐enoate (21)  

 

Figure S150.  400 MHz 1H NMR spectrum of 21 

 

 

Figure S151. 100 MHz 13C NMR spectrum of 21 
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 Ethyl 11‐(3‐{[(tert‐butoxy)carbonyl]amino}phenyl)undecanoate (Boc3)  

 

Figure S152. 400 MHz 1H NMR spectrum of Boc3 

 

Figure S153. 100 MHz 13C NMR spectrum of Boc3 
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Ethyl 12‐(3‐{[(tert‐butoxy)carbonyl]amino}phenoxy)dodecanoate (Boc4)   

 

Figure S154. 400 MHz 1H NMR spectrum of Boc4 

Figure S155. 100 MHz 13C NMR spectrum of Boc4 
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Ethyl 12‐(4‐{[(tert‐butoxy)carbonyl]amino}phenoxy)dodecanoate (Boc5)   

 

Figure S156. 400 MHz 1H NMR spectrum of Boc5 

Figure S157. 100 MHz 13C NMR spectrum of Boc5 
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Ethyl 11‐(3‐aminophenyl)undecanoate (3x) 

 

Figure S158. 400 MHz 1H NMR spectrum of 3x 

 

Figure S159. 100 MHz 13C NMR spectrum of 3x 

3x 
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Ethyl 12‐(3‐aminophenoxy)dodecanoate (4x)   

 

Figure S160. 400 MHz 1H NMR spectrum of 4x 

 

Figure S161. 100 MHz 13C NMR spectrum of 4x  

  

4x 
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2‐(3‐aminophenoxy)dodecanoate (5x)  

 

Figure S162. 400 MHz 1H NMR spectrum of 5x 

 

 

Figure S163. 100 MHz 13C NMR spectrum of 5x 

  

5x 
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Ethyl 11‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]-

undecanoate (3a-Et) 

 

Figure S164. 400 MHz 1H NMR spectrum of 3a-Et  

 

Figure S165. 100 MHz 13C NMR spectrum of 3a-Et 
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 Ethyl 11‐[3‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]-

undecanoate (3b-Et) 

 

 

Figure S166. 400 MHz 1H NMR spectrum of 3b-Et 

 

Figure S167. 100 MHz 13C NMR spectrum of 3b-Et 
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 Ethyl 12‐[3‐({[3‐chloro‐5 (trifluoromethyl)phenyl]carbamoyl}amino)phe-

noxy]dodecanoate (4a-Et) 

 

Figure S168. 400 MHz 1H NMR spectrum of 4a-Et 

 

Figure S169. 100 MHz 13C NMR spectrum of 4a-Et 
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Ethyl 12‐[3‐({[4‐chloro‐3(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]-

dodecanoate (4b-Et)  

  

 Figure S170. 400 MHz 1H NMR spectrum of 4b-Et 

 

Figure S171. 100 MHz 13C NMR spectrum of 4b-Et 
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Ethyl 12‐[4‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phe-

noxy]dodecanoate (5a-Et)  

 

Figure S172. 400 MHz 1H NMR spectrum of 5a-Et 

 

 

Figure S173. 100 MHz 13C NMR spectrum of 5a-Et 
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Ethyl 12‐[4‐({[4‐chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phe-

noxy]dodecanoate (5b-Et)  

 

Figure S174. 400 MHz 1H NMR spectrum of 5b-Et 

 

Figure S175. 100 MHz 13C NMR spectrum of 5b-Et 
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11‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]un-
decanoic acid (3a) 

 

Figure S176. 400 MHz 1H NMR spectrum of 3a 

 

Figure S177. 100 MHz 13C NMR spectrum of 3a 
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11‐[3‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenyl]un-

decanoic acid (3b)   

 

Figure S178. 400 MHz 1H NMR spectrum of 3b 

 

Figure S179. 100 MHz 13C NMR spectrum of 3b 
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12‐[3‐({[3‐chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]do-
decanoic acid (4a) 

 

 

Figure S180. 400 MHz 1H NMR spectrum of 4a 

Figure S181. 100 MHz 13C NMR spectrum of 4a 
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12‐[3‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]do-
decanoic acid (4b) 

 

Figure S182. 400 MHz 1H NMR spectrum of 4b 

 

Figure S183. 100 MHz 13C NMR spectrum of 4b 
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12‐[4‐({[3‐Chloro‐5‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]do-
decanoic acid (5a) 

 

Figure S184. 400 MHz 1H NMR spectrum of 5a 

 

Figure S185. 100 MHz 13C NMR spectrum of 5a 
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12‐[4‐({[4‐Chloro‐3‐(trifluoromethyl)phenyl]carbamoyl}amino)phenoxy]do-

decanoic acid (5b) 

 

Figure S186. 400 MHz 1H NMR spectrum of 5b 

 

Figure S187. 100 MHz 13C NMR spectrum of 5b 
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S4.15 2a-5a Optimised Geometry XYZ Archive 

 

2a Dianionic Dimer 

136 

Coordinates from ORCA-job /home/hzzeng/Desk-
top/ORCA/DazCalculations/CTUaDI--/01bb_DI_Ge-
Opt2/CTUaDI--GeOpt2 

  C   -7.25194706169951      1.38841787876227      1.52161347990418 

  C   -6.39499053384323      0.29236793329615      1.52957025434917 

  C   -6.67241441597434      2.63840272902512      1.71409226036181 

  C   -5.30717988131517      2.81557184383844      1.91128853401182 

  C   -4.46422125322865      1.69127147267723      1.92206712322479 

  C   -5.03197366127916      0.41489041320163      1.72196309678192 

  H   -8.31679329786068      1.27114917558579      1.36511627904710 

  Cl  -7.07415596599989     -1.30507510934822      1.28100136752805 

  C   -7.55469226214030      3.85017906748128      1.77298646845205 

  H   -4.88411966092641      3.80226808324301      2.04164835376855 

  H   -4.38162580902653     -0.45530260599906      1.71512821560939 

  N   -3.10730283569061      1.73004146171199      2.14458311482194 

  C   -2.29589301265585      2.86409806590214      2.16734115479661 

  O   -2.68421952527212      3.99670223864506      1.88606045829127 

  N   -1.03185212728264      2.54903287440365      2.53236182659951 

  C   2.56832803026147      3.36843893192903      1.59916021964624 

  C   1.22902195465378      2.64214695855129      1.68156525800691 

  C   0.09722391193542      3.43236677841362      2.34029046564999 

  H   -0.81616319736508      1.57579621178790      2.80948468199651 

  H   -2.61426892452532      0.81248425807522      2.06679823762914 

  C   3.65642948184984      2.44247571869088      1.05512721249785 

  C   5.05021868627845      3.06210909991246      0.98495023714822 

  C   6.10603047959649      2.05562574148494      0.52837004742986 

  H   5.32644037147474      3.45366385624680      1.97414087225493 

  H   5.04040457335188      3.92331424312722      0.30216581739160 

  C   7.51738771778758      2.63283593358061      0.44478899152208 

  H   5.82068438214561      1.65094784957859     -0.45340072547436 

  H   6.10654867003418      1.20239117912105      1.22152630746477 

  C   8.56017414023779      1.60096012928620      0.01641930189607 

  H   7.79874623902136      3.04801760714342      1.42285614133363 

  H   7.52680833547582      3.47498351530305     -0.26152992156659 

  C   9.97499980293125      2.17127938948635     -0.06992046597038 

  H   8.27707181040493      1.18283669634287     -0.96031259033240 

  H   8.54935742178074      0.75934077202119      0.72401645955681 

  C   11.01786740523473      1.13782223384848     -0.49207172136587 

  H   10.25613730857477      2.59337996453519      0.90523322700881 

  H   9.98518562407167      3.00884450015642     -0.78174494498376 

  C   12.43211982891754      1.70863402626473     -0.59274848300547 

  H   10.73054290225460      0.70948968858753     -1.46314361014634 

  H   11.01256413456780      0.30393172262593      0.22447064337027 

  C   13.46875895513094      0.67172105087904     -1.02166403953187 

  H   12.72217613922761      2.13399124289588      0.37839988429662 

  H   12.43573020814132      2.54368189207080     -1.30765367374116 

  C   14.88816702950969      1.22768309958974     -1.13820140284278 

  H   13.17185617999542      0.24318810771171     -1.98975806776353 

  H   13.46471374569144     -0.16182775970861     -0.30438063723543 

  C   15.89609847523644      0.16733330680580     -1.57585619608542 

  H   15.19290091376996      1.65436437276892     -0.17200602521964 

  H   14.89499335413290      2.05916006425586     -1.85780658596799 

  C   17.32770794396384      0.68089214129056     -1.72302532828772 

  H   15.59191061040761     -0.26453856157448     -2.53612646880327 

  H   15.88442981270842     -0.66035292478495     -0.85158469246268 

  C   18.27817439511848     -0.43324523118252     -2.19057377195883 

  H   17.34992113679789      1.48699590025052     -2.46973654511558 

  H   17.70145301469982      1.09589955325706     -0.78157316855364 

  O   19.39718212473075     -0.51797140494983     -1.62084101315317 

  O   17.85280670237466     -1.18337831343654     -3.10618058944054 

  F   -7.79815493885611      4.23203657251791      3.04043807694190 

  F   -8.75332565932380      3.63835308328828      1.20203652332182 

  F   -7.00525716062996      4.90780745016244      1.15710403703888 

  H   3.36541440881189      2.09323179850157      0.05411092765871 

  H   3.69751680285349      1.54510757898484      1.68909099153502 

  H   0.90346059640442      2.34105779337067      0.67677136346797 

  H   1.35907303481102      1.71149611904804      2.24945985757357 

  H   0.44175974096724      3.84183931509574      3.30158894357880 

  H   -0.22571129134907      4.27732958870756      1.72449952544833 

  H   2.85860835279190      3.71989366403443      2.59933593329707 

  H   2.48334090499236      4.26237392628804      0.96565945993397 
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  C   24.72351499148692     -2.59598609025434     -0.84719207293761 

  C   23.88310298829242     -1.49816205202208     -0.98923491776233 

  C   24.15995531708074     -3.85111299726812     -1.06317717709120 

  C   22.82577237494290     -4.02925471720282     -1.40725811967422 

  C   21.99778016455478     -2.90099926475729     -1.55015364164829 

  C   22.54831409815230     -1.62181986915962     -1.32995148932635 

  H   25.76774920587985     -2.47787120506591     -0.58501854214240 

  Cl  24.54417059601426      0.10519904012551     -0.72977027172281 

  C   25.02205852304508     -5.06054434026977     -0.85254305600192 

  H   22.41475539841489     -5.01674910644072     -1.56238323230456 

  H   21.90937166870395     -0.74873450420697     -1.42827435518458 

  N   20.67566486949073     -2.94383965291499     -1.93076253852916 

  C   19.85958157987121     -4.07352836062565     -1.97522352253486 

  O   20.20969705635844     -5.19049496368268     -1.59809972668776 

  N   18.64048987031035     -3.77722427115435     -2.48401956409147 

  C   14.99289805500344     -4.56233702134601     -1.70167291657518 

  C   16.33716868872437     -3.84118178865441     -1.73547948756796 

  C   17.49104659029975     -4.64408941273071     -2.33805760174107 

  H   18.44749971430127     -2.81050994921954     -2.79802074021491 

  H   20.18740077107207     -2.02081619878505     -1.94808218326531 

  C   13.88655960384238     -3.62825084390581     -1.21154254352302 

  C   12.49137268079237     -4.24782089895977     -1.17811173838568 

  C   11.42439341367382     -3.23864400686946     -0.75548086668383 

  H   12.48236165259089     -5.10472201274983     -0.48989456714810 

  H   12.24303131357190     -4.64559480534934     -2.17219589333410 

  C   10.01087084125304     -3.81361024458225     -0.69977585045017 

  H   11.44032760675850     -2.39015935096306     -1.45408022303599 

  H   11.68668096436438     -2.82785355389762      0.23015302978042 

  C   8.96506891766574     -2.78030853288693     -0.28249582745290 

  H   9.98754585279183     -4.65842219353016      0.00303764880175 

  H   9.74490412263761     -4.22402958818239     -1.68410847996877 

  C   7.54765333550522     -3.34607395770495     -0.21367764862400 

  H   8.98716756596561     -1.93570179172666     -0.98632043011121 

  H   9.23750881407118     -2.36723506077154      0.69939339573455 

  C   6.50763082370147     -2.31404988354503      0.21870409027289 

  H   7.53012741767275     -4.19280315215885      0.48709283849226 

  H   7.27015656000706     -3.75406444504693     -1.19581893240049 

  C   5.09273132812588     -2.88283861757772      0.31925066848799 

  H   6.51318120336551     -1.47281490511813     -0.48931481489813 

  H   6.79811384922361     -1.89609755443285      1.19337447646044 

  C   4.06418556760317     -1.85196968286485      0.78056044997171 

  H   5.09339314563257     -3.73164070235434      1.01778601930045 

  H   4.79219623610249     -3.28820579029593     -0.65721457667839 

  C   2.64693752472009     -2.40916705414936      0.91504941266680 

  H   4.05650544277870     -1.00691315014014      0.07687137957497 

  H   4.37842338945200     -1.43919641420485      1.75006432559981 

  C   1.65412498632100     -1.35978713658288      1.40949040848786 

  H   2.65621108866116     -3.26027082496912      1.61131553538188 

  H   2.31710392270077     -2.80812495448441     -0.05472155893851 

  C   0.22665869167462     -1.87398496496730      1.58828791863485 

  H   1.64559221409763     -0.51307698585232      0.70762524894893 

  H   1.98831888883317     -0.95449965222021      2.37128288410206 

  C   -0.69960514618038     -0.77436929158696      2.13224834562556 

  H   -0.18319773996038     -2.25278880466407      0.64664688668853 

  H   0.22771337669592     -2.70684955460442      2.30541036881580 

  O   -1.83888982671390     -0.66334363294306      1.60938199595856 

  O   -0.23518900207331     -0.06040292249793      3.05803842269830 

  F   25.02036658967585     -5.46173327737199      0.43199251801643 

  F   26.30768271919242     -4.82374264010701     -1.17128327906911 

  F   24.62150585978580     -6.11132809008241     -1.58258061678043 

  H   13.86735217928721     -2.74083409053112     -1.86039942180596 

  H   14.14310871100998     -3.26306142937551     -0.20674319982180 

  H   16.23586092898008     -2.91574769138278     -2.31728644719347 

  H   16.62174249931571     -3.53258833543601     -0.72050135825487 

  H   17.77634849985703     -5.48929183713912     -1.70474774379642 

  H   17.18783698642094     -5.05279179603772     -3.31312798913256 

  H   15.04870602007597     -5.44973216972690     -1.05580772672394 

  H   14.74284453658247     -4.92368495249697     -2.70919734172309  



 
 

287 
 

3a Dianionic Dimer 

126 

Coordinates from ORCA-job /home/hzzeng/Desk-
top/ORCA/DazCalculations/3aDI--/01b_DI_GeOptb/3aDI--b 

  C   20.79393528339680     -4.54380627938811     -2.99330435387677 

  C   20.04139739625438     -3.73583547689603     -2.14583014030991 

  C   20.18030479598477     -4.96337614367339     -4.16713263240101 

  C   18.87904819255469     -4.60567121295202     -4.50963741284139 

  C   18.14280776526317     -3.78804969549406     -3.63810240749627 

  C   18.74594910767207     -3.35470522329970     -2.43756444554088 

  H   21.80635609855678     -4.83402325968613     -2.74296362013903 

  Cl  20.76939402183222     -3.18615149402093     -0.64961571443481 

  C   20.94825856306612     -5.80716924482039     -5.14107638154078 

  H   18.42854539037020     -4.95827541042034     -5.42697722276824 

  H   18.17308911798472     -2.73260318498418     -1.75508303829106 

  N   16.85088250648741     -3.35111143630875     -3.85781395683848 

  C   16.01765218236451     -3.71361335528400     -4.90304731395508 

  O   16.32317539840264     -4.51422744121431     -5.78193536454235 

  N   14.81953442329962     -3.05817255246979     -4.81468032677242 

  C   13.56642630299036     -4.16635181639993     -6.65059517803810 

  C   12.34335309985546     -4.30135716224151     -7.30324070183357 

  C   11.22157212503177     -3.57405512240264     -6.91187482803579 

  C   11.31649519444266     -2.67872242929820     -5.84211636688508 

  C   12.53593080193462     -2.53805017688841     -5.18591518408324 

  H   12.27020417597013     -4.99329489747173     -8.13811125143840 

  C   13.66726733409332     -3.27536151146513     -5.57096177365134 

  H   14.43262218486960     -4.73342916934570     -6.96086548111145 

  H   12.63075646880873     -1.85052811427910     -4.34678608122107 

  H   14.72115425356751     -2.32686885740673     -4.07811219796101 

  H   16.43936220870485     -2.80191691536851     -3.06648599301082 

  C   10.11854169211413     -1.90429650226671     -5.34211897194644 

  C   9.55962197881616     -2.48102464085000     -4.03440608833321 

  C   8.43319505374670     -1.63988717288708     -3.43673636608729 

  H   10.37657619901520     -2.56027609049731     -3.30542388286386 

  H   9.20612429803560     -3.50512689095273     -4.21564120278279 

  C   7.86303447301887     -2.24067368016167     -2.15219136982360 

  H   7.62661597423075     -1.52198783115719     -4.17437964942485 

  H   8.81226425989643     -0.62922210391388     -3.22846762411070 

  C   6.80359545949441     -1.36412540626554     -1.48545763049957 

  H   8.68305710813887     -2.41522802119808     -1.44162002711829 

  H   7.43334371060064     -3.22787722001863     -2.37366515705212 

  C   6.18917092650622     -2.00627953880520     -0.24195477868426 

  H   6.00650775988249     -1.13739104705999     -2.20767231823888 

  H   7.25442482303822     -0.39927906865930     -1.21321141141016 

  C   5.20440903245618     -1.09635628738725      0.49140500681322 

  H   6.99179065115139     -2.29900415044842      0.44945433661575 

  H   5.67971091443016     -2.93653061655846     -0.53113116773548 

  C   4.51773737568776     -1.77689766671183      1.67578188429028 

  H   4.43984664778822     -0.73983948158523     -0.21329215024993 

  H   5.73562359008740     -0.20076813589277      0.84520060330639 

  C   3.61655124779791     -0.83236774531637      2.46925579839257 

  H   5.28216017044593     -2.19764668788278      2.34482795133146 

  H   3.92983261606512     -2.63088405777264      1.30945456701730 

  C   2.89337659937642     -1.51473048503250      3.62484517516304 

  H   2.87638630429688     -0.37184742319042      1.80382735071353 

  H   4.21625590069121     -0.00289083940804      2.86458202436312 

  C   2.07548617026817     -0.56050742159754      4.50521229968480 

  H   3.60548825871134     -2.03183426248620      4.28017059948689 

  H   2.21372489209540     -2.29279182748764      3.25225912590090 

  O   1.58500717872268     -1.04435549610535      5.55914564436200 

  O   1.95794262738115      0.63045413575134      4.11922243127221 

  F   22.08141951970268     -6.29972367976364     -4.61266897627362 

  F   21.30467236629367     -5.11002649529665     -6.23450127134957 

  F   20.22973635117182     -6.85438351261022     -5.57659905456667 

  H   10.27568409531784     -3.69645458966321     -7.43339984353510 

  H   10.40509210289090     -0.85879138280756     -5.17021331905568 

  H   9.33033327181079     -1.89918881696766     -6.10529504950505 

  C   -2.02291585926569     -1.35985940747820      9.92112268621528 

  C   -1.36755721890294     -1.95624534564128      8.84713781228050 

  C   -1.84296405647614      0.00807677522684     10.08345315786517 

  C   -1.05185336477630      0.77219273401555      9.22947612093668 

  C   -0.40164449896461      0.14640526378843      8.15443277559067 

  C   -0.57117129928647     -1.24306927848867      7.97218003386155 

  H   -2.64154810911179     -1.93885773253869     10.59473674606279 

  Cl  -1.56262687671149     -3.68047888793948      8.60109035487285 

  C   -2.50479752363359      0.71831065158148     11.22803994767581 

  H   -0.92919678846127      1.83443570649888      9.38936625207070 

  H   -0.06317248888926     -1.73185768657569      7.14516476019885 
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  N   0.39571515093152      0.78716378512634      7.22594098358032 

