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ABSTRACT 

 

Picket fence porphyrins that bind specifically to phosphatidylglycerol, a bacterial 

membrane lipid, have been postulated as a receptor component to a synthetic antibiotic.  This 

study reports the synthesis of neutral and charged porphyrins designed with structurally rigid 

binding pockets that recognize the anionic portion and the bis-hydroxyl portion of the 

phosphatidylglycerol (PG) anion.  Structural characterizations, binding studies, and associated 

thermodynamics were determined using 1H NMR and ITC (isothermal titration calorimetry) 

experiments.  Fluorescence correlation spectroscopy (FCS) experiments were performed to 

determine the selectivity and binding constants of receptor 13 in solution and synthetic vesicles 

containing various compositions of PG and phosphatidylserine (PS) with 

phosphatidylethanolamine (PE). 
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CHAPTER 1 

INTRODUCTION 

1.1 General Introduction 

 It has been speculated that bacteria have been around for nearly 3.5 billion years and they 

can survive in a variety of different environments.  While some of the bacteria are pathogenic, 

there are many species of bacteria used by industry and agriculture.  For example, oil companies 

can use bacteria to decompose oil into carbon dioxide which reduces the environmental damage 

caused by the oil spill.  Some bacteria that are found in soil can convert inorganic gases into 

various forms of carbon and nitrogen necessary for crop production [1].   

 The topic of antimicrobial or drug resistance is not new, but the number of organisms 

becoming resistant is growing at extraordinary rates [2].  Infectious diseases, caused mostly by 

bacteria, became one of the top five causes of death in the United States by 1995 [3].   

Multidrug resistant bacteria are becoming a problem for worldwide health.  With the 

introduction of antibiotics or “miracle drugs”, it was thought that diseases and infections would 

disappear [3, 4].  Within the past 50 years, resistance to all new antibiotics has been observed 

[5].  Improving the properties of current antibiotics has been explored, but the modified 

antibiotics follow the same mechanism of attack as the previous drugs [6].   

By the year 2020, the Infectious Diseases Society of America has called for the 

development of ten new classes of antibiotic drugs in response to the growing number of 

antibiotic resistant bacteria [7].  Staphylococcus aureus bacterial strains acquired in the hospital 

and communities exhibited resistance to penicillin approximately 20 years after penicillin was 
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introduced as a treatment for infections in the early 1940s [8], and in the late 1990s signs of 

resistance to vancomycin began to emerge [9].  The well-known strain MRSA (methicillin-

resistant S. aureus) was discovered in the 1960s shortly after the introduction of methicillin.  

Vancomycin has been used to treat MRSA because of its resistance to most antibiotics, but the 

emergence of vancomycin-resistant S. aureus (VRSA) has begun [1]. 

In 2009 it was reported by Rekha Bisht et al. that approximately 70% of infections caused 

by bacteria in the hospitals are resistant to at least one antibiotic [10].  Since some of the bacteria 

have become resistant to approved antibiotics, doctors have to prescribe experimental antibiotics 

that could be potentially harmful or re-use old antibiotics that have poor safety profiles, such as 

colistin [10, 11].  Colistin is very effective against gram-negative bacteria and was used in Japan 

and Europe in the 1950s.  Neurotoxicity, renal toxicity, and nephrotoxicity were most harmful 

effects that were reported from treatments using colistin.  The adverse effects of renal toxicity 

and neurotoxicity were dose-dependent, and the effects could be reversed upon completion or 

discontinuing the treatment.  However, it was documented in a few reports that the effects of 

nephrotoxicity were not reversible [12].  Today, treatments with colistin have been restricted to 

patients with cystic fibrosis. 

It has been documented that Staphylococci and Pneumococci (Streptococcus pneumonia) 

have shown an increase in resistance to antibiotics. Approximately 25% of bacterial pneumonia 

cases are now showing signs of resistance to Penicillin.  However, more cases of bacterial 

pneumonia (~25%) are exhibiting signs of multidrug resistance [10].  
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Due to the rapid emergence of drug resistant bacteria, new antibiotics have been 

discovered and newer ones are still emerging.   

 

Figure 1.  Recently acquired antibiotics [7]. 

 

Some of the recent new antibiotics have scaffolds that have not been used in prior antibiotics.  

Other antibiotics have had their scaffolds modified, such as oxazolidinones (Figure 2).  DuPont 

discovered the oxazolidinone scaffold and pursued the study of DuP-721, but the study was 

cancelled due to the compound’s toxicity.   Modification of the scaffold led to the synthesis of 

linezolid which is active against MRSA, penicillin-resistant Streptococcus pneumonise, and 

vancomycin-resistant Enterococcus faecium.  Linezolid is currently on the market as the 

antibiotic Zyvox [7, 13]. 
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Figure 2. Structures of oxazolidinone compounds DuP-721 and linezolid [13]. 

 

Bacteria can exchange genetic information and thereby acquire new resistance genes 

which can be found on chromosomal DNA and plasmids.  The plasmids can be transferred from 

one bacterium to another and will transfer the resistance genes to other bacteria.  The transfer of 

genetic information occurs more through the transfer of plasmids than gaining new DNA [14].  

In 2011, Europe experienced a hemolytic uremic syndrome outbreak that was caused by an E. 

coli strain that had become resistant to β-lactam antibiotics after obtaining a plasmid [7] that 

encoded the CTX-M-15 enzyme [15], a CTX-M variant that is an extended-spectrum β-

lactamase. 

Bacteria have four principal ways to resist antibiotics, and the resistance can occur via 

one or more of the four pathways [6].  These mechanisms (Figure 3) of antibiotic resistance are 

enzymatic inactivation, reduction in uptake, removal of antibiotics, and target site alteration [14].  

The mechanisms of resistance are shown in the diagram below. 
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Figure 3. Methods of antibiotic resistance [6]. 

 

The decline in the effectiveness of the current antibiotics has led to a search for new 

therapeutics.  Research focus has included antimicrobial peptides, which are a part of the innate 

immune system, as a potential solution [5] because of their wide range of activity against many 

different types of bacteria and fungi [16, 17].  There are now several hundred peptides that have 

been identified as a result of the ongoing research. 
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1.2  General Overview of Antimicrobial Peptides 

Antimicrobial peptides have four structural classes, but the α-helical and β-sheet 

structures are more predominant in nature than the other two structures.  The peptides, containing 

12 – 50 amino acids, have an overall positive charge [18] and have an amphiphilic character 

(Figure 4) [20].   

 

Figure 4.  Amphiphilic structure of an antimicrobial peptide [21]. 

 

 The focus on antimicrobial peptides as a possible therapeutic originated from problems 

caused by bacteria being resistant to current antibiotics.  Advantages to using antimicrobial 

peptides include a lower probability of resistance [19] and rapid onset of activity [22].  Despite 

having a broad-spectrum of activity, antimicrobial peptides have not been approved by the FDA 

[22].   

The antimicrobial peptide’s cationic property allows them to have favorable Coulombic 

interactions with bacterial cells due to the negative charge found on the cellular membrane.  The 

membrane on a bacterial cell has a greater negative charge than mammalian cells which allows 
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the antimicrobial peptides to have cell selectivity [16].  Bacteria have anionic phospholipids 

located on the outer leaflet of the inner membrane whereas eukaryotic cells contain mostly 

zwitterionic lipids in the outer leaflet. 

 Antimicrobial peptides commonly act as membrane-disrupting agents of a bacterial cell 

[17, 23] which occurs via the nonpore carpet or the pore forming barrel-stave and toroidal 

mechanisms (Figure 5).  It is proposed that the peptides initially carpet the membrane before 

integration into the membranes [21].  Upon integration into the membranes the hydrophobic 

region of the peptide faces the membrane as it inserts, while the hydrophilic region faces the 

water-filled pore [24]. 

 

Figure 5.  Illustration of the three models that show antimicrobial peptides interacting with the 

cellular membrane.  The peptides can interact in one of the possible methods: barrel-stave (a), 

toroidal pore (b), and carpet (c) [19]. 
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The toroidal pore and the barrel-stave models for pore formation are similar to one 

another.  The difference between the two models is the linking of the antimicrobial peptide to the 

inner and outer lipid bilayers.  Unlike the pore formation in the barrel-stave and toroidal models, 

the carpet model has antimicrobial peptide molecules that surround a fragment of the cell 

membrane.  According to Lazarev and Govorun, the toroidal pore model is the model that most 

antimicrobial peptides follow [19].  There have been other models that propose various 

mechanisms for the actions of antimicrobial peptides.  Even with so many models, the exact 

mechanisms for all of the various models are still unknown [19]. 

There are problems associated with using the peptides as therapeutics, such as exhibiting 

host toxicity [25].  Other problems include cost of preparation and serum proteolytic degradation 

[26].  Serum salts that are present may alter the structure of the peptide which will change the 

behavior of the peptide [27].  To overcome these problems, researchers are making antimicrobial 

peptide mimics [28]. 

 

1.3  General Overview of Phospholipids 

The differences in composition (Figure 6) highlight the basis as to why antimicrobial 

peptides are selective towards prokaryotic cells (bacterial cells).  Eukaryotic cells have a high 

concentration of zwitterionic phospholipids, lipids with no net charge, on the outer leaflet of their 

cellular membrane.  Negatively charged phospholipids are located in the inner leaflet of a 

eukaryotic cell, but prokaryotic cells have a higher concentration of anionic phospholipids on the 

outer leaflet [29, 30].   
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Figure 6.  Cationic peptides favor interactions with anionic phospholipids due to electrostatic 

interactions.  Bacterial cell membranes have high concentrations of anionic phospholipids [29]. 