  C   0.81144215158633      2.10775643942587      7.26654097830983 

  O   0.53751518005744      2.88660319151384      8.17490769276892 

  N   1.56243124552001      2.41410646876772      6.16427230202453 

  C   2.29517637697473      4.71268537396147      6.75423252578233 

  C   3.08788225697975      5.80334045406858      6.40506679840004 

  C   3.87415336468326      5.79719859175932      5.25549653061020 

  C   3.86971007668538      4.67534187771907      4.42113155191412 

  C   3.07806579322975      3.58255200420373      4.76253948488648 

  H   3.08782670644915      6.67731839911279      7.05101681652969 

  C   2.29071843345375      3.58036423985637      5.92505853628887 

  H   1.68774336485335      4.72572020219397      7.64791337770911 

  H   3.06380793409087      2.69679691231416      4.12918453749215 

  H   1.64075550351345      1.69353755351631      5.41490304619826 

  H   0.83742681231936      0.15471154757816      6.51675681369520 

  C   4.74948581348418      4.59178598112788      3.19532820956549 

  C   5.98226388418212      3.70892622709289      3.43061201126814 

  C   6.82128302256957      3.49425803265580      2.17260969817327 

  H   5.65110743012843      2.73482737189555      3.81359598567304 

  H   6.60000713140477      4.15787703326316      4.22025637276236 

  C   8.05942703647105      2.63627400016477      2.42880255084825 

  H   7.12830543806878      4.46590936150767      1.76015570345582 

  H   6.19906408183877      3.01442626592643      1.40376681819076 

  C   8.86142319558845      2.32747237452840      1.16561383540982 

  H   7.75125576870926      1.69128917508367      2.89787038675553 

  H   8.70743804904422      3.14347169367166      3.15758661019288 

  C   10.13145874616786      1.52463378828429      1.44409643697503 

  H   9.12896144076972      3.26649516563213      0.66065601188853 

  H   8.22546327271291      1.77147388009835      0.46221704116909 

  C   10.88362182937730      1.11691025275726      0.17854437189185 

  H   9.87148665974123      0.62190392869848      2.01461978125956 

  H   10.79686266966439      2.11455429208612      2.09041870779079 

  C   12.19672795413070      0.38766149634689      0.46163397493556 

  H   11.08987452259317      2.00925535782226     -0.42928551726776 

  H   10.23621282836624      0.47243812965417     -0.43385767517945 

  C   12.89205889951509     -0.10116106282797     -0.80736254078740 

  H   12.00021140641885     -0.46882069548517      1.12251709980001 

  H   12.86837441407783      1.05612154262653      1.01941230161691 

  C   14.22115895436859     -0.79687442989645     -0.53942221223702 

  H   13.05804478166615      0.73979234413923     -1.49156420633975 

  H   12.23019694526922     -0.79283953866252     -1.34338319732515 

  C   14.88020928174751     -1.39224664400372     -1.78987209067408 

  H   14.09476376109964     -1.61444282006500      0.18171301631852 

  H   14.93849201564180     -0.10412877983371     -0.07968295569427 

  O   15.92116719034716     -2.07695150427221     -1.60923359294580 

  O   14.33473636586023     -1.16357561392775     -2.89935906110810 

  F   -3.30085628630362     -0.09114022835326     11.94645334609188 

  F   -3.26473804914881      1.74451911288614     10.80958509680045 

  F   -1.60702138180206      1.23852080472641     12.08200397725581 

  H   4.48848652595774      6.65773117686430      5.00284360110221 

  H   4.17371735276738      4.17558655090909      2.35877294021153 

  H   5.07180778571134      5.59655686770595      2.89502041928589 
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4a Dianionic Dimer 

134 

Coordinates from ORCA-job /home/hzzeng/Desk-
top/ORCA/DazCalculations/4aDI--/01_DI_GeOpt3/4aDI--Ge-
Opt3 

  Cl  23.85854855121871      0.06977685321591     -1.32461507639543 

  C   21.88674597709846     -0.65212081181712      0.38174864876749 

  C   22.26310149816382     -1.26055149263901      2.69810977596772 

  C   24.56747665138086     -1.32628128926088      3.62711875242577 

  C   21.37432183656394     -1.06423883764103      1.62824456955707 

  H   21.19980049995467     -0.48924738753132     -0.44405465244409 

  O   19.70658483699905     -1.45494242623549      3.97513681044872 

  N   20.01017451779371     -1.26619115777418      1.69057604183533 

  C   19.25513229602947     -1.47720993051021      2.83495686079126 

  H   21.88420412976757     -1.55965229866380      3.66486959885950 

  C   16.88699236315478     -1.64262595609897      4.74534165355637 

  H   17.84311202526066     -1.64525996185482      5.24877246915014 

  C   15.69368703000120     -1.59833979563328      5.45527446529357 

  N   17.94775717435191     -1.70641303936427      2.50211195833498 

  H   19.49095428520938     -1.03434989166969      0.81350134849549 

  C   16.83468004953430     -1.68343392490955      3.34092664379315 

  H   15.73166194646112     -1.56923116423222      6.54079985929208 

  H   12.05338371114221     -0.58179897583652      4.01589876359183 

  C   14.44661159103733     -1.59036405804693      4.82757903034323 

  H   17.73399515319594     -1.84778571159981      1.49085443504061 

  C   15.59242996846867     -1.68436713415345      2.69727927992028 

  C   14.41038599454416     -1.62918843223127      3.43063422315922 

  H   13.53882671628773     -1.55503996992825      5.41752182201234 

  H   9.52975423799534     -0.42003966005676      3.67411907238055 

  H   15.54858400615691     -1.71202707371267      1.61201088932636 

  O   13.26783670768822     -1.60479630734608      2.68961966606197 

  H   11.13913666937164     -0.44247366869930      1.71925352281212 

  C   12.03453910174123     -1.47007467877876      3.36784189888665 

  C   10.94170267225861     -1.33717611503802      2.32239048129929 

  C   9.55490478007562     -1.25114466912384      2.95550842498535 

  H   7.00990046256260     -0.23742439187780      3.32318432798765 

  H   8.60116850027386     -0.12386090473030      1.38096912326433 

  H   11.85601918466686     -2.34760521030146      4.00736591070762 

  C   8.43668899981257     -1.06061859118755      1.93176291547663 

  C   7.04993476487995     -1.03858999414215      2.57169012883641 

  H   4.47942000968843     -0.07648072489395      2.98258912945801 

  H   9.36180040269681     -2.16523523035540      3.53406155373139 

  H   6.05489374160706      0.10846584109507      1.03703911291035 

  H   10.99463122760407     -2.19780879623008      1.64446304981669 

  C   5.91559579468354     -0.84427114696383      1.56783292624904 

  C   4.53282563372545     -0.86440649402578      2.21796942954722 

  H   6.89089225274993     -1.97938265876254      3.11748233044327 

  H   1.93015393468443      0.04953923559979      2.62692038222295 

  H   8.48211725022194     -1.86859704506326      1.18795879893017 

  H   3.52537216250936      0.28120423933947      0.69358455801245 

  C   3.39645681326069     -0.67712276892757      1.21627285689012 

  H   4.39711823468486     -1.81756479259003      2.74857122886667 

  C   2.00407959311910     -0.72019840130920      1.84516314794475 

  H   5.96773403884269     -1.63268745297366      0.80325588780662 

  H   -0.64336094784230      0.23853457123093      2.11758184540114 

  H   1.04389158268138      0.46667966545787      0.32102600388324 

  C   0.90516990669071     -0.50422403889338      0.80896360180236 

  H   1.86032580206960     -1.68700947007218      2.34823109115500 

  C   -0.51761013697057     -0.55210148815304      1.36525248590058 

  H   3.46340535135062     -1.45612261848786      0.44360735918392 

  C   -1.53738158812818     -0.32378071547586      0.24287550713402 

  H   -0.72737709800043     -1.51019611930122      1.85102114256228 

  O   -2.52559800661441     -1.09719564477368      0.17211784287232 

  H   1.00488403123521     -1.26079570137797      0.01752367508117 

  O   -1.28600103028304      0.62226636252581     -0.55117596362809 

  F   24.01432401258868     -1.09533531686914      4.82615707363333 

  F   25.68136781189586     -0.57674213934256      3.55185381743499 

  F   24.97336866659062     -2.60941115892039      3.63271556758551 

  C   23.62170138523678     -1.04553198604816      2.49683971039561 

  C   24.14831491005228     -0.64020930059607      1.27418231567590 

  C   23.24686873086655     -0.45090222709010      0.23270189101298 

  H   25.20960099081020     -0.47114933288490      1.13950373237653 

  Cl  -7.39491438581799     -2.64613886274736      0.78457901462493 

  C   -5.51708687827401     -1.78268348317097     -0.96274179822678 

  C   -5.76222516980574     -1.89949701036281     -3.37212232392582 

  C   -7.85000820672175     -2.82780437879031     -4.37441688410735 

  C   -4.99491578391073     -1.54345039976892     -2.24888424204054 

  H   -4.91925427736965     -1.52472194157339     -0.09328641701970 
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  O   -3.30424589082644     -1.11435800775486     -4.56189332583064 

  N   -3.74387195418354     -0.95771034451620     -2.29994849446666 

  C   -2.96654939970546     -0.77462230316828     -3.43248963101290 

  H   -5.36960151058835     -1.73650103764421     -4.36474304233242 

  C   -0.62479664481677     -0.28424112079628     -5.30778947635451 

  H   -1.54080083458014     -0.52504775844192     -5.82719363314528 

  C   0.58360867004219     -0.17620929151347     -5.98409267432466 

  N   -1.77947397155307     -0.17069404575932     -3.11418624504124 

  H   -3.26998542874162     -0.87343823056997     -1.37184874729221 

  C   -0.64144392200422     -0.07736227192573     -3.91723687870530 

  H   0.59742084253391     -0.33075092531216     -7.05950862846329 

  H   4.23403881115527      1.34270005824552     -4.53504542526876 

  C   1.78145985233656      0.12394452353284     -5.33385421720330 

  H   -1.65491207772593      0.17447395952821     -2.13839846989472 

  C   0.54986347879141      0.23421176700321     -3.25235792514530 

  C   1.75233330790854      0.32064067891348     -3.94998275906623 

  H   2.70340371785165      0.19993024173111     -5.89725381648076 

  H   6.73999472053132      1.48007461754339     -3.94233487103586 

  H   0.54212795077928      0.38840519762020     -2.17680642992316 

  O   2.85273923122242      0.58610760574076     -3.19106701051110 

  H   5.03576200266998      1.49737485015097     -2.14220649329890 

  C   4.11984783904729      0.51710627929730     -3.81639801459933 

  C   5.18648517290375      0.58923360950626     -2.73819661055266 

  C   6.59068247445997      0.57367182463111     -3.33942074562599 

  H   9.23985016922758      1.44283665597666     -3.45308213998154 

  H   7.60947008130990      1.29639310121812     -1.57440616475194 

  H   4.21354906650606     -0.42613475541430     -4.37335229166025 

  C   7.70160252918229      0.47171378562865     -2.29510158105288 

  C   9.09471956280326      0.49119956541412     -2.92253718301195 

  H   11.77453789792975      1.28651356239806     -3.04952473251088 

  H   6.67941152299131     -0.27463580180505     -4.03277417155823 

  H   10.17478886314820      1.07328835946566     -1.14403931010763 

  H   5.05565376666981     -0.26438483175770     -2.06171904101668 

  C   10.22751174844343      0.29356439937546     -1.91733676173086 

  C   11.61091050728962      0.31249286727430     -2.56699606708296 

  H   9.15436482708136     -0.29728141631646     -3.68620300794932 

  H   14.35720887954044      1.01485768190472     -2.62971418919914 

  H   7.57323398593977     -0.45654172627395     -1.72056723860760 

  H   12.72136248311557      0.78087394097177     -0.77667951769389 

  C   12.74225821154813      0.03209073256833     -1.58100585397900 

  H   11.63986441961765     -0.43730222468776     -3.37043450895582 

  C   14.13174386240733      0.02044442342115     -2.21914462200437 

  H   10.08659738695891     -0.66506277903710     -1.39755305668908 

  H   16.96254878306839      0.54421286533817     -2.12636974692780 

  H   15.19024370139326      0.27890564901067     -0.35872440392990 

  C   15.21030744156099     -0.39896671353786     -1.22408186734788 

  H   14.13474505008517     -0.67424862673572     -3.07162348656762 

  C   16.62819870193510     -0.44311954758938     -1.79316041604147 

  H   12.56489316102838     -0.93897308335977     -1.09726410928998 

  C   17.61365379162353     -0.98635373625279     -0.74972438618936 

  H   16.64962024737093     -1.11298185433856     -2.66399700263906 

  O   18.70863616757568     -0.38913202960499     -0.59449772228107 

  H   14.97693199245542     -1.39629965898149     -0.83616368217162 

  O   17.23231489049766     -1.99985055213393     -0.10363870209447 

  F   -8.80964841400217     -1.90917509173929     -4.59248120760922 

  F   -8.48548699521787     -4.00296698078160     -4.21283882352299 

  F   -7.13595809608499     -2.91716603928124     -5.50391946739556 

  C   -7.00886888729943     -2.48140563349399     -3.18149725280437 

  C   -7.54436769178117     -2.72352379139902     -1.91906732225242 

  C   -6.76803916967608     -2.35855752627661     -0.82647601440477 

  H   -8.51742153726650     -3.18309107425132     -1.79210746682988 
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5a Dianionic Dimer 

134 

Coordinates from ORCA-job /home/hzzeng/Desk-
top/ORCA/DazCalculations/5aDI--/01b_DI_GeOpt2/5aDI--Ge-
Opt2 

  C   -6.20337895306595      4.53257713388281      1.88696483043405 

  C   -5.75146142563928      3.44580980489351      2.62664764081917 

  C   -5.48088332567227      4.86274068151093      0.74437691243654 

  C   -4.35601212407721      4.15552681695001      0.33401062624122 

  C   -3.92350659032253      3.05867062223892      1.09762777293313 

  C   -4.63964756588399      2.70992915202165      2.25974793652593 

  H   -7.07411628649108      5.09953931150842      2.19255543020174 

  Cl  -6.62127524443414      2.99858851199353      4.08031580895820 

  C   -5.98276064175771      5.98424524703411     -0.11712939533659 

  H   -3.80756864526895      4.44727016136633     -0.55058827730001 

  H   -4.29759489672987      1.87043953013386      2.85837928000907 

  N   -2.84585746239954      2.25375026737339      0.78269001269936 

  C   -1.84447039051660      2.53889372420062     -0.13310583049141 

  O   -1.76090446843549      3.58879140612007     -0.76120347522482 

  N   -0.97192278007015      1.48771545115639     -0.23125416082669 

  C   0.92559018586287      2.60124477312920     -1.38059665741786 

  C   2.24671853831684      2.50700521282154     -1.81718927216329 

  C   2.96213494524815      1.32113678603071     -1.68608745873000 

  C   2.34376536704529      0.20541372472935     -1.12144110227513 

  C   1.03288045012908      0.28918996107658     -0.67614098357233 

  H   2.73599542118791      3.36445603332776     -2.26999878177126 

  C   0.31213976265024      1.49231934897848     -0.78220644035896 

  H   0.37364519110797      3.52498551030148     -1.48728861520791 

  H   2.89767239787025     -0.72532541944423     -1.03387598117953 

  O   4.26733488036133      1.25177117930314     -2.12498780912662 

  H   -1.23922156591609      0.60346954157387      0.24323250593752 

  H   -2.63936379783139      1.50653667099610      1.48335859408986 

  F   24.60327581257313     -2.48410929580817      4.02059918132571 

  C   5.22240485399722      1.36326707322040     -1.07518757898903 

  C   6.61179379816212      1.32471024954598     -1.68367989551508 

  H   13.85823509145927     -1.39081442574705      0.27981090903475 

  H   5.06368943676962      2.30776139481417     -0.53327923956362 

  C   7.71454633804912      1.48016105518566     -0.63623470098149 

  H   6.68570454568478      2.13185022575434     -2.42307199638844 

  H   6.73497533250356      0.38068037424431     -2.22841901669005 

  C   9.10781359714679      1.55950543370062     -1.26044776168570 

  H   7.67367743158322      0.64343796841745      0.07497304985498 

  H   7.53306602130869      2.39268655472869     -0.05152860478949 

  C   10.22636819856170      1.81046404586193     -0.24833318090482 

  H   9.11478130652563      2.37031976460040     -2.00248574605758 

  H   9.31477449398713      0.63427404176833     -1.81569361913057 

  C   11.58374599637458      2.02772831017636     -0.91748418270417 

  H   10.28717064196406      0.96941101339110      0.45668238509979 

  H   9.97601101089336      2.69799199586078      0.34982620860673 

  C   12.71140554117351      2.38947004284831      0.04984227079969 

  H   11.48383332030451      2.83368259858178     -1.65881823913448 

  H   11.86260433074690      1.12711914005332     -1.48248528607926 

  C   14.00932892546608      2.74596228234919     -0.67482012770651 

  H   12.89194145347713      1.55578011910223      0.74259209456745 

  H   12.39717011710488      3.24267276650416      0.66769172588992 

  C   15.16070163284515      3.13161202479844      0.25259147794909 

  H   13.81011721208474      3.57573482179280     -1.36921138436550 

  H   14.32364098747085      1.89561216305390     -1.29680027393116 

  C   16.39741087504993      3.60035741298648     -0.51591150083103 

  H   15.43477686235467      2.27057996927392      0.87425787114283 

  H   14.83141900583974      3.92771343537238      0.93625667187058 

  C   17.62201185836394      3.78377683864218      0.37457635712087 

  H   16.16370683561782      4.54016528595804     -1.03457115146857 

  H   16.64128768349968      2.85634659072880     -1.28215022989695 

  C   18.19401034290478      2.46375997497697      0.91244239683058 

  H   17.39987274465465      4.42713704102363      1.23430217627817 

  H   18.43116923846358      4.28067445755533     -0.17612829284534 

  O   17.80765969099819      1.39732851076716      0.36647338383295 

  O   19.02333545158930      2.54882163987370      1.85452966156800 

  C   23.82169303810864      0.58284498205758      4.32186195230808 

  C   23.12195270745609      1.62152418257939      3.71804867234363 

  H   24.82013492030638      0.72911817752409      4.71534056678259 

  C   23.17611007322157     -0.64720992888732      4.40169507669013 

  Cl  23.88950759965174      3.19198982297126      3.59707894939114 

  C   21.84514160329653      1.46207871222071      3.21119204514596 

  C   21.89284182896267     -0.85841956286680      3.91100373433675 

  C   23.92515079573694     -1.81545402971369      4.97171022693249 

  C   21.20937452998377      0.20712486967422      3.30132418875150 
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  H   21.31778182396420      2.28964053519298      2.74478351432765 

  O   19.28597952288953     -1.95973959956869      3.50672350185775 

  N   19.94856853796166      0.11974442888465      2.74742701634922 

  C   19.07947510008906     -0.95640385712029      2.83046150743119 

  H   21.41448442550901     -1.82314766474731      4.00117944289427 

  C   16.53022382532754     -2.60749760533760      2.81751614476889 

  H   17.27776740349150     -2.95339034273562      3.51771670618542 

  C   15.29733348312344     -3.25129797308422      2.71666921653972 

  N   17.97253063566185     -0.73746390741137      2.05823186054979 

  H   19.57811068117629      1.01084613235051      2.34035826123862 

  C   16.80242157343331     -1.49580246522329      2.00785808922425 

  H   15.07573451709352     -4.10913794310204      3.34527388075140 

  F   -4.99340576448005      6.61482022042199     -0.76498998591143 

  C   14.33605819231856     -2.81227686929326      1.81336259220679 

  H   17.99089222644955      0.08050314099452      1.41134375237748 

  C   15.83060028149463     -1.06796276520744      1.08464545212419 

  C   14.61077366849386     -1.71935543536630      0.99144909852305 

  O   13.11299658279319     -3.44178404211160      1.72034452803476 

  H   9.80015184178712     -1.74166286502152      3.21816310481147 

  H   16.05529793177253     -0.21176706172885      0.45304649332334 

  F   24.83263905227321     -1.43700058049924      5.88923028322357 

  H   10.60278871796182     -2.98276582899409      1.09566786662564 

  C   12.12934576322359     -2.87323661900523      2.57737826682035 

  C   10.75946674001724     -3.33620630220664      2.12258673057964 

  C   9.64694830185749     -2.81379956942410      3.03063870492195 

  H   7.33902852318901     -1.57800775649316      3.75458492607155 

  H   8.19760973567389     -2.44191942513062      1.49087144846615 

  H   12.32419156243138     -3.17127570522521      3.61929953239410 

  C   8.25790506180190     -3.01221384855239      2.42863223874021 

  C   7.12103590253434     -2.57727637560261      3.35239239480074 

  H   4.82268157517481     -1.31402064836432      4.13906279314511 

  H   9.70461635360726     -3.30951360556786      4.00916084719394 

  H   5.82670375081750     -1.80123565677257      1.82589165597311 

  H   10.74067342286624     -4.43221670042283      2.08955484149935 

  C   5.77283787417072     -2.54239361747495      2.63655127821679 

  C   4.58707077533322     -2.20450094329539      3.53959718677840 

  H   7.06998578748736     -3.25380931022390      4.21684715102667 

  H   2.26467482695925     -0.94062128306867      4.33363041354884 

  H   8.12114788791502     -4.06739344633136      2.15408918628142 

  H   3.48766551663156     -1.07450334482379      2.08453333177059 

  C   3.31658290517963     -1.94582538813249      2.73314011674029 

  H   4.42147488944269     -3.02384599017125      4.25303357450848 

  C   2.05747774842126     -1.69753026666437      3.56402029187934 

  H   5.59042455413138     -3.51114030344370      2.15035117111913 

  H   -0.33302649049808     -0.38994519030534      4.26234201265483 

  H   1.20432180530380     -0.28046124814064      2.20156686471886 

  C   0.90883713305925     -1.22666745288160      2.67593841249912 

  H   1.77724161198622     -2.61633153635332      4.09844711822937 

  C   -0.43419392789833     -1.02437375875401      3.37608280687006 

  H   3.13540658612987     -2.79389811068798      2.05736808760889 

  C   -1.43259834491275     -0.36825225176624      2.41136846655501 

  H   -0.83417904391010     -1.99256081861608      3.70622465636778 

  O   -2.14098427635263      0.57315364322129      2.85029340995647 

  H   0.76148709794236     -1.93611388790320      1.85333004503241 

  O   -1.43429088230414     -0.79572478554698      1.22487451335260 

  F   23.11354086240722     -2.70581007368724      5.55951835681591 

  F   -6.64581719677156      6.91216329585916      0.59537562882359 

  F   -6.84059280007041      5.54556290213980     -1.05671225060982 

  H   12.18934818142227     -1.77622249640930      2.53130748206608 

  H   5.08765919400390      0.54260989515235     -0.35407768040286 

  H   0.54518068145514     -0.56646093694167     -0.21595267557199 

 

 

  



 
 

293 
 

2a linear monomer 
68 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/CTUaDI--/06_MO_GeOpt1/CTUaMO-GeOpt 

  C   -6.50278681359339      2.74405422999252     -1.68354601901975 

  C   -6.27249456379017      1.41100916014105     -1.37328761087023 

  C   -5.58823522871420      3.67690084329883     -1.20342403121482 

  C   -4.47985472664126      3.32270542010746     -0.44362182824312 

  C   -4.27036146557748      1.96891656945524     -0.14511008681128 

  C   -5.18018281206228      1.01267247283141     -0.61881910326942 

  H   -7.35772711144598      3.04289018304040     -2.27848925599714 

  Cl  -7.38107418451850      0.19438206261897     -1.95245634318055 

  C   -5.85753498567248      5.13235954149993     -1.46985969838085 

  H   -3.78511304419977      4.07066214353113     -0.09035986827819 

  H   -5.02968948141760     -0.04015886679785     -0.40088135365095 

  N   -3.20164695148392      1.49651427989888      0.61526744172309 

  C   -2.12189303790555      2.22171510133614      1.10591562768558 

  O   -1.97327434937531      3.41911676184485      0.91936850259393 

  N   -1.26071936847571      1.46151041393947      1.84597514489482 

  C   2.49181799535062      2.26816662095052      1.85931940479313 

  C   1.15482776012797      1.76593626564717      1.31823886910963 

  C   0.00952019413038      2.00410082664512      2.30047746750162 

  H   -1.33955683395795      0.45396400489278      1.80446980814567 

  H   -3.22772584871289      0.50714124106183      0.82484536413818 

  C   3.66508041644000      1.96330333245137      0.92935153659902 

  C   5.00954749077342      2.42272099675929      1.49092128588513 

  C   6.19356660741087      2.04876707695092      0.60063032668230 

  H   5.15452344958481      1.97824850275185      2.48572189885280 

  H   4.99154392728654      3.51123944569476      1.63986908237002 

  C   7.54162536202721      2.46779411119384      1.18518623531353 

  H   6.06577852971914      2.50535730077814     -0.39070256270432 

  H   6.19346352833476      0.96128989870218      0.44077734215122 

  C   8.73091646076450      2.03669611012311      0.32839379499733 

  H   7.64768361697847      2.03601986505100      2.19044504807740 

  H   7.56065097550460      3.55878566872509      1.31583671424523 

  C   10.08065568476974      2.41950641542857      0.93368641049089 

  H   8.64022597903866      2.47982321889635     -0.67319878729782 

  H   8.69612766453804      0.94727162504421      0.18656770636740 

  C   11.27145775363226      1.94705400907697      0.10117288258365 

  H   10.15588075187854      1.99400573537604      1.94442938619667 

  H   10.12998512121916      3.51068648389487      1.05564343654882 

  C   12.62247077551682      2.30094838209894      0.72118179571737 

  H   11.20764653516608      2.38148146206901     -0.90640650868906 

  H   11.20977627481149      0.85749466088340     -0.03041210473215 

  C   13.81313298556030      1.80110198210660     -0.09547618992171 

  H   12.67596535833708      1.87812995664202      1.73460949364968 

  H   12.69391737939078      3.39145150730687      0.84033454238932 

  C   15.16729184873626      2.13437950172338      0.53017660693259 

  H   13.76598055256085      2.22891325384999     -1.10699548133030 

  H   13.73346714553574      0.71189877601150     -0.22114934033480 

  C   16.35380774487787      1.61475017973366     -0.28075887160962 

  H   15.20623325175305      1.71468181951062      1.54642839073413 

  H   15.25098428826418      3.22477472711286      0.64992243617785 

  C   17.71003074412008      1.92983212792890      0.33571000844310 

  H   16.31922353028607      2.02917881563579     -1.29653677603653 

  H   16.27220477396673      0.52859023566848     -0.40956932796334 

  C   18.93232038622114      1.37391199176451     -0.46436685014106 

  H   17.84194675135113      3.01553564574473      0.44481220520928 

  H   17.76577286645038      1.52438016417575      1.35674477330389 

  O   20.05017547829599      1.68957731779514     -0.00069219655232 

  O   18.66176711317934      0.67542961690598     -1.46742658636150 

  F   -6.71852691746257      5.64434847184934     -0.57532702754882 

  F   -6.40558054602152      5.31952414532443     -2.68039657985117 

  F   -4.74493766614722      5.87332117057617     -1.41140104742475 

  H   3.49245752934869      2.43773204064976     -0.04636451266515 

  H   3.70390133529482      0.88070711096739      0.74363491515495 

  H   0.91876979975236      2.26460701390473      0.36992424533948 

  H   1.22715288591444      0.69032160445394      1.10562071489827 

  H   0.24271681342490      1.54977032600509      3.26967787044605 

  H   -0.13967772525697      3.07415004096584      2.46112919252928 

  H   2.68187115438917      1.80650169158840      2.83864639187260 

  H   2.43263909041613      3.35096518621187      2.03427164933582 

 

 

 

 

 

 



 
 

294 
 

3a linear monomer 
63 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/3aDI--/06_MO_GeOpt1/3aMO-GeOpt 

  C   -6.17877619320122      1.92937852420088      0.10237968480579 

  C   -5.50235469432721      0.83415799240298     -0.41300650036959 

  C   -5.41015835446091      2.98758573456104      0.58103187267220 

  C   -4.02190396310324      2.98020898309861      0.55840341097294 

  C   -3.36235201935620      1.85946857925641      0.03123825345171 

  C   -4.11668733980989      0.78347812698197     -0.45468473996153 

  H   -7.26226059097403      1.95962893548113      0.12995813520727 

  Cl  -6.41060235801564     -0.52167827468768     -1.02877794147708 

  C   -6.14904318137902      4.16797507762132      1.14949475529504 

  H   -3.45670882379602      3.81807275822873      0.93753847319055 

  H   -3.62178860578065     -0.09114715732172     -0.86563676252533 

  N   -1.97406455507585      1.73717027127168     -0.05265360903963 

  C   -1.01718592327932      2.64437128546009      0.38229635028057 

  O   -1.29301045920235      3.70056920874596      0.92366034905270 

  N   0.25949536135537      2.20672990612943      0.12948474203350 

  C   1.56138859907335      4.09795639696744      1.07102511071371 

  C   2.82151450295412      4.63886032628141      1.30171748786497 

  C   3.98598904869197      3.98492969167154      0.90398262982103 

  C   3.90598450103181      2.75180167277691      0.25400617617709 

  C   2.64242331701625      2.20655272165570      0.02192448472483 

  H   2.89290630365294      5.59778321885427      1.80617862323992 

  C   1.47350256966385      2.86087049712258      0.42009207404745 

  H   0.66735838075834      4.61604896354066      1.38435998785145 

  H   2.56704599022231      1.24509701042481     -0.48491275708705 

  H   0.36736283251776      1.31551254116373     -0.33702911506966 

  H   -1.64858795555472      0.87709972104884     -0.47467006198519 

  C   5.12620797076529      1.98247063276453     -0.21274095658993 

  C   6.47880740446678      2.62701654237633      0.07883406096261 

  C   7.64109432576028      1.77820296069616     -0.43373045059786 

  H   6.59051674071376      2.78127540707136      1.16028868969418 

  H   6.52375884920164      3.62115863945425     -0.38528811261027 

  C   9.00917882245928      2.39677518620487     -0.15245450759101 

  H   7.52833087074424      1.62437314801081     -1.51605575439583 

  H   7.59288400519687      0.78094318340829      0.02559723083996 

  C   10.16785453970086      1.54680877878275     -0.67111849479735 

  H   9.12426208778965      2.54694491620998      0.93014528640545 

  H   9.05752045149988      3.39537911384701     -0.60881523507655 

  C   11.54093547011975      2.15440463114659     -0.38891873771170 

  H   10.05261398368116      1.39913670830041     -1.75417130142868 

  H   10.11461941623189      0.54683151497381     -0.21794297129156 

  C   12.69623797584672      1.30085222648749     -0.90947970811459 

  H   11.65679369229399      2.30072830273799      0.69443875931983 

  H   11.59514496212269      3.15497214268437     -0.84098677311478 

  C   14.07478837720705      1.89553159159467     -0.62362760180980 

  H   12.58221886111810      1.15798393835869     -1.99344668677406 

  H   12.63599267471523      0.29862824578266     -0.46177689112704 

  C   15.22450411548358      1.03600086180040     -1.14768729984655 

  H   14.18689478357124      2.03848036345705      0.46140556995328 

  H   14.13386654525380      2.89975450446010     -1.06898101594705 

  C   16.60580794793150      1.60899035889795     -0.86108774751883 

  H   15.12269716128785      0.89165036891511     -2.23009969164921 

  H   15.16057480336351      0.02931561653693     -0.71482139300028 

  C   17.79099328622024      0.75365005661371     -1.41461929238223 

  H   16.75477173570496      1.73354416054850      0.22067580651712 

  H   16.69365273964065      2.61936041627891     -1.28704937217720 

  O   18.92846389610585      1.17305312071096     -1.10729518172261 

  O   17.47617670677345     -0.24314311686222     -2.10343892542996 

  F   -6.86910107890860      3.81789079358816      2.22740899299734 

  F   -7.01839000903004      4.67373889358799      0.25996387304237 

  F   -5.33114411533492      5.15873811207950      1.51877283532311 

  H   4.95111262110470      4.43865645915189      1.10150446110300 

  H   5.10318997939359      0.98312193935039      0.24275031842288 

  H   5.03863101018152      1.81533656705279     -1.29494289576383 

  



 
 

295 
 

4a linear monomer 
67 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/4aDI--/06_MO_GeOpt1/4aMO-GeOpt 

  C   -7.35802752613386      1.95644510748626     -0.19554339153921 

  C   -6.62312737206993      0.79626092250085     -0.39959884837259 

  C   -6.65258302249802      3.10629306981605      0.14371501229855 

  C   -5.26919723081239      3.12828265084664      0.28143208556667 

  C   -4.55190541811393      1.94329973256171      0.07058179976936 

  C   -5.24335543587673      0.77269336514727     -0.27278317825941 

  H   -8.43714283815179      1.96194418719230     -0.29222454659089 

  Cl  -7.45396311266117     -0.67881991120649     -0.82053900204586 

  C   -7.41643697159771      4.39307786817959      0.29426453680119 

  H   -4.75535436793095      4.03844709514355      0.55424272032216 

  H   -4.70204787964444     -0.15436602127844     -0.43508784370194 

  N   -3.16242242341229      1.84344446021483      0.16311585073121 

  C   -2.27887848013390      2.80463446436806      0.63506567148609 

  O   -2.63320670080371      3.89072566057474      1.05710537991488 

  N   -0.97394949364202      2.37931574320103      0.56828837335054 

  C   0.15719384609680      4.26463508444436      1.71443978248810 

  C   1.36846578943842      4.85311208638682      2.05750079084816 

  C   2.59748081142118      4.31354189319403      1.68078994631831 

  C   2.60594435152566      3.13782052319806      0.92623282551925 

  C   1.40030019244010      2.53130009823919      0.56886361697050 

  H   1.35599608904524      5.76635073395417      2.64457082141825 

  C   0.18129144032782      3.08472353337199      0.95738527185760 

  H   -0.78132542769798      4.70276298054411      2.01869012250814 

  H   1.43896117023116      1.62003335593750     -0.02126404333754 

  H   3.51878776729852      4.80291647210518      1.97124576723984 

  H   -0.78950551284077      1.49557690638448      0.11170914384969 

  H   -2.78478795478799      0.93725616556413     -0.08141126754200 

  O   3.72271014251308      2.50897236219798      0.49033711889294 

  C   4.98525133085876      3.07683974809488      0.81472777538824 

  C   6.05476982009602      2.20414640005585      0.18728196327079 

  H   5.10466526041966      3.11876733988634      1.90648432559316 

  H   5.04314974319816      4.10304318887354      0.42597791562297 

  C   7.46477619668438      2.70567469052568      0.49366998763674 

  H   5.89294771619472      2.17649458974415     -0.89709875269754 

  H   5.93331129026912      1.17874975554245      0.55647771965063 

  C   8.54417538727670      1.85595888010723     -0.17524346425332 

  H   7.62525074377526      2.70909312052370      1.58045632074590 

  H   7.56626276382591      3.74797639728959      0.16113085935284 

  C   9.96470538007731      2.31510968722795      0.14772394250869 

  H   8.39413475946845      1.87462347243503     -1.26372671488059 

  H   8.42353664823620      0.80856398557179      0.13430329132618 

  C   11.03529793568101      1.48316018596970     -0.55652713925157 

  H   10.12346990321813      2.26795633510442      1.23408184018939 

  H   10.08018972535440      3.37093542516980     -0.13516158537951 

  C   12.46153380852994      1.90304366237427     -0.20565654387732 

  H   10.89118669048949      1.55520604973881     -1.64408587720098 

  H   10.89819710739496      0.42360269806487     -0.29845145898038 

  C   13.52764976584856      1.08934430945298     -0.93763643349607 

  H   12.61302004610876      1.80320409289313      0.87802216146228 

  H   12.59468729585572      2.96948949484381     -0.43761692894082 

  C   14.95439364890333      1.46415711159606     -0.54294862027313 

  H   13.39621406150482      1.21638897737083     -2.02279041516015 

  H   13.36996303780404      0.02105361071397     -0.73224599016959 

  C   16.02002779217305      0.66716479847454     -1.29235209629872 

  H   15.10205965234512      1.28133814105000      0.52732978942984 

  H   15.10916586001930      2.54010422216319     -0.71680502332955 

  C   17.42908972744952      0.98377047963305     -0.80407654020129 

  H   15.92327816784257      0.85443524037305     -2.37292455031239 

  H   15.83809103702046     -0.39973354186606     -1.11977816605234 

  C   17.72700220063306      0.49519809357231      0.65225412176038 

  H   17.62873124500252      2.06266732971900     -0.85169250910327 

  H   18.17362222345833      0.51155240540451     -1.46043918659801 

  O   16.91312406687780     -0.32599184981015      1.13804134390281 

  O   18.76646059935468      0.96511388647713      1.16182052131540 

  F   -8.65565552163674      4.18244704475350      0.76289093825709 

  F   -7.54956571258864      5.02099796445513     -0.88534284777688 

  F   -6.81061583655366      5.24823198615984      1.12715151005808 

 

 

 

 

 

 

 



 
 

296 
 

5a linear monomer 
67 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/5aDI--/06_MO_GeOpt1/5aMO-GeOpt 

  C   -7.20548806328148     -3.26606211326152      2.12040883876250 

  Cl  -8.15229336967287     -2.07390733244397      1.26775666413172 

  C   -5.82185122321879     -3.22170572658077      1.99459916536109 

  C   -5.69598987491301     -5.13841387000638      3.46588779031897 

  C   -7.75041338365345     -6.22271652963074      4.36604383727915 

  C   -5.05254478866572     -4.17250445687238      2.67952072469887 

  H   -5.34719363523128     -2.46699524508938      1.38541743751383 

  O   -3.19386192599863     -2.36166907279371      1.37159842978394 

  N   -3.65857520181728     -4.22551064735450      2.62841262654435 

  C   -2.80225595615956     -3.33002503399452      2.00086708145776 

  H   -5.11299463665655     -5.87627643581062      4.00883185136521 

  C   -0.41651765704580     -1.88306484188449      0.80500062126680 

  H   -1.37038186997532     -1.55002787032692      0.42305807014215 

  C   0.75125526438842     -1.24866864370560      0.41052288454228 

  N   -1.48375884186064     -3.66734480404891      2.16651732014346 

  H   -3.24470078892325     -4.99161764108159      3.14334220331290 

  C   -0.35357706636298     -2.95359443639975      1.70847058454736 

  H   0.71384836248180     -0.41659997911537     -0.28490198194759 

  H   3.01548364779927     -3.07763147546572      2.16942145470633 

  C   2.00050991447722     -1.65676940601084      0.88851424803215 

  H   -1.26794984760697     -4.46771629649308      2.74658131673628 

  C   0.89332157850613     -3.36323139488830      2.18112783886494 

  C   2.06673699362970     -2.72895307627283      1.77937615002580 

  O   3.07163081573460     -0.95960874367056      0.43521251155898 

  H   7.06197297792362     -1.70401118982300      0.44432141850633 

  H   0.95599710628710     -4.19367963375598      2.88044972535548 

  F   -8.02172969364067     -7.30274435219249      3.61624607831423 

  H   5.28134283697374     -0.45645664112233     -0.81082176617362 

  C   4.35870268207944     -1.32449350399739      0.90977306309961 

  C   5.36323765993922     -0.37930813246615      0.27995239043005 

  C   6.79595351924413     -0.67410194229373      0.71936258390016 

  H   9.52347058635395     -1.00174581731218      0.24394854160740 

  H   7.73075184001697      0.23634227892747     -0.99602999763928 

  F   -6.98209092709122     -6.64044594182359      5.38331657337425 

  C   7.80327343590624      0.29258978594426      0.09890353804514 

  C   9.24570127768860      0.02431059738815      0.52327304660062 

  H   11.97480261923414     -0.26754930117270      0.04079913515018 

  H   6.86467748477640     -0.61681622409290      1.81447018712237 

  H   10.16357309814057      0.95257262432306     -1.19243995405379 

  H   5.09212214540774      0.64834800663948      0.55001064583329 

  C   10.23879243999433      1.00553044471810     -0.09719018380990 

  C   11.68692726211300      0.75596265250356      0.32016806235809 

  H   9.31861072407156      0.07627208231071      1.61872562152900 

  H   14.41650391871074      0.49072687430476     -0.16254796190076 

  H   7.53062308193642      1.32120614875533      0.37261185742981 

  H   12.59299825057243      1.69170921771970     -1.39821833894229 

  C   12.66935747474670      1.74633985701555     -0.30296205407368 

  H   11.76316270236090      0.80813497721752      1.41561747474642 

  C   14.12212239173368      1.51493847922858      0.11068966028841 

  H   9.95450941778441      2.03045770209187      0.17987030218741 

  H   16.87384307083251      1.28548088183774     -0.37649274244308 

  H   15.02283146537157      2.46203612476717     -1.61292468690020 

  C   15.09429478914166      2.51166253986515     -0.51934569101943 

  H   14.19744648837509      1.56953911948418      1.20688992000817 

  C   16.54638558135680      2.30184357807259     -0.11344528143095 

  H   12.37500661415466      2.76912847188570     -0.02778300945097 

  C   17.55501409271548      3.30902953419611     -0.75518057837657 

  H   16.65285523865209      2.36888062924079      0.97871278955014 

  O   18.74263086897308      3.16315742902763     -0.39086742475717 

  H   14.79777165013364      3.53521642417592     -0.25726838849378 

  H   -8.94420721321162     -4.21727709970022      2.97812552284091 

  O   17.07041461303193      4.14038613587430     -1.55599076587269 

  C   -7.07879860149280     -5.14576612136280      3.56248443349038 

  F   -8.91370318058496     -5.80519798804981      4.88286863521554 

  H   4.57743549610118     -2.36679617911542      0.63571860064758 

  H   4.38782288493608     -1.24901193628189      2.00640265758299 

  C   -7.86419361772470     -4.21183451975024      2.89360569097484 

 

 

  



 
 

297 
 

2a cyclic monomer 
68 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/CTUaDI--/06b_MO_GeOpt1_CURVYBOY/CTUaMO-GeOpt_CURVY-
BOY 

  C   -7.62062866702694      2.57652978389238      0.18068257899527 

  C   -6.86873537357269      1.43705452887391     -0.07055444421850 

  C   -6.92259013185519      3.72035138163181      0.56538497066872 

  C   -5.54203861061813      3.74997679973443      0.70363370066461 

  C   -4.80269789227066      2.57899494479745      0.44564261978762 

  C   -5.48995511775050      1.41412799828157      0.05054333910483 

  H   -8.69987835541110      2.57606564806218      0.07991346859023 

  Cl  -7.69861791555493     -0.02798657149604     -0.56002146820762 

  C   -7.73398575821692      4.95502732702921      0.82647281409534 

  H   -5.02508633449745      4.65275884848807      0.99470993257252 

  H   -4.92246058274585      0.51241504602412     -0.16153451274538 

  N   -3.43599141910660      2.47106347470328      0.57032051259884 

  C   -2.52786323223489      3.50434164497850      0.78703749384447 

  O   -2.83778967768500      4.69259104772294      0.86749166813724 

  N   -1.26243736649277      3.03639433481803      0.88293900382196 

  C   2.33848914864424      4.08411496393853      0.28740361929913 

  C   1.06454336118818      3.24607939334042      0.22852320902151 

  C   -0.11349119377655      3.90932227107408      0.94114017138127 

  H   -1.08428009829930      2.01599138747180      0.90259768345467 

  H   -3.03207809129687      1.55368460237979      0.27733074321561 

  C   3.52778780959998      3.45078384104683     -0.44067276204981 

  C   4.05108416731121      2.16830290611046      0.21028168776479 

  C   5.35348860559998      1.68128860480047     -0.43251796321272 

  H   3.28735801949734      1.38260068991123      0.16731625969390 

  H   4.23525917891472      2.36265252504737      1.27692401112570 

  C   6.03486615058523      0.50582838788509      0.28977243738991 

  H   6.04761275889398      2.53159273740075     -0.45790267376277 

  H   5.16814020102097      1.41241389928631     -1.48270392114451 

  C   5.68110728557907     -0.88837399470114     -0.23531241054647 

  H   5.79798424968285      0.55758433438053      1.36169677337297 

  H   7.12278537478128      0.62279465277716      0.21447051470246 

  C   4.20454521649291     -1.27179756646774     -0.13805566601979 

  H   6.27306076032902     -1.62881934574265      0.32079040199287 

  H   6.00094153945962     -0.96812029034585     -1.28422409804046 

  C   3.98047418281924     -2.75312121836438     -0.45724143934308 

  H   3.61409838968033     -0.64212600185891     -0.81345396409017 

  H   3.83570647296583     -1.06526223144851      0.87709492052422 

  C   2.52385717630530     -3.23955059729270     -0.36134752845330 

  H   4.37172259330383     -2.97064528964630     -1.46250963645281 

  H   4.60066447573175     -3.33502279725447      0.23733053525295 

  C   1.75181702191245     -3.21226601540443     -1.68521818643002 

  H   1.98989004083235     -2.65160652340905      0.39726949114330 

  H   2.51862365817677     -4.27417455895585      0.00208469326906 

  C   1.56527874637693     -1.82576597778337     -2.30794090972369 

  H   2.27675714497861     -3.85510565629642     -2.40525728286564 

  H   0.76773022355725     -3.67147943577135     -1.52954225960051 

  C   0.82890192335860     -0.82157141854837     -1.41793924906024 

  H   2.54665922750040     -1.41640626659350     -2.58478186289262 

  H   1.01007735294833     -1.94139575181050     -3.24868142993089 

  C   -0.56985636961239     -1.26727217275191     -0.98809948815812 

  H   0.74667902754662      0.13186795500953     -1.95666106193037 

  H   1.40150031339352     -0.60492603631918     -0.50981292706998 

  C   -1.26513114594480     -0.17110869218013     -0.16912954953159 

  H   -1.19000610552718     -1.52171710919307     -1.85417013085108 

  H   -0.49766244428190     -2.16270736317504     -0.35620372899233 

  O   -2.44888346904956      0.12261728443238     -0.47815891005236 

  O   -0.58067197715516      0.35631593375037      0.74482820822797 

  F   -8.65753844932177      4.74988035488921      1.78475622703737 

  F   -8.41740944701627      5.34141307491973     -0.26741395794133 

  F   -6.99096833345801      5.99860423832631      1.21409442029300 

  H   4.34969391744369      4.17883805829682     -0.48015179442740 

  H   3.24819657377397      3.24365460837136     -1.48326962179251 

  H   0.78407716836949      3.07098754202318     -0.81877393589070 

  H   1.22497284906317      2.25573717495081      0.67151540576735 

  H   0.16513793062712      4.13526935167888      1.98237679689141 

  H   -0.37517363327049      4.86200404694955      0.46863722226454 

  H   2.61380729750970      4.26064949525932      1.33703591295912 

  H   2.13518965729414      5.07150175806336     -0.14826467349787 
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3a cyclic monomer 
63 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/3aDI--/06b_MO_GeOpt1_CURVYBOY/3aMO-GeOpt_CURVYBOY 

  C   -5.99233970058161      2.69371262553406     -2.17380636059572 

  C   -5.30623115906777      1.53259440045582     -2.51652033517986 

  C   -5.30457261509527      3.62496635267249     -1.40505663422866 

  C   -3.99109250759522      3.43470395589284     -0.98515019924063 

  C   -3.32166546871722      2.25434960546855     -1.34488261550857 

  C   -4.00305365570191      1.29435560065855     -2.12325103225047 

  H   -7.01529456427266      2.85703312494542     -2.48840455799882 

  Cl  -6.13285920332938      0.32526617588252     -3.48080898744249 

  C   -5.97676827635024      4.91592019494970     -1.03900369556980 

  H   -3.48773171809613      4.17660145917445     -0.38157704562241 

  H   -3.49088691651414      0.37604017595250     -2.39729466482085 

  N   -2.02179937453689      1.93936346698304     -0.99392520907588 

  C   -1.16127411560151      2.70384826486076     -0.22599013532550 

  O   -1.45735872811158      3.79029363969212      0.26265865730312 

  N   0.05217123416504      2.08498784601891     -0.08661568281799 

  C   1.23915582563870      3.75569809551087      1.32102318519764 

  C   2.41460458923293      4.07776912868779      1.99462435262841 

  C   3.51205934111744      3.21906351061959      2.00422573273345 

  C   3.43778615138579      1.99789380976700      1.32931081760049 

  C   2.26391876732442      1.66737067271261      0.65742111002445 

  H   2.47112894029951      5.02632846682620      2.52190515080252 

  C   1.15902176561177      2.53247603913277      0.63639674629357 

  H   0.39498795820508      4.43011851422921      1.31635373720415 

  H   2.18548297629024      0.72037513057166      0.12579476956433 

  H   0.21002598594672      1.19274012616140     -0.59999311702901 

  H   -1.70270635572222      0.99632596663471     -1.31525026173633 

  C   4.60366609083329      1.03707070388532      1.27220654376395 

  C   5.19766775335525      0.93578719442776     -0.13814792919540 

  C   6.25189073151135     -0.16424288508070     -0.27447075043595 

  H   5.64006066697583      1.90193625864344     -0.41577807765477 

  H   4.38237328293468      0.76003427419041     -0.84713433393133 

  C   6.72215137771767     -0.38585404352049     -1.72218183171781 

  H   5.84829219022020     -1.10664721559788      0.12397945860726 

  H   7.10840333593638      0.09177574559747      0.36241430361446 

  C   5.93722972668986     -1.45751683532963     -2.48904923792764 

  H   7.78025265707011     -0.67397578527631     -1.72614302460246 

  H   6.66276185434588      0.56645861546463     -2.26757587503569 

  C   4.42834582464776     -1.22520914263650     -2.58133625038624 

  H   6.34718658515796     -1.53126320117639     -3.50602364032087 

  H   6.11527502178444     -2.43419021304571     -2.01657737805579 

  C   3.73401586475468     -2.20924516074616     -3.52514557685653 

  H   4.23183669338391     -0.20353573828879     -2.93505295309378 

  H   3.97986654599863     -1.29388551975357     -1.58168944323732 

  C   2.20735139024893     -2.07188927216073     -3.52340968679167 

  H   4.12349482773029     -2.04865401694249     -4.53934319514215 

  H   4.00887823040563     -3.23886394209964     -3.25081053104829 

  C   1.53596645538635     -2.73416647644602     -2.31930982071352 

  H   1.79380345014988     -2.51310841635440     -4.44019537830023 

  H   1.93935847904319     -1.00808074070380     -3.53201646431129 

  C   0.04831968553737     -2.41171419867325     -2.22815024276214 

  H   1.68227518611189     -3.82109485215729     -2.38364904508704 

  H   2.01457155046450     -2.39420401678634     -1.39504385651885 

  C   -0.25460531438288     -0.96779992000557     -1.79949797846786 

  H   -0.44544775940543     -3.06174482174505     -1.49452866771544 

  H   -0.45925395324100     -2.59483130460148     -3.18309346113453 

  O   -1.45159754762042     -0.59360879241048     -1.89723225954694 

  O   0.69789824121898     -0.27700055007168     -1.35601557232896 

  F   -5.74243764523689      5.26215693718681      0.23626644837949 

  F   -7.31031703484016      4.85868575683567     -1.19458814508175 

  F   -5.54448357407518      5.94003687459372     -1.79610251980055 

  H   4.42131122614422      3.49216477781836      2.53353163396800 

  H   5.38056810892203      1.34192887482116      1.98432823021068 

  H   4.26475061819667      0.03840469814982      1.57869278374999 

  



 
 

299 
 

4a cyclic monomer 
67 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/4aDI--/06b_MO_CURVYBOY_GeOpt1/4aMO-GeOpt_CURVYBOY 

  C   -7.89221941665310      2.94436023126926     -0.30349759953345 

  C   -6.91764649962956      2.10771388237701     -0.83058748345712 

  C   -7.45212229448068      4.01943260979504      0.46542162839771 

  C   -6.10835180657470      4.27070051604464      0.71028470489753 

  C   -5.14171394633886      3.40575698612008      0.16548335326934 

  C   -5.56596717177656      2.31222246031514     -0.61436957613245 

  H   -8.94668786717746      2.76660886407018     -0.48110169195618 

  Cl  -7.41678988731973      0.73689640446245     -1.80067429820303 

  C   -8.50058359314973      4.94116496461191      1.01562972906953 

  H   -5.79831489357916      5.11580342517361      1.30666385513214 

  H   -4.82106815116952      1.64320937974094     -1.03637211790792 

  N   -3.77703618933193      3.52775656865854      0.34851123395941 

  C   -3.11450241311600      4.54272412533339      1.01361927463266 

  O   -3.66748889831453      5.53197145449355      1.48336933169472 

  N   -1.76777724855262      4.28704014980182      1.07289716956856 

  C   -0.98690883354643      6.41268051302119      2.07205428870484 

  C   0.10325745754322      7.14056641394339      2.54800802035900 

  C   1.38561238395155      6.61387021344796      2.56915085069746 

  C   1.59272603982521      5.31177610360434      2.09584684750003 

  C   0.52637280365462      4.56610744970513      1.60411075857823 

  H   -0.06164274821707      8.14901223267445      2.91734076412463 

  C   -0.77265041193383      5.11345733177784      1.59495885901492 

  H   -1.98154198674344      6.83221991633828      2.06769383294896 

  H   0.65513542342997      3.56056499556090      1.21595160758733 

  H   2.23322014346619      7.17484986422289      2.94756560500627 

  H   -1.44398061165811      3.34654495286352      0.76225845368126 

  H   -3.20581027567620      2.80845768042350     -0.15538332223658 

  O   2.87833693341483      4.86528912586733      2.17361433452862 

  C   3.17998376987071      3.53616243903665      1.77801847741696 

  C   3.40113605047156      3.40362607799647      0.27693217865903 

  H   2.40396020712718      2.84458703244098      2.12972020444721 

  H   4.10557474187419      3.28961046530268      2.30889956133931 

  C   3.82986203546102      1.98637881935519     -0.09931945734133 

  H   4.17039507185484      4.12611209339758     -0.02324551065456 

  H   2.48238337670753      3.66832879934825     -0.26025052805062 

  C   4.08707392742652      1.81127558279291     -1.59489318917008 

  H   3.04545319358021      1.28101989656252      0.20965017818042 

  H   4.73392465662502      1.71160985259956      0.46348495046948 

  C   4.52381232059345      0.38590613634257     -1.95990215712975 

  H   4.85855404051977      2.52059786073321     -1.92459924141337 

  H   3.17671577752273      2.08023269388321     -2.14244400277892 

  C   4.34849690576592      0.03384846597792     -3.44862039462868 

  H   3.95027549817332     -0.33318895697606     -1.35704479629654 

  H   5.57126555728403      0.25761326205973     -1.66099483989773 

  C   3.01485060356911     -0.66364038036976     -3.75178121508747 

  H   4.42988261900021      0.95019020013852     -4.04998646386448 

  H   5.16381448546791     -0.62135962525803     -3.77686994068742 

  C   1.79165465555619      0.13415465909254     -3.30812706893419 

  H   3.00559471712427     -1.63688457395277     -3.24037294957938 

  H   2.94764858495529     -0.87781617991397     -4.82685462676114 

  C   0.44943822912490     -0.56681418360314     -3.51942387786223 

  H   1.89327071052293      0.36979320846937     -2.24273549543692 

  H   1.77356911239333      1.10063382643924     -3.83229009818643 

  C   -0.69112469786286      0.21274871544491     -2.85355002724909 

  H   0.25943587286154     -0.67680781495645     -4.59503810561772 

  H   0.49472014068214     -1.58382764157484     -3.10350710416534 

  C   -0.68089325522646      0.08419872234576     -1.32281186089725 

  H   -0.59798924548135      1.27124505507910     -3.12967041026784 

  H   -1.66458832280304     -0.11122610519960     -3.23365089046580 

  C   -1.37159211911943      1.26476524521492     -0.63910220735474 

  H   -1.20073723430161     -0.83756501090576     -1.03174791086235 

  H   0.33837431826938      0.01814489158262     -0.93301861928888 

  O   -0.75695016974830      1.83520772496641      0.29728847979888 

  O   -2.50777449941317      1.58324764224778     -1.08103749109212 

  F   -9.45958550747829      4.26655646371741      1.67707665080953 

  F   -9.13135857864382      5.61671355295399      0.03688081666654 

  F   -8.00234359065330      5.84994227147001      1.86239056930797 
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5a cyclic monomer 
67 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/5aDI--/06b_MO_GeOpt1_CURVYBOY/5aMO-GeOpt_CURVYBOY 

  Cl  24.86010461683699     -3.76495938952028      3.52848260449556 

  C   22.89035786343496     -1.92267877655570      3.73431839625322 

  C   23.26222014388582      0.45312287136298      3.42258791385325 

  C   25.53459280356148      1.32430875681590      2.84633311903988 

  C   22.38565266230488     -0.61330322547105      3.70638197952861 

  H   22.23239579327206     -2.75522231507162      3.93764162934431 

  O   20.05737509564885     -2.34237123697138      3.76074819725480 

  N   21.07194103304125     -0.27451257330156      3.96940194040143 

  C   19.98969517740427     -1.14135299920984      4.00024630227664 

  H   22.86570066998190      1.46359413952838      3.39021965043973 

  C   17.14567203994334     -2.09917718077975      3.53054658069739 

  H   17.88879155079736     -2.87220534122108      3.38900859506900 

  C   15.82062689455372     -2.31643356012661      3.15957112236651 

  N   18.84518746353221     -0.46800664110396      4.33346079771548 

  H   20.85079416102246      0.73813595511381      3.83715520836727 

  C   17.53050361450228     -0.85466099245784      4.05023145426234 

  H   15.52347795809973     -3.26422365680909      2.72123579637749 

  H   14.49668174429965      0.68602196207218      4.03453701849193 

  C   14.85827411077223     -1.31861804247832      3.30432532182025 

  H   18.94722149658040      0.52885109988049      4.60966626359403 

  C   16.54410126915605      0.11943861562959      4.25935277429827 

  C   15.22584726827411     -0.10323272909232      3.88575191219891 

  O   13.58821051856270     -1.57789327113091      2.85275587335144 

  H   10.44932898677231      0.86545966518199      1.91979371851354 

  H   16.84318670050260      1.07587963714365      4.68047509537634 

  F   25.94860867481899      1.26422125360158      1.56744940668071 

  H   11.99821931032939     -1.52022743822745      0.75935697673386 

  C   12.88329167706669     -0.44145013712952      2.37857953311255 

  C   11.66510844264855     -0.89775849630604      1.59871048042621 

  C   10.82262002454460      0.27256187559754      1.07301117350325 

  H   11.52727231594091      3.05826760828252      1.18066797685981 

  H   10.85583399424911      1.57714871404865     -0.66131587584006 

  F   24.98015610901183      2.52898164695557      3.02327545630782 

  C   11.56232266150456      1.19504666317785      0.08662999862503 

  C   12.27356944821054      2.39290561611620      0.72573802799712 

  H   14.57741500798581      4.78613244422630     -0.35013694774132 

  H   9.93791899099613     -0.14920348977682      0.58367694320847 

  H   13.61895855513202      2.48313765167650     -0.96127750028001 

  H   11.05384342249303     -1.53414443504984      2.24926824742923 

  C   13.12057448261233      3.18543728448336     -0.27799938680985 

  C   14.19617025554417      4.06027059497008      0.37965385629350 

  H   12.90947859739675      2.05352887774925      1.55001644023001 

  H   16.01541564340246      4.66037838101090      2.40904566752157 

  H   12.29872076487866      0.59952435758706     -0.47200543479406 

  H   14.99633186177341      2.48467164890472      1.62892897777346 

  C   15.36710382679260      3.23669012668959      0.91829341741340 

  H   13.74859007913149      4.64574447266403      1.19537861247661 

  C   16.46209425903749      4.04768138162863      1.61324192077282 

  H   12.45852854513286      3.79995078139352     -0.90098513287301 

  H   18.18425259064248      4.49473869121133      3.75768685711934 

  H   17.01340027975772      2.42326214652768      2.89215654763287 

  C   17.51910394407011      3.12678959415322      2.22041357955804 

  H   16.92199119495777      4.74673468700840      0.90084490792854 

  C   18.63021215086621      3.81888929189660      3.01924114484810 

  H   15.81326071347639      2.67055456936158      0.08856721603799 

  C   19.41728597763296      2.72492517367446      3.75112875899356 

  H   19.28860527114224      4.39067706713379      2.35809016511812 

  O   20.48981806683680      2.32360174449850      3.23262904007128 

  H   17.97760361093615      2.51895888371771      1.42868628616670 

  O   18.86909326992913      2.24350039535285      4.77982667124591 

  F   26.64752839542684      1.28258792496449      3.60159510109276 

  H   13.55848017838075      0.14601703461640      1.74243141121361 

  H   12.56521020226734      0.19804357680243      3.21547221753960 

  C   25.12518181917764     -1.09330024718777      3.20582314037920 

  C   24.24313038341370     -2.12438210823634      3.48446610650163 

  H   26.17571083020256     -1.28184812762585      3.01704832755672 

  C   24.59967253349628      0.20041154642822      3.18045042058001 

 

  



 
 

301 
 

2a monoanionic dimer 
137 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/CTUa_DIH-/01_DI_GeOpt/CTUa_DIH-_GeOpt 

  C   -7.25585320584030      1.82310679139588      1.30341220775336 

  C   -6.57347184231559      0.63771548949643      1.55185023138464 

  C   -6.53223536468902      3.00420448674175      1.41700298651745 

  C   -5.18595153081012      3.03245587417286      1.76468108450045 

  C   -4.52209495044625      1.82444254970918      2.01140566238214 

  C   -5.23312793601028      0.61817717879181      1.89871899907882 

  H   -8.30345077920245      1.82186943611348      1.02962475787494 

  Cl  -7.43092872771803     -0.87855216891858      1.41689878296886 

  C   -7.22045328201872      4.32312019757761      1.20969720432260 

  H   -4.65163327091068      3.97005440201595      1.83173783325322 

  H   -4.72992334490579     -0.32711703933046      2.07803660785788 

  N   -3.19058311168457      1.74078216437310      2.40033493754703 

  C   -2.23197367654426      2.74308910381724      2.28363551180088 

  O   -2.44142083920814      3.83270815390527      1.77063683871476 

  N   -1.03022604611326      2.36445688935191      2.80136230953336 

  C   2.61040338815946      3.03344105274113      1.84770200170394 

  C   1.28967295369872      2.29322071554418      2.03536880730353 

  C   0.17654323405489      3.14892057750468      2.63418254655878 

  H   -0.96159464092817      1.49846835584212      3.32196016707092 

  H   -2.83046779674304      0.80173902440654      2.55405560581760 

  C   3.69427086213482      2.12062076603561      1.27611942540822 

  C   5.05083433949249      2.80023235269327      1.10407248469545 

  C   6.11690282990944      1.85192309053293      0.55830765409857 

  H   5.38192113384828      3.20114511403617      2.07207261094944 

  H   4.94608116774589      3.66239425862870      0.43120904374302 

  C   7.49087691542715      2.50017184292359      0.39826406298165 

  H   5.78740298008937      1.45637481080155     -0.41332380406453 

  H   6.20404407904473      0.98492419355271      1.22959252445898 

  C   8.55114589745867      1.52248956664468     -0.10524327417598 

  H   7.81063626565008      2.91627469132641      1.36380556098930 

  H   7.41604288984539      3.34968783237292     -0.29468754555654 

  C   9.93622453844645      2.14727133724616     -0.26310827158898 

  H   8.23010668722957      1.10349093576265     -1.06979994699408 

  H   8.61687592114875      0.67465621188576      0.59171962715121 

  C   10.98839885466681      1.14515828711270     -0.73499604062456 

  H   10.25107328656826      2.57872348097894      0.69739527558332 

  H   9.88168578526093      2.98356255462575     -0.97399583380310 

  C   12.38587199570955      1.74582908056425     -0.88030520907702 

  H   10.67584700044409      0.71808602941045     -1.69874118033360 

  H   11.02851392177351      0.30546975314492     -0.02607343940089 

  C   13.43052735107634      0.72044198116809     -1.31735881860848 

  H   12.69143758922940      2.18951323582466      0.07772203624749 

  H   12.35520533590171      2.57059330570897     -1.60615878202009 

  C   14.84005436408029      1.29414109073945     -1.46112219268909 

  H   13.12408523439137      0.27544728091138     -2.27496988877951 

  H   13.45063473162377     -0.10367661491399     -0.58957770788677 

  C   15.86198532593558      0.23380435086010     -1.86473966439788 

  H   15.14269175186714      1.75627631612170     -0.51071921539005 

  H   14.83183995762834      2.10152045056753     -2.20746706286688 

  C   17.28794160098364      0.76117152268732     -2.01933391281330 

  H   15.56747925924149     -0.23137709548439     -2.81255901867878 

  H   15.85735982552776     -0.57086694739359     -1.11485311994341 

  C   18.25656220943108     -0.36677879967235     -2.40964481728025 

  H   17.30985300025826      1.52578698893904     -2.80809326245672 

  H   17.63991202217110      1.22972367607119     -1.09482929686676 

  O   19.34510159880102     -0.43695482751036     -1.78238645930900 

  O   17.87159913947490     -1.14265545370914     -3.32127714591476 

  F   -7.41160085525630      4.96490154611714      2.37429615549701 

  F   -8.42401659378423      4.18446699869770      0.63566396364048 

  F   -6.49761822172794      5.14335242042316      0.43365505677427 

  H   3.35946424078599      1.72860306015420      0.30466106934492 

  H   3.81180341265337      1.24709520808473      1.93523234564344 

  H   0.94169157884618      1.89467928981779      1.07287272361949 

  H   1.45772465344025      1.42679570617606      2.69095672757149 

  H   0.49833955150929      3.56874895370004      3.59643782209982 

  H   -0.07406810803153      3.98546270915383      1.97769522559519 

  H   2.94513453078467      3.43987643274169      2.81190363610650 

  H   2.46129576344938      3.89328387288011      1.18114048261127 

  C   24.50068200828661     -2.47055312935082     -0.26853449516607 

  C   23.68602653912328     -1.38142443723705     -0.56013625417862 

  C   23.97212270940727     -3.73321337008136     -0.51607014118770 

  C   22.69515697574667     -3.92893542437199     -1.03167199333688 

  C   21.89381439659669     -2.81180789155069     -1.32141845340072 

  C   22.41002444594267     -1.52272555814259     -1.07255354196095 
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  H   25.49932233930779     -2.33796580820198      0.12803029171243 

  Cl  24.30671486838324      0.23204724304731     -0.26831491641707 

  C   24.78656415922754     -4.94513597212573     -0.17104302734199 

  H   22.31065748328795     -4.92404492883829     -1.20809666393550 

  H   21.78960562573665     -0.65631684975154     -1.28345352830726 

  N   20.63247059182469     -2.87201744919645     -1.87328804454418 

  C   19.82462364876789     -4.00222597253385     -1.97422245180798 

  O   20.12652529734612     -5.10610382087401     -1.52452873941914 

  N   18.67110316461506     -3.72841359747180     -2.63325319834208 

  C   14.99270342321471     -4.51654691223442     -1.98082459706089 

  C   16.33475126452952     -3.79019383111616     -1.97061413096380 

  C   17.50625277522955     -4.58408861103075     -2.55106665427902 

  H   18.49895988890808     -2.76472702104477     -2.96642597721036 

  H   20.15256119606284     -1.95129428009862     -1.98145195403030 

  C   13.87202625581279     -3.59388912123424     -1.50253239590763 

  C   12.48206922987991     -4.22574984894960     -1.48369178154482 

  C   11.40848700034362     -3.23015885076969     -1.04633294492514 

  H   12.47855745146376     -5.09199159358622     -0.80726520816065 

  H   12.23897433571706     -4.61125326462983     -2.48375687160277 

  C   9.99922140508022     -3.81528570693158     -0.98317641792615 

  H   11.41331988318277     -2.37374212983918     -1.73547074012671 

  H   11.67430687144861     -2.82799580199874     -0.05803992625486 

  C   8.96120169182808     -2.79152409592195     -0.52574804044337 

  H   9.99083378017902     -4.67302777232692     -0.29599629143322 

  H   9.71868802968341     -4.20710358555293     -1.97082065881363 

  C   7.54615495757369     -3.35657353165836     -0.41695625175978 

  H   8.96079813301256     -1.93964395678928     -1.22055916468837 

  H   9.26299236502544     -2.38897732685963      0.45200724015103 

  C   6.54041174210014     -2.33512242595732      0.11183133632366 

  H   7.55547231646761     -4.23084814591830      0.24906669656645 

  H   7.21861685201273     -3.72077096480003     -1.40057898466099 

  C   5.12554665140559     -2.89154958760782      0.25953207767475 

  H   6.52146267798196     -1.46119256073801     -0.55471431557733 

  H   6.88494072176162     -1.96848149820530      1.08957447919020 

  C   4.15707485955919     -1.88508897227208      0.87819149604117 

  H   5.15531400046365     -3.79398552068799      0.88609606549512 

  H   4.74962732156994     -3.20872233750908     -0.72279749436805 

  C   2.74650534107204     -2.44082435625213      1.06583948727571 

  H   4.11417904421009     -0.98255412187007      0.25216967023992 

  H   4.55054982763049     -1.56473322832233      1.85380846689959 

  C   1.81974324036250     -1.44599609915301      1.76179072060803 

  H   2.79299728491886     -3.36627111567931      1.65607033478091 

  H   2.32209020447381     -2.71244284096624      0.09056452465103 

  C   0.41304379004578     -2.02047144751390      1.97967379250535 

  H   1.75361809225083     -0.52400252928017      1.17082782656261 

  H   2.27878828953926     -1.16735720461443      2.72228284950231 

  C   -0.54818048750466     -1.04602149452597      2.61657987449337 

  H   -0.03050861272707     -2.32872203061809      1.03084435431511 

  H   0.46903890686162     -2.90656189226265      2.62604940488140 

  O   -1.64677826391159     -0.78075319937343      2.19251596433322 

  O   -0.13464088092036     -0.44410795123459      3.75207060992441 

  F   24.41475709831397     -5.48435337162148      1.00368769419340 

  F   26.09754460901279     -4.66633851881094     -0.06584998412037 

  F   24.66285991467556     -5.91474181860634     -1.09088049134711 

  H   13.85220686484525     -2.70456245976301     -2.14869458029041 

  H   14.11439393263637     -3.22941724533920     -0.49389869288064 

  H   16.24798947010139     -2.85744502319942     -2.54289862366559 

  H   16.59050855449538     -3.49580810814655     -0.94374923243764 

  H   17.76128871367587     -5.44744367569494     -1.92980476515887 

  H   17.23832720467878     -4.96270236489518     -3.54781646915576 

  H   15.03722665030435     -5.41224637429868     -1.34560352423329 

  H   14.76792490898853     -4.86531185342246     -2.99865356236364 

  H   0.77186513485675     -0.71063453597982      3.98166423118146 

  



 
 

303 
 

3a monoanionic dimer 
127 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/3a_DIH-/01_DI_GeOpt/3a_DIH-_GeOpt 

  C   20.98197769548646     -4.36757166795647     -4.53879934297502 

  C   20.44096017173430     -3.78190572628727     -3.39779748530091 

  C   20.10966983573099     -4.61234941775504     -5.59224374803638 

  C   18.75494115143212     -4.29662321500709     -5.53899060664462 

  C   18.23451955419652     -3.70749089784023     -4.37678830020368 

  C   19.10291065343941     -3.45161463060407     -3.29524820728952 

  H   22.03307988143578     -4.61963373030379     -4.59744888689352 

  Cl  21.50107040109457     -3.45236305106450     -2.04213957295214 

  C   20.62624129937382     -5.22406893903367     -6.86177805757211 

  H   18.10595896339417     -4.49473871188375     -6.38077141528275 

  H   18.70482630199555     -2.99107640220508     -2.39523648673175 

  N   16.90801054100629     -3.36892416463546     -4.18706429962086 

  C   15.91213104344049     -3.36116609700561     -5.15200962351782 

  O   16.09897101044646     -3.61931553257343     -6.33657321300994 

  N   14.70878980843437     -3.02195082582417     -4.59635250683111 

  C   13.29076270427564     -2.87761745953524     -6.62692128172056 

  C   12.07660024117613     -2.46207192850373     -7.16755030608385 

  C   11.10318628392235     -1.84371373988813     -6.38600915964735 

  C   11.33911516363341     -1.63029365465636     -5.02433525435603 

  C   12.54672695954503     -2.05293653100463     -4.47626695469710 

  H   11.89205513103903     -2.62370033428039     -8.22618162439954 

  C   13.53411862123029     -2.66997558133224     -5.26084106594379 

  H   14.04575948835624     -3.35037312632689     -7.23938310921616 

  H   12.75742886960228     -1.89512103831982     -3.41978427696696 

  H   14.66229445529907     -2.96175084597097     -3.55524893732267 

  H   16.69875108334676     -2.90802931244249     -3.27470513347220 

  C   10.31813745482027     -0.94865930924417     -4.14167501611034 

  C   9.64130543567736     -1.89655939513249     -3.14464204707069 

  C   8.64839458464143     -1.17183854073915     -2.23729526427173 

  H   10.41148169065201     -2.38274832647596     -2.53145823433307 

  H   9.12868479665990     -2.69737956757836     -3.69430675963144 

  C   7.95378228982535     -2.09517408426149     -1.23781617122420 

  H   7.88887433138098     -0.66978801039497     -2.85328159479800 

  H   9.17512533777615     -0.37553896206943     -1.69140081532413 

  C   7.03547055531860     -1.34551541821906     -0.27302519222592 

  H   8.71093888081259     -2.64658677078986     -0.66356989200689 

  H   7.37152961360789     -2.84946682918241     -1.78566831915938 

  C   6.23140788814812     -2.26686706576619      0.64172045365274 

  H   6.34272709260661     -0.71266837739172     -0.84614190235992 

  H   7.63925970443221     -0.66339285889012      0.34237616126443 

  C   5.32506268300219     -1.50717781826193      1.60955377777111 

  H   6.91857956599328     -2.90782988854612      1.21115579283167 

  H   5.61849289325450     -2.94087165115093      0.02686087693877 

  C   4.47641953496680     -2.43357737208383      2.47857844139576 

  H   4.66360775058071     -0.84002753317361      1.03893061225828 

  H   5.93692380463407     -0.85962593687773      2.25357565383783 

  C   3.52982564245667     -1.67655192238727      3.40788153329985 

  H   5.13538457906319     -3.08147176086749      3.07279799406804 

  H   3.89051848414655     -3.09948334950177      1.82978743253280 

  C   2.68327228012544     -2.62507800731526      4.24882059737501 

  H   2.86683197594633     -1.03218153488350      2.81892623986352 

  H   4.10159848595285     -1.01750635431033      4.07170402764222 

  C   1.69656675115559     -1.91559918871998      5.14180599555310 

  H   3.31796296713066     -3.25687442643807      4.88503033970354 

  H   2.11316227834373     -3.31017441680658      3.60621291451724 

  O   0.92339144063788     -2.68632696337432      5.91740693824668 

  O   1.55760385874004     -0.71382894558114      5.19731109607960 

  F   21.90519862950545     -5.62171171458317     -6.75684508848365 

  F   20.56969770651274     -4.36433949902665     -7.89291350847223 

  F   19.90853267767802     -6.29880927070385     -7.22708320671686 

  H   10.16658945233429     -1.51714537306337     -6.83063532270177 

  H   10.80793945392930     -0.14483164139641     -3.57551257942767 

  H   9.55142543738707     -0.47414449060421     -4.76679303018070 

  C   -3.32149930847383     -0.18772714031876      9.38078031475394 

  C   -2.58459544651684     -1.08551358120998      8.61584145177107 

  C   -2.95585607985217      1.15053385267384      9.31195094931460 

  C   -1.90419534377030      1.60594417107843      8.52017056567360 

  C   -1.17997366260981      0.68077278452478      7.75790622137610 

  C   -1.53241037491974     -0.67913315394501      7.81521428167693 

  H   -4.14152696998704     -0.52227410737263     10.00354782991643 

  Cl  -2.99815669974855     -2.78228622678803      8.66624203474757 

  C   -3.73124182193382      2.17485995955759     10.09382139385709 

  H   -1.64574992947240      2.65534523095435      8.49414743505235 

  H   -0.97609675640220     -1.40913821492861      7.23422175931267 
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  N   -0.11114985222218      1.00441475877059      6.92778684406743 

  C   0.42030722592072      2.26199317137144      6.69115813608485 

  O   0.01231255643107      3.28212366024160      7.22243078524412 

  N   1.45726901689400      2.20893449581327      5.79031272242620 

  C   2.21341440423779      4.56727144105154      5.86002082264207 

  C   3.04511264145060      5.54215477913579      5.31441121771854 

  C   3.88995472744561      5.26278302692738      4.24497512847098 

  C   3.91309741537843      3.97931552159477      3.69136564805857 

  C   3.08342140184052      3.00169299499713      4.23471125619640 

  H   3.02676760691442      6.54150392354438      5.73909652220433 

  C   2.23316890027741      3.27849596190370      5.31356017339241 

  H   1.55843840181282      4.79557627218789      6.68803655378701 

  H   3.08866866826328      2.00039608045270      3.80681113904735 

  H   1.66962891056821      1.30673518065171      5.37822006810613 

  H   0.32010566637342      0.22265507174487      6.43936405636722 

  C   4.84922182944344      3.63769830620944      2.55731336864943 

  C   6.18176407368171      3.05521874989575      3.04731441206294 

  C   7.14075050975599      2.74482709703115      1.90008577864632 

  H   5.98368999337323      2.14150605096706      3.62469258769009 

  H   6.65108829520008      3.76485987935458      3.74153186704054 

  C   8.46945911641008      2.14858819246125      2.36263626329191 

  H   7.33400858682639      3.66509939096100      1.33138404939230 

  H   6.65705574834922      2.04796447929383      1.19982974461630 

  C   9.41625484931108      1.84714492256555      1.20281470153051 

  H   8.27517079288029      1.22149601540539      2.92097901019552 

  H   8.95578992719843      2.83700074065509      3.06782025030513 

  C   10.73707543998386      1.20467056546900      1.62672093813620 

  H   9.62382322203674      2.77299864343154      0.64881602283158 

  H   8.90773922081121      1.17888954834632      0.49298146031212 

  C   11.53327960707810      0.68708871031216      0.43081386304170 

  H   10.53411779069880      0.36819164205270      2.31034668439455 

  H   11.33636039637379      1.92991512853534      2.19438770127663 

  C   12.90088901815041      0.09779477966011      0.77583331453374 

  H   11.66282867591829      1.49616167647704     -0.30214902563134 

  H   10.93627810462058     -0.08679030742041     -0.07451132287061 

  C   13.52229973952696     -0.60033291365657     -0.43123520561820 

  H   12.79200443187485     -0.62597257177620      1.59644143934543 

  H   13.56416333216042      0.89118759043590      1.14734382293723 

  C   14.89832321949931     -1.21977772710046     -0.19312350831103 

  H   13.58706283328673      0.11009399454690     -1.26815832693711 

  H   12.85509788269647     -1.40368238706300     -0.76207388361944 

  C   15.33088602747822     -2.06219611501419     -1.40251399884014 

  H   14.85218106684675     -1.88520949474615      0.68028324406695 

  H   15.65875280136264     -0.45983409541741      0.01047825556402 

  O   16.51315478626788     -1.95817752985651     -1.81206152325327 

  O   14.44009493391353     -2.80123073258888     -1.90344254310104 

  F   -4.59183205685777      1.61238624991889     10.95511409690474 

  F   -4.44764962674731      2.97292840847889      9.28664064475822 

  F   -2.92137746253945      2.97347245982435     10.80431718688017 

  H   4.52955166643896      6.03825330844275      3.83202972525159 

  H   4.37067979882275      2.91386659086088      1.88570121913467 

  H   5.04967673130352      4.53845405782068      1.96469615283758 

  H   1.12379609475070     -3.62896908135454      5.78568014364160 

  



 
 

305 
 

4a monoanionic dimer 
135 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/4a_DIH-/01_DI_GeOpt/4a_DIH-_GeOpt 

  Cl  23.93839977236183      0.63935085356070     -1.05667323180400 

  C   21.94779569045238     -0.19169747039025      0.57564530277389 

  C   22.24432036247990     -0.65949516800447      2.93481537919518 

  C   24.46311644062894     -0.44153206693172      4.00843262148843 

  C   21.40448479601934     -0.59621850404916      1.81274336848680 

  H   21.29700947833300     -0.13087248359525     -0.29218904300678 

  O   19.65328459216441     -1.07450941973317      4.07808270717285 

  N   20.06101800830226     -0.91968511222372      1.80902085343282 

  C   19.26442113963561     -1.15723310349807      2.91802656007113 

  H   21.84228825711174     -0.95285362526238      3.89465697040059 

  C   16.83288754256976     -1.48032894334570      4.72098906407148 

  H   17.76418633935462     -1.41395695151004      5.26477630200953 

  C   15.61034905850456     -1.51400574310958      5.37934361489826 

  N   17.99386170070369     -1.48957006404527      2.52846311245653 

  H   19.57669716232452     -0.75890003857121      0.89795249491042 

  C   16.84500992827693     -1.53413494983499      3.31579534756372 

  H   15.59990232404454     -1.47669653867961      6.46521187941165 

  H   11.99486493671575     -0.73471593966108      3.78916085759903 

  C   14.39368373296657     -1.59478562316958      4.69917279658732 

  H   17.84054869585527     -1.66683460583600      1.51189516767501 

  C   15.63362202249300     -1.62304813715004      2.62002937927930 

  C   14.42025065607046     -1.64292103496495      3.30249618516627 

  H   13.46145803365790     -1.61958123270143      5.25026417220625 

  H   9.49640636640002     -0.67421393302774      3.35046812100504 

  H   15.63832335817061     -1.66119924492444      1.53426116339294 

  O   13.30836522922950     -1.69764803032856      2.51437168557814 

  H   11.17415304821710     -0.63321202759656      1.45904036157328 

  C   12.04431290554693     -1.62219895582141      3.14164400707562 

  C   10.98841289492328     -1.53624253663286      2.05304713108190 

  C   9.57655299000202     -1.50360232729774      2.63379094037545 

  H   7.02674676278360     -0.52529786869796      2.92687606841743 

  H   8.64542201456317     -0.42143721942613      1.01413811863244 

  H   11.88025576463836     -2.50762917544958      3.77425682401598 

  C   8.48307321922668     -1.35201069534288      1.57572832526171 

  C   7.08583710608394     -1.34114947930879      2.19256929570150 

  H   4.57137095368843     -0.36318210356739      2.62533575909705 

  H   9.39708460540284     -2.42384549072852      3.20690050657085 

  H   6.07183051153096     -0.25522864347097      0.62012885221941 

  H   11.10294338892846     -2.39404734852216      1.37916429914657 

  C   5.94243785116605     -1.18688862263347      1.18874800599257 

  C   4.58536778870605     -1.18115015957181      1.89110837434721 

  H   6.93827628049362     -2.27157218307813      2.75900372619728 

  H   2.11092863954008     -0.25666058494222      2.53776432083287 

  H   8.56042621449675     -2.17211438980081      0.84814574108782 

  H   3.42818008655827     -0.10663988141156      0.40527092401801 

  C   3.36685684640666     -1.04234448044056      0.97744795374985 

  H   4.48582134320528     -2.10968228704328      2.47120074954410 

  C   2.07717125045968     -1.06819783104679      1.79737228163871 

  H   5.97912600127233     -2.00730671874454      0.45832921530976 

  H   -0.39210401481512     -0.19568652466827      2.65366887424678 

  H   0.77653785210057      0.00028942305981      0.43192082422571 

  C   0.78704976390048     -0.94497795362551      0.98772239011082 

  H   2.04457114363772     -2.00354436965128      2.37360300015161 

  C   -0.41921403400493     -1.00864270364917      1.91708463605873 

  H   3.35593783885954     -1.85694126556275      0.24037930511396 

  C   -1.75269204622239     -0.93211009016258      1.23234270312713 

  H   -0.41545697083524     -1.93667041071323      2.50221688302660 

  O   -2.76218199601823     -1.03084213111687      2.09833174539934 

  H   0.72618869719117     -1.75173733718450      0.24736966693681 

  O   -1.93859658632936     -0.79788932564116      0.03748500512476 

  F   23.90689471114215      0.13292242249147      5.08647628303397 

  F   25.66496059397076      0.13151001327436      3.83092497888605 

  F   24.69166621222754     -1.72498785548530      4.33799522529318 

  C   23.58796379192570     -0.32358703783410      2.79516595906867 

  C   24.14335319033714      0.07583529709056      1.58557295445758 

  C   23.28830011632770      0.13213809546120      0.48882895036257 

  H   25.19017205330223      0.33738790348911      1.49740093823480 

  Cl  -8.08050838769326     -0.77342891890659      0.55509285018729 

  C   -5.90855942289782     -0.80448652866547     -1.04948507895878 

  C   -5.98351151945691     -1.21047751706373     -3.43157493555795 

  C   -8.17374021200612     -1.56779933648120     -4.57358467949186 

  C   -5.23765789089552     -0.94211806434337     -2.27373707770546 

  H   -5.35123676652409     -0.58059975304761     -0.14546654044632 

  O   -3.37803210304551     -0.76985615022744     -4.49057263407749 
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  N   -3.85127023154241     -0.82072366640128     -2.24313621051975 

  C   -2.99617419079020     -0.73519593422575     -3.33270263618394 

  H   -5.48785479964783     -1.32102641877455     -4.38479118735303 

  C   -0.60447833106131     -0.40885744838702     -5.16225689129240 

  H   -1.55028319993788     -0.45541230090917     -5.67971371116023 

  C   0.58912793360546     -0.27672854151476     -5.86043613529114 

  N   -1.68702600610050     -0.60609445523997     -2.93877643373518 

  H   -3.43090159383540     -0.75166276989718     -1.32074543675780 

  C   -0.55560746099865     -0.48173359162618     -3.76159420119597 

  H   0.55495167699926     -0.21900957048755     -6.94422235024367 

  H   4.24173735025924      0.80842870985806     -4.36066245783764 

  C   1.82741748939281     -0.21407332633145     -5.22369356551002 

  H   -1.49450060903672     -0.61277708893631     -1.94158586231882 

  C   0.67583248174737     -0.42179977719171     -3.10758501087641 

  C   1.86244320576667     -0.28961999342012     -3.82889804435701 

  H   2.73321565239336     -0.10947544180936     -5.80718156212715 

  H   6.77128446787982      0.93662682916460     -3.98471611775325 

  H   0.73424157091174     -0.47853503649008     -2.02421130233337 

  O   2.99701019491618     -0.24470312321205     -3.08593608367258 

  H   5.19757780302213      0.69963745834091     -2.05395403954546 

  C   4.23102132959916     -0.12358370279293     -3.77796445723866 

  C   5.35083450577231     -0.12875919162843     -2.75647511177776 

  C   6.71882681416837     -0.00703214310261     -3.42449658516688 

  H   9.31285244956326      1.00871076498749     -3.62294630877827 

  H   7.76227994336097      0.73251176629824     -1.68599679605613 

  H   4.34815233346050     -0.96205890219800     -4.47873841713792 

  C   7.87504228463910     -0.06962126103358     -2.42912156366461 

  C   9.24371019273656      0.04598952043200     -3.09743794252815 

  H   11.87744938305241      0.99723887863186     -3.26360917610862 

  H   6.83702655583069     -0.81237018894793     -4.16256858767132 

  H   10.31001316910431      0.69244992313493     -1.33635273711608 

  H   5.29572029912729     -1.05914932060761     -2.17782052540627 

  C   10.40230259938406     -0.08179826811199     -2.11166642066537 

  C   11.77861692918175      0.02171867030720     -2.76706019882545 

  H   9.33698896539990     -0.73305538167621     -3.86704826801437 

  H   14.49226990945390      0.88185195711950     -2.81410098650101 

  H   7.82088985495601     -1.01631165124589     -1.87272886651889 

  H   12.83968317392388      0.59895378289506     -0.98107846738647 

  C   12.91607389901039     -0.16609399974804     -1.76664913509110 

  H   11.86071283590335     -0.73764603616732     -3.55747131495268 

  C   14.31444714910834     -0.11263724805185     -2.38129324820253 

  H   10.32588700786526     -1.04789565612074     -1.59209491470801 

  H   17.11687659552974      0.55972447758641     -2.22844647522554 

  H   15.30496650923875      0.25935936051566     -0.50467953522203 

  C   15.38663691522057     -0.44266382353199     -1.34694424273942 

  H   14.37634739851932     -0.82950981789744     -3.21275366986489 

  C   16.82279815899405     -0.43087462210083     -1.86833543362112 

  H   12.79000498638720     -1.13347800742424     -1.25974651715924 

  C   17.79012528088578     -0.87786229323707     -0.76392046835120 

  H   16.91188425343669     -1.13281946355025     -2.70882067856354 

  O   18.83521544983944     -0.20633825299783     -0.57746879322643 

  H   15.19368324380417     -1.43837697737207     -0.93363849204642 

  O   17.43958247306838     -1.89223469253185     -0.10157754834355 

  F   -8.62907687978623     -0.41298488449639     -5.08490763182285 

  F   -9.25079489192636     -2.33048090915575     -4.32725127688643 

  F   -7.46584005792460     -2.17115390065015     -5.53580035020724 

  C   -7.36378017233229     -1.33657894801282     -3.32739324059537 

  C   -8.04498204469090     -1.21067454913780     -2.12001619029688 

  C   -7.28585940829234     -0.94293127964673     -0.98979143832562 

  H   -9.12117301346254     -1.32165793977196     -2.06166268649562 

  H   -3.60112389190849     -0.98243106074071      1.60438809785743 

  



 
 

307 
 

5a monoanionic dimer 
135 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/5a_DIH-/01_DI_GeOpt/5a_DIH-_GeOpt 

  C   -3.81212267892701      4.43867083347262      5.10372346719466 

  C   -4.14865438953664      3.20833644706858      4.54734436904340 

  C   -2.61146408916510      5.00591237037141      4.69382361282043 

  C   -1.76659120680184      4.39901321858992      3.76913979192610 

  C   -2.13128900602142      3.16040474233254      3.22113370903612 

  C   -3.34353198156830      2.56507033544600      3.62657677991562 

  H   -4.45515930457319      4.92481728953310      5.82638019568879 

  Cl  -5.64674028291897      2.44589018259813      5.04056751322036 

  C   -2.20825172964048      6.35033525859262      5.22341907413687 

  H   -0.83286895719449      4.86303130810720      3.48308496431549 

  H   -3.61965642261662      1.59784871429650      3.21663187717687 

  N   -1.39697603750560      2.46558503944609      2.27820094560549 

  C   -0.07534676464145      2.69891689940875      1.93259181153380 

  O   0.62240627174378      3.57868508413547      2.42734857229453 

  N   0.33808673537054      1.81563366360207      0.97227555293085 

  C   2.78698044695747      2.21793514076410      1.03831383918325 

  C   4.05704421723571      1.85435372994897      0.57954453887164 

  C   4.20852161534995      0.85033465960571     -0.37420754611650 

  C   3.06886003585558      0.21040538170537     -0.87474100647649 

  C   1.81074359553462      0.56605026392954     -0.42191064987758 

  H   4.91876496473678      2.37289763144253      0.98388372174022 

  C   1.64892152292620      1.57252585070633      0.54939848150163 

  H   2.68257937919442      2.99913507117320      1.77836284731024 

  H   3.19210970570084     -0.57033799718316     -1.61964866471071 

  O   5.40882414220585      0.42620751944539     -0.87719447403339 

  H   -0.37912120877099      1.20160971559987      0.54166086871040 

  H   -1.79121488939785      1.53292451363302      2.02391573659948 

  F   18.66323895701399      3.53836480182265      8.03694441393666 

  C   6.56907317617140      1.09263391457136     -0.42427890139957 

  C   7.76733015521286      0.50430008897500     -1.14482030620811 

  H   14.00719886732571     -2.61561953682449     -0.05085657849265 

  H   6.49037832910090      2.17081568060020     -0.63006192062193 

  C   9.07365457384841      1.16214268291394     -0.70527991081641 

  H   7.62632638203411      0.62620940857716     -2.22555309251149 

  H   7.80501478813807     -0.57492384609572     -0.94749935145153 

  C   10.30232417764246      0.54722753534485     -1.37231917931753 

  H   9.17119481807233      1.08229780550879      0.38731172684235 

  H   9.03710711867554      2.23718299767855     -0.92958040625606 

  C   11.61955305360321      1.16950904621345     -0.91716822063036 

  H   10.20779140439269      0.64684791121259     -2.46282490641962 

  H   10.33453556085604     -0.53036217546942     -1.16213271752456 

  C   12.83334254515915      0.55087660266669     -1.60617874149138 

  H   11.72627962854741      1.04604369864502      0.17089315150070 

  H   11.60195691199205      2.25261970317328     -1.10421170537373 

  C   14.15704854567815      1.12581704045745     -1.10875083975174 

  H   12.75114762930450      0.69813882011603     -2.69272723956813 

  H   12.82281486514057     -0.53480821144810     -1.43542422879143 

  C   15.37511209712588      0.50720752832372     -1.79078272389234 

  H   14.23135595885153      0.96758235584573     -0.02373626521891 

  H   14.16552955562675      2.21384967720975     -1.26691969943253 

  C   16.69526453669169      1.06117962029947     -1.25893850906609 

  H   15.31867244837677      0.68115971412848     -2.87479238636361 

  H   15.35279435660377     -0.58194827001746     -1.64860643835990 

  C   17.91744592541328      0.41202611982910     -1.90723525228703 

  H   16.73465202662879      0.91796374062364     -0.16960775093864 

  H   16.72672076161659      2.14641170787343     -1.43149440531181 

  C   19.23125756069821      1.05426178415109     -1.46794588296542 

  H   17.84354701569742      0.49600512713758     -2.99734770363929 

  H   17.94495750115792     -0.65719948469300     -1.66928554995967 

  C   19.54417879202553      0.80729711237043     -0.01093320284301 

  H   19.21229343887692      2.13453288708637     -1.65642701098433 

  H   20.07889455237849      0.64770663845919     -2.03570982594853 

  O   19.13494221436840     -0.13718657098751      0.62953810605635 

  O   20.36573886797196      1.67543295388259      0.59387252535325 

  C   21.02931618629121      3.58630639245179      5.67210052427922 

  C   21.53137171019524      2.80012184092245      4.64076243278202 

  H   21.67899779276387      4.21907613926102      6.26355693087305 

  C   19.66119773493906      3.52502628131321      5.90389242519358 

  Cl  23.24371023514634      2.84363470704198      4.29629100299531 

  C   20.71802863715266      1.98609803098061      3.87256528836555 

  C   18.80371469113862      2.72307193049169      5.15528382150269 

  C   19.06022276408552      4.32594931383938      7.02551186641559 

  C   19.33560563441941      1.93961130275151      4.12365913412702 

  H   21.14388211201598      1.39284031118307      3.06996466124018 
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  O   16.47003374338654      1.42990636379501      4.15187641585371 

  N   18.58461595146982      1.10179443979921      3.30348853879193 

  C   17.21461553825191      0.88263751814877      3.35420538348883 

  H   17.74293580996184      2.70539553875193      5.36211003802365 

  C   14.34597350032652      0.06827614647711      2.72085424837667 

  H   14.42846568940590      0.81679533875031      3.49607900190000 

  C   13.08480102651291     -0.39035724894685      2.32810970836553 

  N   16.80996021953293     -0.01727885388490      2.40220946590161 

  H   19.10777117024842      0.60417699551363      2.58801591893723 

  C   15.49653393182448     -0.43401723089780      2.11137359802446 

  H   12.20834952350777      0.02296226268516      2.81425493776938 

  F   -0.92302789231400      6.37383637977347      5.60936467434062 

  C   12.95617701347035     -1.35135207741368      1.32562651476841 

  H   17.52218307989833     -0.39543158517215      1.78699067805837 

  C   15.36015636278274     -1.40892017044042      1.11046038044327 

  C   14.11214276152949     -1.86167490228349      0.72297997936772 

  O   11.77723346798646     -1.84778580228294      0.86663634964355 

  H   7.89869345999167     -0.87443154078091      1.40343108990945 

  H   16.24949302555854     -1.81377854048406      0.63188251207878 

  F   19.92695400278535      5.21351271564994      7.53434079178750 

  H   9.43224138133621     -2.17388787748690     -0.11155088127609 

  C   10.58670748440376     -1.48686095099416      1.55357495626539 

  C   9.45295052676073     -2.31293019771814      0.97654264301805 

  C   8.09074007144508     -1.94536852357130      1.56224196730785 

  H   5.35120424680189     -1.35699398363574      1.20679429441420 

  H   6.99548439839386     -2.63327760881746     -0.16051958050917 

  H   10.70249750646295     -1.68468004690675      2.62868427622079 

  C   6.96644815066008     -2.76463872144730      0.93071740564643 

  C   5.56819646648539     -2.41081677501630      1.43252584971846 

  H   2.82501513445731     -1.97629562918675      1.08030168518683 

  H   8.09532304323575     -2.10151369009293      2.64952335293255 

  H   4.52725035330493     -3.16199531292973     -0.29388688870263 

  H   9.66542818422923     -3.37425670327971      1.15438209058391 

  C   4.49783801207436     -3.29716250562141      0.79705251263321 

  C   3.08006304082909     -3.02218361387210      1.29349179691445 

  H   5.53076387748954     -2.51470862610074      2.52598996471123 

  H   0.56483989684276     -3.97130302614190      2.21953020605809 

  H   7.15803814095313     -3.83142027013809      1.11490842762848 

  H   2.07609260437498     -3.80370552722171     -0.44111280940154 

  C   2.05316429434646     -3.95492018104417      0.64787402090571 

  H   3.04227011650885     -3.13768715611169      2.38652643028812 

  C   0.61775868213786     -3.75523046921769      1.14318907060683 

  H   4.74911844744070     -4.35179747482399      0.98300194063650 

  H   -1.66887812837085     -2.50468755530831      2.15155677985220 

  H   0.65268999489201     -1.62255098611508      1.48205056559629 

  C   0.09309647479673     -2.34731953022887      0.87534508738666 

  H   -0.03684025400673     -4.48588228813567      0.64852843730698 

  C   -1.40118735558456     -2.15852707643901      1.14837462241003 

  H   2.36041569752701     -4.99538585177140      0.82233364148438 

  C   -1.74216399756211     -0.66942386374298      1.02269727997279 

  H   -1.98477409795008     -2.73596021532720      0.41979063956379 

  O   -2.29972203426942     -0.11063406414578      2.00111517992236 

  H   0.28603195084636     -2.07732386455283     -0.16955669171609 

  O   -1.36520464732484     -0.09525541470202     -0.03518594102289 

  F   17.97855273943172      5.00842528405772      6.62266087645061 

  F   -2.94566026411200      6.72770363856124      6.28072382014865 

  F   -2.34229527999433      7.31303361936727      4.29390176855045 

  H   10.39391877158648     -0.41174705011338      1.42628341383076 

  H   6.67515024253154      0.97093303778508      0.66525176321140 

  H   0.92239745362286      0.06480887163495     -0.79790034485185 

  H   20.61038900713184      2.40454270562393     -0.00067794288519 

  



 
 

309 
 

2a linear monomer 
69 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/CTUa_DIH-/07_MOH_GeOpt/CTUa_MOH_GeOpt 

  C   24.14185526688765     -2.44563325582181     -1.17626836825332 

  C   22.94047398736207     -3.75156871895473      0.39634355571778 

  C   21.82648306193959     -3.79045187137204     -0.43606533856295 

  C   21.88164876918228     -3.13482274313046     -1.67133599104455 

  C   23.05593616672282     -2.45783361451937     -2.03614403683749 

  H   24.96957086634554     -3.07313684185589      0.71793285587465 

  Cl  25.58823249887217     -1.59765768642624     -1.65963300531438 

  C   22.82784195704609     -4.42154155736418      1.73727440784596 

  H   20.93483446030953     -4.32577442893446     -0.14216453820198 

  H   23.11746419522096     -1.94482902502174     -2.99111050826748 

  N   20.82305986011328     -3.09830089115110     -2.57888058428486 

  C   19.60843933774900     -3.76611178558771     -2.48366051990688 

  O   19.31352638676489     -4.50873230684455     -1.56016093583121 

  N   18.77965232255617     -3.53394470339079     -3.54602245696563 

  C   15.05620252289102     -3.88058831193566     -2.66358577259779 

  C   16.46571848058493     -3.29380561763920     -2.63144527750817 

  C   17.42712677346196     -4.07101064972140     -3.52845632983993 

  H   18.95041700657313     -2.72432122718657     -4.12767087885526 

  H   21.01039730730128     -2.60830698806449     -3.44414044593830 

  C   14.07819325879447     -3.13749593647394     -1.75525970420356 

  C   12.66320454220492     -3.71090280081717     -1.80518193826101 

  C   11.67991241495820     -2.96574784287320     -0.90439898945211 

  H   12.68972257521753     -4.77115580319022     -1.51760481958017 

  H   12.29759974336986     -3.68184429232985     -2.84126921036139 

  C   10.25789172513273     -3.51886033186560     -0.98069932504521 

  H   11.66921649680016     -1.90245187848088     -1.18233346714228 

  H   12.03301673917131     -3.00857979053609      0.13529706752156 

  C   9.26855482696627     -2.75621768729177     -0.10141522775405 

  H   10.26252388188706     -4.57895204404075     -0.69117013331451 

  H   9.91329475051017     -3.48619659581575     -2.02383738198973 

  C   7.83906170384134     -3.28532601155989     -0.20434390228550 

  H   9.28083341792034     -1.69376866963612     -0.38249917095530 

  H   9.60001435320263     -2.80127511317911      0.94534441433076 

  C   6.84551291535158     -2.49562050608714      0.64579378197857 

  H   7.81781692317420     -4.34245272664955      0.09508868165696 

  H   7.51815731170503     -3.25633688958694     -1.25508220186492 

  C   5.40932528287035     -3.00117595466098      0.52062706583009 

  H   6.88177619928176     -1.43709330809374      0.35247158419759 

  H   7.15519696048452     -2.53368596454387      1.69948700563061 

  C   4.41518378576433     -2.18252239768278      1.34225008144786 

  H   5.36304673460849     -4.05375051445211      0.83284683522292 

  H   5.10903266495789     -2.97937879179113     -0.53621159966491 

  C   2.97466973232704     -2.66998867405147      1.19967361872720 

  H   4.47188742915242     -1.12956355546782      1.03348052209070 

  H   4.70696251509254     -2.20987720178562      2.40132809491028 

  C   1.98349107153741     -1.82110186907122      1.99309244834553 

  H   2.90495751976476     -3.71608267814386      1.52834538705516 

  H   2.68889103495355     -2.65781395224456      0.13939271100767 

  C   0.54027665166413     -2.31964661211649      1.83430268264844 

  H   2.04342162345976     -0.77803604633647      1.65857319267644 

  H   2.27875023857689     -1.82587204273248      3.05150147967914 

  C   -0.46676461378511     -1.40888595806892      2.50466961019012 

  H   0.26972233092631     -2.37193791080020      0.77764448188012 

  H   0.44493928673929     -3.32833134464283      2.25726988314272 

  O   -1.35426157035869     -0.83213565554894      1.93533911309532 

  O   -0.31024436039639     -1.24616874366586      3.83698883091970 

  F   22.07125288292062     -3.70118791737925      2.58030072418065 

  F   24.02248084613755     -4.58648510957403      2.32127658563031 

  F   22.25531619562816     -5.62953743513651      1.64173448112258 

  H   14.04988097207777     -2.07712385923910     -2.04255850225847 

  H   14.44879117757062     -3.16761506894038     -0.72154321394320 

  H   16.43888154373887     -2.24353408455717     -2.95168297744520 

  H   16.85599320317705     -3.31146287049119     -1.60703032852168 

  H   17.49319805824968     -5.10828612073577     -3.18957936268730 

  H   17.06557208018224     -4.08065543800111     -4.56164295754042 

  H   15.09625816792938     -4.93733658664128     -2.36564740085947 

  H   14.67669780926035     -3.86411820939800     -3.69506633538881 

  H   0.43349366137439     -1.78036382865722      4.15857984343921 

  C   24.11259307603789     -3.08787815001089      0.05606411073287 

 

 

 

 

 



 
 

310 
 

3a linear monomer 
64 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/3a_DIH-/07_MOH_GeOpt/3a_MOH_GeOpt 

  C   20.90000554265966     -4.92032797657775     -4.69884646718174 

  C   20.50127012554506     -4.32513041769797     -3.50881515607887 

  C   19.98765554625388     -4.91873363577359     -5.74750829464115 

  C   18.72046867409270     -4.35524145239023     -5.64342841754189 

  C   18.34283045667943     -3.76354062597705     -4.43195327536058 

  C   19.24806187845321     -3.75285631367031     -3.36058917955139 

  H   21.88435694632644     -5.36016377977162     -4.80434329495298 

  Cl  21.60638440534265     -4.29168570971928     -2.16012048928667 

  C   20.36073232666205     -5.60302401530623     -7.03367725174621 

  H   18.04077095765615     -4.36678782993040     -6.48263274895180 

  H   18.97177940886956     -3.29577957900727     -2.41522286479263 

  N   17.10220272854029     -3.16130440173307     -4.20816506600283 

  C   16.03004410568833     -3.09152967507767     -5.08571477369283 

  O   16.05407278515404     -3.55573966427273     -6.21183011651093 

  N   14.95205850745963     -2.43999206034307     -4.53529697162269 

  C   13.34846886084922     -2.59831019650487     -6.41984679371892 

  C   12.06896024277898     -2.31142324990946     -6.88954664051503 

  C   11.13613853509388     -1.64670554677395     -6.10107206169827 

  C   11.47528424447572     -1.24752642115238     -4.80533023547883 

  C   12.75302127101653     -1.53376824644447     -4.33045844037402 

  H   11.80363478771956     -2.61501537535120     -7.89771364327694 

  C   13.69335306508915     -2.20568585996916     -5.12167542673646 

  H   14.06507158912834     -3.11252076126463     -7.04258143376281 

  H   13.02666385948619     -1.22640411228848     -3.32186598047528 

  H   15.04036324247508     -2.10284177782851     -3.58561895433220 

  H   16.98680631419801     -2.75432334882604     -3.28911507799621 

  C   10.46303992480036     -0.57575303212180     -3.90965473032885 

  C   9.71169730221394     -1.58208355159142     -3.02793108242361 

  C   8.65490847514002     -0.92054605348231     -2.14576170150323 

  H   10.43593481570116     -2.11826849880266     -2.39980918634744 

  H   9.23889079233551     -2.33793150224393     -3.66874780238240 

  C   7.94002563859215     -1.90953244099852     -1.22666825766720 

  H   7.91637454221431     -0.41420358042437     -2.78261564669424 

  H   9.12660231960554     -0.13633233207377     -1.53721370077542 

  C   6.85797929834389     -1.25669069157669     -0.36773778272864 

  H   8.67857188705507     -2.39518036513623     -0.57365856868105 

  H   7.49092785016900     -2.70946617653057     -1.83148506768711 

  C   6.17111655170624     -2.23796054736557      0.58045005532163 

  H   6.10535805951229     -0.79413812993263     -1.02121815758472 

  H   7.30191115607314     -0.43918658417670      0.21733256379965 

  C   5.07933671369354     -1.58838746187860      1.42916699120462 

  H   6.92408000361709     -2.69005219664640      1.24116218856009 

  H   5.73720213849420     -3.06303989230493     -0.00148707756328 

  C   4.41044697797587     -2.56481162986404      2.39489188350830 

  H   4.31742889254504     -1.15023804268153      0.76995537729300 

  H   5.50971826284665     -0.75392982300342      1.99983161866833 

  C   3.31955453521318     -1.90720603571661      3.23711318703365 

  H   5.17280428955341     -2.99938202920818      3.05657007440957 

  H   3.98171161461403     -3.40210217054324      1.82667957745208 

  C   2.66488571718651     -2.88453021226491      4.20471606774843 

  H   2.54867799471600     -1.47933192690643      2.58611528067471 

  H   3.73844643458928     -1.06979418028772      3.80674834826718 

  C   1.58791420056607     -2.23482462126624      5.04991753416978 

  H   3.41201823981583     -3.32195321913695      4.88116215831052 

  H   2.21146590449261     -3.72555813171449      3.66223171908286 

  O   0.97444685697209     -3.05027506657773      5.93444882134952 

  O   1.26260349171009     -1.08034280344208      4.97635747412804 

  F   21.68666654940338     -5.59801768751048     -7.23403737374207 

  F   19.78864193622367     -5.01745272539101     -8.09348291281932 

  F   19.97065047538515     -6.88704547304009     -7.03898678628814 

  H   10.14362727193424     -1.43138147739303     -6.48739981727188 

  H   10.96285138284515      0.15923008444171     -3.26675043710769 

  H   9.73987068390386     -0.02478318787133     -4.52278353746638 

  H   1.34069241054506     -3.94745356977332      5.87521876236119 

  



 
 

311 
 

4a linear monomer 
68 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/4a_DIH-/07_MOH_GeOpt/4a_MOH_GeOpt 

  C   24.03473609435366     -0.43900337080941      3.57850062204674 

  Cl  24.77497780673019      1.43833029346109      0.14374008657281 

  C   22.62204843070950      0.33555535903166      1.34093376920597 

  C   22.67443141127033     -0.72876268903606      3.51144842356606 

  C   24.76989758187541     -0.88363490834482      4.81302640248684 

  C   21.95534926785121     -0.33623440819118      2.37797483001913 

  H   22.08044428650220      0.64675483815966      0.45273197253499 

  O   20.07565269396755     -1.68917526994487      4.13057481332627 

  N   20.58905271993597     -0.56456721695084      2.19721942140794 

  C   19.72404049803763     -1.21104175334214      3.06701126553169 

  H   22.18189396405811     -1.24795181997077      4.32134944908158 

  C   17.35704319604734     -2.59095065378498      4.36519193487696 

  H   18.30483529586450     -2.82368043271679      4.82578165399604 

  C   16.16630690787190     -3.07338029400932      4.89292630037060 

  N   18.43691974912940     -1.24892682431873      2.58383554384652 

  H   20.20953643079665     -0.21675238215676      1.32627062902184 

  C   17.30083965035012     -1.78623020673393      3.21793814863876 

  H   16.20478144291078     -3.69618185421286      5.78138871557096 

  H   12.41819953142474     -1.70569042269921      4.10976030432111 

  C   14.92589247100373     -2.79067501654946      4.32347842628874 

  H   18.24382429752876     -0.76183794020814      1.71835964660385 

  C   16.06914410758936     -1.49378673662069      2.63276326843933 

  C   14.88489743909722     -1.99141187303539      3.17862376603656 

  H   14.02202117113868     -3.18829669223358      4.76726293114847 

  H   9.92348815803374     -1.52626847879520      3.79193584536251 

  H   16.00479745785745     -0.86927974851622      1.74620623318515 

  O   13.74864581136947     -1.63939392150910      2.52732777377566 

  H   11.49098944127822     -0.42314120801405      2.17208357513572 

  C   12.51179788463240     -2.06943262845551      3.07676308489922 

  C   11.39446884046805     -1.51458826493292      2.21466863338403 

  C   10.02166072488516     -1.89936363140192      2.76316264750869 

  H   7.42600828754013     -1.32467883413767      3.52385953814890 

  H   8.95454631554800     -0.26544850909190      1.84517709026181 

  H   12.47452400617099     -3.16765669131124      3.09929441933734 

  C   8.86704277645075     -1.35792080545680      1.92220588897008 

  C   7.49927550286275     -1.71714584491652      2.49991980516063 

  H   4.91505037978701     -1.12227909308255      3.29701118581746 

  H   9.94367122358740     -2.99370586972590      2.82217295060921 

  H   6.41985031342399     -0.09322841818699      1.57742078175113 

  H   11.51341089011089     -1.88985297390344      1.19120308780827 

  C   6.33073230902505     -1.18434466137376      1.67295603980303 

  C   4.97074342454850     -1.52925911356064      2.27762929927007 

  H   7.41612210644448     -2.80985152034782      2.58299429196034 

  H   2.39442871899427     -0.92344839363103      3.09989980576869 

  H   8.94695624381956     -1.74796233524292      0.89827860679456 

  H   3.88087603042623      0.08694578455905      1.35329308000347 

  C   3.79244177074121     -1.00300377000493      1.46054439513310 

  H   4.88452079394223     -2.62036548739880      2.37731458913084 

  C   2.43927908707202     -1.34042635788114      2.08409021927924 

  H   6.39031580961556     -1.58922155486053      0.65315153794509 

  H   -0.15452173426931     -0.73162528585765      2.92024710355383 

  H   1.33914016803299      0.27011606688705      1.15110732107754 

  C   1.25996287319867     -0.81714760842789      1.26771987913377 

  H   2.35240143750264     -2.43036333123572      2.19487002217130 

  C   -0.07840989756277     -1.15544828263940      1.91124753675248 

  H   3.83833064208214     -1.41774281986515      0.44411584337388 

  C   -1.25230772802709     -0.64930163143893      1.11352214005708 

  H   -0.20092762998152     -2.23907665088466      2.03113642707870 

  O   -2.42408745862569     -0.95642685712570      1.70001768931810 

  H   1.28978573676065     -1.23674636061752      0.25534471724893 

  O   -1.19128182827677     -0.04021014454264      0.07350667310788 

  F   24.23393834662981     -0.35260162465217      5.92196069435523 

  F   24.71722734758263     -2.21581133080910      4.96067553921981 

  F   26.06265741941554     -0.53483666983152      4.78699665494344 

  C   24.71368371694822      0.22509239474901      2.56599240692786 

  C   23.97584885162628      0.60294219335150      1.44918414361883 

  H   25.77224130720287      0.44131877655137      2.63772580573783 

  H   -3.12778832492091     -0.59843722721274      1.12845567117919 

 

 

 

 

 

 



 
 

312 
 

5a linear monomer 
68 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/5a_DIH-/07_MOH_GeOpt/5a_MOH_GeOpt 

  C   23.20379788159270     -1.68309295980270      4.79236758062721 

  Cl  25.28351070402072      1.47542340837415      3.53396712705011 

  C   22.76562172208436      0.54829985821883      3.22979949172573 

  C   21.94512752297213     -1.49553396856916      4.23084353236609 

  C   23.44019187603812     -2.92622677861688      5.60606086074255 

  C   21.71998867474103     -0.36275681860428      3.43922314234029 

  H   22.60719496366684      1.43226842826584      2.61958733376246 

  O   19.33356952411872     -2.00498124710862      3.21986534360579 

  N   20.48841211382108     -0.05208888133112      2.85842687165550 

  C   19.36042974645360     -0.85870434939471      2.80901818394625 

  H   21.15127393728733     -2.20734382412323      4.40523432627786 

  C   16.74439594074788     -2.12803306231154      1.94970835333979 

  H   17.57201823184825     -2.82367940518246      1.92464487013940 

  C   15.44310259877846     -2.58886971941166      1.83286947135176 

  N   18.28832472065065     -0.22032504445657      2.23073277533135 

  H   20.45427334491541      0.83260748774809      2.36798822608820 

  C   16.98542960228863     -0.75821650117246      2.12118911531537 

  H   15.24301528232276     -3.64821173809795      1.71047429330817 

  H   11.97716876400928     -0.66346983990822      1.11859382227058 

  C   14.35732804530556     -1.70674824692312      1.86851310665054 

  H   18.34992466211624      0.78141792147354      2.10151858732502 

  C   15.90500346794422      0.12054893410924      2.14697547394738 

  C   14.59584847360845     -0.33999875840295      2.01655902136587 

  O   13.12574808645416     -2.26634597730620      1.75404745419094 

  H   9.40906972302468     -0.66592814024217      1.37542603673084 

  H   16.08211015836096      1.18523265007421      2.27759634849829 

  F   24.45582871017207     -2.77285071185184      6.46747350307568 

  F   23.74198899149951     -3.97638705027761      4.82702401300572 

  H   10.70005429594980     -2.78003515473692      0.88695902048966 

  C   11.99779162449267     -1.42120586626171      1.91514943650879 

  H   13.78068304682537      0.37303440839291      2.04116931797149 

  C   10.75297991021645     -2.28654459430043      1.86476305464387 

  C   9.48571450606567     -1.47212035737654      2.11792936043873 

  H   6.86310104474698     -0.67725862066739      1.71734088622176 

  H   8.10905841978088     -2.76875202374210      1.07846709973649 

  H   12.06258675338943     -0.89638504595852      2.87937802529137 

  C   8.21545421786277     -2.32015876971354      2.07558812004417 

  C   6.95794682198390     -1.52172031745973      2.41421693010903 

  H   4.33698622894367     -0.68964568128543      2.11283258219029 

  H   9.55924150270803     -0.98365736467508      3.09940377909793 

  H   5.54395361661210     -2.76440228230774      1.35948610463216 

  H   10.84744124189677     -3.07605003604003      2.61971708026566 

  C   5.67984100060717     -2.35755104705083      2.37113118923354 

  C   4.43691342729066     -1.56425282694522      2.77078708863487 

  H   7.06942488181959     -1.08330341926755      3.41583218482797 

  H   1.82684811273628     -0.69473278888824      2.50505272896473 

  H   8.31469533375706     -3.15576593956082      2.78195530552728 

  H   3.00249649524474     -2.76285065643627      1.69394191088564 

  C   3.14959977070363     -2.38494719458580      2.71512469210896 

  H   4.57184777374574     -1.17033143563321      3.78784662775054 

  C   1.91915266378219     -1.58595822800294      3.14085745712860 

  H   5.78853980541421     -3.22277844493031      3.03983892290702 

  H   -0.67998913746801     -0.65952265224082      2.89112377102184 

  H   0.47533248877928     -2.75163129044156      2.03959644189473 

  C   0.62587384264155     -2.39437555909768      3.06634125065956 

  H   2.05969409850242     -1.22049573880584      4.16758274727388 

  C   -0.58921413302958     -1.56371447710909      3.49755261154251 

  H   3.25136963081598     -3.26848808928649      3.36029843178139 

  C   -1.88411364522148     -2.32130727554592      3.36601476132887 

  H   -0.47449792632105     -1.26440919004143      4.54635625272457 

  O   -2.83212664616993     -1.99143174799308      2.69586891476068 

  H   0.70260924183707     -3.28231802070666      3.70371393735038 

  O   -1.88145945187384     -3.45352664447935      4.09542035200163 

  F   22.35752587152154     -3.26854140649336      6.31681371591861 

  C   24.25331255803802     -0.79220610743188      4.59959139437178 

  C   24.00458292855660      0.32176146332873      3.80744396180266 

  H   25.22478734957678     -0.95367149874022      5.05071545082081 

  H   -2.74439903760808     -3.88296374264991      3.94976083309987 

  



 
 

313 
 

2a cyclic monomer 
69 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/CTUa_DIH-/09_MOH_CURVED_GeOpt/CTUa_MOH_CURVED_Ge-
Opt 

  C   -7.80853577892836      2.73820545904444      0.87088813393769 

  C   -7.15307336304709      1.52058007427226      0.76517425282165 

  C   -7.02001516191304      3.88724755763842      0.86791801052813 

  C   -5.63733841163025      3.85034803010497      0.76219911676739 

  C   -4.99808096747967      2.60478779248348      0.65477956062180 

  C   -5.77249297114647      1.43589116121174      0.65905067595151 

  H   -8.88836143791261      2.79195035073903      0.95135110596583 

  Cl  -8.08679071818240      0.04491695121045      0.76150996519767 

  C   -7.72431885425032      5.20836923761530      1.00459506318188 

  H   -5.05477488972757      4.75942081784451      0.75310207451664 

  H   -5.29425064106417      0.46425986572031      0.58152632296418 

  N   -3.62007418165848      2.45059053519320      0.56077273871864 

  C   -2.66664898608198      3.45269956914092      0.39815463143578 

  O   -2.93569595583973      4.63917560063044      0.28108277072699 

  N   -1.39905826535741      2.95676104677579      0.35278735672757 

  C   2.22067328311085      3.94449231098482     -0.25599123783348 

  C   0.97779405260803      3.06291472401073     -0.16083815702724 

  C   -0.25664610560730      3.84877879086388      0.26670605188219 

  H   -1.22219586073263      2.02507772386862      0.71655014024458 

  H   -3.28925575148066      1.49632196109624      0.46238399310682 

  C   3.47831212057162      3.19108360690837     -0.69639617938888 

  C   3.94065865966849      2.11694580800116      0.29023193489453 

  C   5.33698376007222      1.58183338950505     -0.03926441421453 

  H   3.21884292177790      1.29038890765364      0.31723377364986 

  H   3.95645997068373      2.54169007496666      1.30434192389285 

  C   5.83730976644313      0.48224740186121      0.91586478386506 

  H   6.03239123122038      2.43002420360488     -0.02073497881799 

  H   5.35056929188873      1.20589557012692     -1.07301429602639 

  C   5.66333002041006     -0.94486545267265      0.38732913093357 

  H   5.31902098528579      0.57734393198656      1.88018209106826 

  H   6.90127343718741      0.63738393102590      1.12702226450059 

  C   4.21747102323383     -1.33873689482556      0.09026679113204 

  H   6.08375345293931     -1.65136216378402      1.11535355058782 

  H   6.25705394631647     -1.05856509478571     -0.53085247775993 

  C   4.09680417705587     -2.79013776200845     -0.38421908602976 

  H   3.80907578256613     -0.65465790560957     -0.66206908562497 

  H   3.60833268859045     -1.20257783568566      0.99627310414575 

  C   2.66457705843763     -3.29985853407572     -0.61483970337318 

  H   4.68200180180907     -2.92176901443543     -1.30617273286013 

  H   4.57854591346791     -3.42495786498320      0.37044404263863 

  C   2.10030068676416     -3.05628466301068     -2.02025673091280 

  H   1.99766463046914     -2.86720686506629      0.14399392018119 

  H   2.64547865055384     -4.38238240117110     -0.44343205656407 

  C   1.98006061614913     -1.58979609762171     -2.44867608983787 

  H   2.74081873295493     -3.57319646672265     -2.74618081080579 

  H   1.11786401563892     -3.54115375401784     -2.09294050926896 

  C   1.15181872889083     -0.71555642722721     -1.50559988167910 

  H   2.98152283172757     -1.15414774234983     -2.54180273666137 

  H   1.54093612941988     -1.54983176739821     -3.45426998914742 

  C   -0.31426838424731     -1.14291577480080     -1.42910134409627 

  H   1.19743645936376      0.32774868809906     -1.83996747276588 

  H   1.56723239135715     -0.73293925904634     -0.49321226519706 

  C   -1.07535472478826     -0.31485599794434     -0.42153912771825 

  H   -0.79004452861076     -1.08240150026659     -2.41513007695508 

  H   -0.39876142717882     -2.18657299223491     -1.09760850206646 

  O   -2.38296591509634     -0.09074224938023     -0.66867470404293 

  O   -0.59662074327397      0.13269188321289      0.59205324765433 

  F   -8.33528911864915      5.31597497996914      2.19612898349009 

  F   -8.68060121474200      5.35098636012215      0.07218573996562 

  F   -6.89314935186541      6.24940135422926      0.88847196897043 

  H   4.29222806695068      3.91518249760404     -0.83291659052573 

  H   3.30627050935527      2.73208141428013     -1.68061669854363 

  H   0.77777192749349      2.59466102088941     -1.13443811151124 

  H   1.14513383768630      2.24515214888344      0.55206705206664 

  H   -0.07182591994268      4.34847239154727      1.22850789773366 

  H   -0.49181627582061      4.63097406475899     -0.46076520490517 

  H   2.40769962035892      4.41272330256343      0.72020118433189 

  H   2.02281624653955      4.76314093418711     -0.95967112493963 

  H   -2.65131852076311     -0.45914494531160     -1.52705197389855 

 

 

 

 



 
 

314 
 

3a cyclic monomer 
64 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/3a_DIH-/09_MOH_CURVED_GeOpt/3a_MOH_CURVED_GeOpt 

  C   -5.93058789301388      2.80218162664644     -2.22723975510119 

  C   -5.14922274466435      1.84704339370308     -2.86814936642133 

  C   -5.31690337822925      3.55859665265997     -1.23707326690602 

  C   -3.98266604183393      3.39087229371541     -0.87683785109504 

  C   -3.21925307243576      2.42021706658439     -1.53644249110467 

  C   -3.81865330455830      1.64684603728469     -2.54503278595432 

  H   -6.96998082357060      2.94850616824247     -2.49316864762268 

  Cl  -5.86673047507754      0.86410243052681     -4.12140183151148 

  C   -6.11309710516454      4.58394529528476     -0.47865331122125 

  H   -3.53974158251436      4.00114781878752     -0.10258391271060 

  H   -3.23996203670971      0.89043517407618     -3.06508267634692 

  N   -1.88067803435840      2.15328258251288     -1.25863924129685 

  C   -1.07150254274189      2.79964071456568     -0.33484244585980 

  O   -1.44361380152484      3.72831357487746      0.36318852731786 

  N   0.19041060110683      2.26095269444164     -0.31177106247203 

  C   1.29897497093576      3.76401910700435      1.32170551535201 

  C   2.43733083510549      4.01308595413745      2.08305130749798 

  C   3.53567449350517      3.15607248306872      2.05802539001823 

  C   3.50660435404429      2.01135749802362      1.25939615108037 

  C   2.36581986809163      1.75616339248650      0.50090916927106 

  H   2.46412929311476      4.90180134484671      2.70653206509904 

  C   1.26431742755257      2.61753880830515      0.51780991193790 

  H   0.45357647697380      4.43643961932058      1.34518757839254 

  H   2.32549536266178      0.86398005952044     -0.12357188463309 

  H   0.36046473085154      1.45897152005482     -0.90871500621219 

  H   -1.45965849168439      1.39769892815673     -1.79254736479376 

  C   4.67479064865092      1.05657893138721      1.17276673985589 

  C   5.29893257394576      1.02780226021741     -0.22732774848877 

  C   6.36830780012785     -0.05433138039689     -0.39461223298868 

  H   5.73249964289670      2.01019736621238     -0.45463815217255 

  H   4.50277914915219      0.87432127736359     -0.96359447639687 

  C   6.74115680489064     -0.30789996171653     -1.86502078350141 

  H   6.01290360262592     -0.99332028504843      0.05462745241952 

  H   7.25735609649162      0.23600410741574      0.17781657639291 

  C   5.94234603138186     -1.43878202520077     -2.52507640391284 

  H   7.80524223385535     -0.55771973813897     -1.94238085362262 

  H   6.60249804246891      0.61999711433671     -2.43696051420106 

  C   4.42107839014065     -1.27895839901891     -2.48464574195325 

  H   6.26055727633865     -1.53415641995009     -3.57177992531040 

  H   6.20542195870230     -2.38758487800205     -2.03641007237846 

  C   3.70233106510051     -2.38642349194355     -3.25708797655451 

  H   4.13681476927633     -0.30492500203719     -2.90791904683406 

  H   4.08425076957602     -1.27567673384970     -1.43935966068806 

  C   2.17490250862101     -2.27703207951430     -3.23825349893577 

  H   4.04732240284415     -2.36719090778794     -4.29856163253872 

  H   3.99924235845008     -3.36452258398731     -2.85244381796937 

  C   1.56273483410896     -2.54411926496174     -1.86183430174046 

  H   1.75619511170400     -3.00050359529292     -3.95028877739575 

  H   1.87387094186078     -1.28062837789062     -3.58582780121920 

  C   0.03668888696424     -2.54933954529858     -1.87952751409627 

  H   1.90332534225346     -3.52080144746240     -1.49908759189117 

  H   1.90109822783601     -1.79785099565256     -1.13570018584046 

  C   -0.56435521767050     -1.17626810474081     -2.06300624951924 

  H   -0.36641680064865     -2.93778171809144     -0.93448497284199 

  H   -0.34457120945266     -3.20408208040580     -2.67404321278674 

  O   -1.88862731806320     -1.11992083861367     -2.26405888377714 

  O   0.05282189570763     -0.13531035989133     -2.01411640113947 

  F   -6.32653791376374      4.19994893610342      0.78996657400637 

  F   -7.31395521643410      4.80379141303402     -1.03219287480060 

  F   -5.47599220988508      5.76222351538314     -0.42053044151542 

  H   4.41466265233314      3.37299351293714      2.65840596594576 

  H   5.43359701580867      1.32453313368054      1.91716913549984 

  H   4.33197482667227      0.04285501369555      1.42160480372045 

  H   -2.28494306073070     -2.00817960570693     -2.27646821553301 

  



 
 

315 
 

4a cyclic monomer 
68 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/4a_DIH-/09_MOH_CURVED_GeOpt/4a_MOH_CURVED_GeOpt 

  C   -7.50265167255545      3.02569337743743     -1.24738240618421 

  C   -6.46310169038737      2.36587966530235     -1.89420662889823 

  C   -7.15445785474149      3.92424341845902     -0.24759027111890 

  C   -5.83430972466876      4.17644744631419      0.11556728970167 

  C   -4.80613148279664      3.49841867474544     -0.54977791443574 

  C   -5.13686941851331      2.58573130886252     -1.56595700318547 

  H   -8.53594775280191      2.84321971701605     -1.51439015243108 

  Cl  -6.83789072503169      1.22118818085661     -3.15801551978780 

  C   -8.22382471201819      4.68253984660953      0.48938187350922 

  H   -5.60413519784860      4.88325757874382      0.90009064092637 

  H   -4.35274813327459      2.05212278650241     -2.09441186232129 

  N   -3.45033329495818      3.65805473418289     -0.27304331017430 

  C   -2.88541673256927      4.46296037039490      0.70700152739008 

  O   -3.53900117768582      5.17758332998184      1.44851733985884 

  N   -1.51781653877741      4.34750656539016      0.73106096563477 

  C   -1.00008830542541      5.85960159784800      2.62273811079427 

  C   -0.00185720737795      6.43184692610228      3.41297126252293 

  C   1.34251402029000      6.17329690591730      3.20078162886753 

  C   1.71649410706399      5.31458098820020      2.15970141383666 

  C   0.74020362105144      4.73200224673495      1.35623488667585 

  H   -0.29262924518489      7.09990546070129      4.21804089376856 

  C   -0.61877798406654      5.00194356050114      1.58859539929918 

  H   -2.04306093190780      6.06937184382396      2.80371474008914 

  H   1.00527602518183      4.05748552304330      0.54920140458258 

  H   2.11741052114418      6.61969821818255      3.81393146851755 

  H   -1.09552786971726      3.70122849296906      0.06924598228019 

  H   -2.81882500736319      3.09807237441197     -0.83687286170491 

  O   3.05287067145357      5.12331608970786      2.00679910160035 

  C   3.51464852352985      4.27050718446347      0.96845652703469 

  C   3.39453393761101      2.79579860942679      1.33468751415115 

  H   4.56886591299139      4.53440930118948      0.83688125241166 

  H   2.99590006512542      4.50995445053113      0.03226199480926 

  C   4.06450165697666      1.87847548323322      0.30949434343485 

  H   2.33842130647681      2.52115431977994      1.43972092696802 

  H   3.85991072445773      2.66022303640352      2.31756201895031 

  C   3.48051103075035      1.98185655062801     -1.10156428959680 

  H   3.97199957929498      0.84106980279783      0.65665969898437 

  H   5.14148151802149      2.09271815458173      0.27098314825408 

  C   4.05518419238088      0.91826964952524     -2.04078365996276 

  H   3.69423353876649      2.97150598062968     -1.52604632477255 

  H   2.38549134096456      1.90232062090561     -1.04831294976836 

  C   3.49454293513107      0.95157316485413     -3.47368846571650 

  H   3.88717327922184     -0.07868831537482     -1.60707849680335 

  H   5.14384945458138      1.05156027239037     -2.06862391935077 

  C   2.34973895692509     -0.03475281476727     -3.72435539655583 

  H   3.15645869435650      1.96978788200261     -3.71037622084994 

  H   4.29674611561564      0.72464269886545     -4.18450912612939 

  C   1.10754067797008      0.20632364714481     -2.86859002866635 

  H   2.71410912180651     -1.05617331362555     -3.54511723143895 

  H   2.06152035699011      0.00894480331779     -4.78256049086605 

  C   0.00112577728582     -0.81356529263974     -3.14119033258220 

  H   1.39194585970509      0.15695765372326     -1.80746624793513 

  H   0.73150899589497      1.22403521015210     -3.04417604348882 

  C   -1.31948415838390     -0.51430960391538     -2.42715909922519 

  H   -0.18966082030217     -0.86237464536526     -4.22025827820138 

  H   0.35583403586791     -1.81005959573293     -2.84395963558010 

  C   -1.16272613786667     -0.33007625576102     -0.91338858058957 

  H   -1.77104543225175      0.39544378651581     -2.83720686026271 

  H   -2.02363507873757     -1.33175266048939     -2.60763172652248 

  C   -0.69304163842944      1.05996443816711     -0.54559524720994 

  H   -2.13429757330812     -0.44562570440148     -0.41596630784606 

  H   -0.49433035815546     -1.09107452923848     -0.49379907619426 

  O   -1.08122196356989      2.06517100550270     -1.10558717391663 

  O   0.15238834001791      1.19004970577809      0.48206358958573 

  F   -9.45708567087142      4.31911888276674      0.11125635410257 

  F   -8.11758587602915      6.00434959413548      0.28646074105654 

  F   -8.13854991988737      4.48948234687725      1.81418734428914 

  H   0.40043239256208      0.32324026607819      0.84587475638667 
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5a cyclic monomer 
68 

Coordinates from ORCA-job /home/hzzeng/Desktop/ORCA/DazCalcula-
tions/5a_DIH-/09_MOH_CURVED_GeOpt/5a_MOH_CURVED_GeOpt 

  Cl  24.86835962394155     -3.85847552194598      3.24608301993327 

  C   23.00134165384860     -1.97126278053822      3.73967531849412 

  C   23.50990891161321      0.39323896519264      3.85402838085967 

  C   25.85317429811807      1.21702293293277      3.52152355584376 

  C   22.57438877080687     -0.65090132727687      3.92641108532604 

  H   22.29710941673372     -2.78910141626052      3.78650454348707 

  O   20.16173230630642     -2.23297247682717      3.60048421718093 

  N   21.25654243394355     -0.29855926489659      4.21006400411660 

  C   20.13416489794491     -1.09143556011720      4.02849490382636 

  H   23.18451912865662      1.41913185175904      3.99458585956584 

  C   17.26461226456689     -2.02281444063987      3.59771992461246 

  H   17.97048886973019     -2.84165276264401      3.60570876481947 

  C   15.95956652048809     -2.22389293287785      3.16989233223187 

  N   18.98729303305739     -0.42906613739202      4.40253766351496 

  H   21.08859044933635      0.69787979298425      4.33116743591717 

  C   17.67644564801226     -0.74410480867827      3.99853089372666 

  H   15.63563050064989     -3.20656170966140      2.84275956864851 

  H   14.74357523466692      0.92790842914620      3.57501969924010 

  C   15.03658000550192     -1.17465377196824      3.13518387124998 

  H   19.10631046826747      0.51420595543963      4.75493873356344 

  C   16.74333482447140      0.29417053315183      3.99858180830418 

  C   15.43438008141897      0.09212861609076      3.56782919559347 

  O   13.78880811307820     -1.46720293122291      2.67560699364413 

  H   10.40664800822993      0.75673568616964      2.10797148453781 

  H   17.04574599038252      1.28449548947875      4.33476394894481 

  F   26.48827655550278      1.22228277955489      2.33891027003558 

  H   12.02836060334132     -1.45496184744935      0.72644065482390 

  C   12.98637197878172     -0.36225822645686      2.29156406617871 

  C   11.73323639309021     -0.88183074173842      1.61358028334662 

  C   10.76237038386112      0.23501623029904      1.20880524523675 

  H   11.27545429828173      3.04007181411391      1.43808942598991 

  H   10.55933608811577      1.62884452197074     -0.44249732101803 

  F   25.30104846481235      2.42673709955498      3.68340502646618 

  C   11.35014084106492      1.25825963906525      0.22138137140221 

  C   12.02575232320837      2.46419380403053      0.88067716647787 

  H   14.14649501155022      5.04459054785536     -0.07946611183267 

  H   9.88165806381934     -0.23920199454731      0.76341806723613 

  H   13.14793833013905      2.78617913337282     -0.94315518354253 

  H   11.23494645403177     -1.57869183971490      2.29691990914697 

  C   12.73891656432725      3.38606261398511     -0.11795818289882 

  C   13.88780188145252      4.16992061619578      0.52936789212231 

  H   12.74882577310968      2.12334941535183      1.63064260554012 

  H   15.78825102960645      4.09093834164666      2.60422726377225 

  H   12.07679683264061      0.75074665998483     -0.42961832104985 

  H   14.85602323957165      2.33166336353126      1.14473435953226 

  C   15.13634035267955      3.30270166495774      0.71058409151238 

  H   13.55949885102065      4.55601436509084      1.50477179012285 

  C   16.20446768989205      3.93559592867270      1.59952229196303 

  H   12.01201224739524      4.07096545926307     -0.56912562808231 

  H   17.94520672313188      3.90104781074208      3.65916628523462 

  H   17.15319754449405      2.04562092291642      1.99789536736603 

  C   17.45346699798582      3.06082080092010      1.71010234768879 

  H   16.47738281170821      4.92842505745835      1.21720385580851 

  C   18.45448967485689      3.60996042473370      2.73733980204251 

  H   15.56112832681363      3.08130094833506     -0.27809936601928 

  C   19.52102408562104      2.61760711821864      3.13492533581250 

  H   18.95421933357673      4.50528199425898      2.34498672531361 

  O   20.11362275529244      1.92401377780179      2.15799920315846 

  H   17.91957344282002      2.98483993614822      0.71735688111138 

  O   19.86439153815649      2.41454256891162      4.28231498112796 

  F   26.80047785557509      1.08157663848834      4.46250348743389 

  H   13.56988972087338      0.27087201629608      1.60928202284592 

  H   12.71737080547762      0.24029339829063      3.17198594394647 

  C   25.28922373685863     -1.19454341962823      3.40319698602978 

  C   24.34754591588403     -2.20872811882599      3.48090340490668 

  H   26.33242388508381     -1.40791216056500      3.19877727568208 

  C   24.84037093488431      0.11087674770923      3.59742687801359 

  H   19.73944020583587      2.14900577980095      1.28907234283173
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Figure S188. An emblematic schema of calcination from The Book with Seven Seals c.a. 1760.157 Cal-
cination or “The First Death” is the first cleansing of the base matter to ash, in pursuit of the Great 
Work.  
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