 

Phospholipids have amphipathic properties and are comprised of three different regions.  

The three regions are: a polar head group, an interfacial region that is of intermediate polarity, 

and a hydrophobic tail [31].  Figure 7 contains a common structural formula for 

glycerophospholipids which are defined by an esterification of a phosphate group on one of the 

oxygens of the glycerol molecule [32]. 
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Figure 7.  Structures of various glycerophospholipids [33]. 

 

The R1 and R2 can be saturated or unsaturated alkyl groups, hydroxyl, or cyclo fatty acids [33].  

The symbols R1 and R2 represent long-chained carboxylic acids that are linked to glycerol at the 

primary and secondary alcohol positions [34].   
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 Among the phospholipids present in nature, the most studied are the phosphatidylcholines 

(PC), phosphatidylethanolamines (PE), and phosphatidylglycerol (PG).  The PE and PG lipids 

are responsible for various functions.  The PE lipids aid in processes such as the formation of 

bilayer curvature, cell division, and fusion.  PG forms strong electrostatic interactions with other 

charged lipids.  These interactions allow the lipids to act as stabilizers [35].   

PEs are zwitterionic phospholipids that are found in both eukaryotic and prokaryotic 

cells.  PGs make up a large portion of a bacterial membrane.  While the normal percentage for 

PG in a bacterial membrane is around 25%, some bacteria have much higher PG percentages.  

For example, the Staphylococcus aureus contains up to 80% PG while other bacteria have lower 

PG percentages [35].   

In prokaryotic cells PG and PE are the major lipid components.  For example, 

Escherichia coli contain 70-80% PE and 20-25% PG [36].  In contrast, eukaryotic cells have 

much lower concentration of the PE phospholipid in comparison to the other membrane lipids 

and do not contain PG.  As seen in Figure 8, the lipid distribution in eukaryotic and prokaryotic 

cells is an asymmetric distribution between the inner and outer leaflets.   
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Figure 8. Lipid distribution across the inner and outer membrane of human erythrocyte and 

Bacillus megaterium cells [37]. 

 

Bacillus megaterium, a gram positive bacteria, is composed of 30% PG and 70% PE, but most of 

the PE exists in the inner membrane and PG only exists in the outer membrane [37].  In 

comparison to Bacillus megaterium, the erythrocyte contains PE in a smaller percentage and 

contains no PG. 
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Figure 9.  Computer modeling diagram of a porphyrin receptor with urea pickets to the 

phosphatidylglycerol anion. 

 

In this report, we describe the synthesis of receptors that will bind to 

phosphatidylglycerol which is found in the bacterial membrane.  The goal of this research was 

the design of neutral and charged porphyrins that would provide a complementary binding 

pocket for the head group of the PG anion as depicted in Figure 9.  The structure of the receptor 
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allows for the proper alignment of the urea and ammonium pickets with the multifunctional lipid 

head group needed for binding.   These types of receptors are intended to make conjugates with 

antimicrobial mimics to increase their selectivity for prokaryotic cells for therapeutic purposes. 
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CHAPTER 2 

  SYNTHESIS OF RECEPTORS 

2.1  Synthesis of the Porphyrin Base 

 The synthesis of the neutral and charged receptors all followed the same initial 

procedures when preparing the porphyrin scaffold.  The synthesis of the receptors began with the 

preparation of tetra-nitro porphyrin 1.  The crude tetra-nitro porphyrin was purified by column 

chromatography to remove any polymeric by-products.  The nitro groups were reduced to the 

amino group using SnCl2•2H2O in concentrated HCl [38].  When following the procedures above 

set forth by Collman, four different porphyrin isomers were synthesized.  The tetra-amino 

porphyrin 2 was isomerized to furnish the tetra-alpha atropisomer following a method developed 

by Lindsey.   

 

Figure 10.  Four possible porphyrin atropisomers [39] 

 

The α,α,α,α-atropisomer makes up ~1/8 of the overall yield of the four isomers.  By 

adding the meso-tetrakis(o-aminophenyl)porphyrin to silica gel in benzene, the yields of the 
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α,α,α,α-atropisomer increased dramatically.  Of the various atropisomers, the α,α,α,α-

atropisomer has the highest affinity for silica gel [40].  The alignment of the four amino groups 

in the same direction is due to the intermolecular interactions with silica gel.   

 A green band was observed on the column when purifying the α,α,α,α-atropisomer.  A 

solvent system comprised of CHCl3:Et2O (1:1) was used to elute the green band [38].  After the 

elution of the first impurity, the solvent was switched to C6H6:Et2O (1:1) to remove the three 

undesired atropisomers.  However, due to the high cost of benzene, toluene was used instead.  

After the eluants became pale in color, the α,α,α,α-atropisomer was removed when the solvent 

was switched to acetone:ether (1:1) [38, 40].   

 Following the procedure set forth by Lindsey, TLC was used to carefully monitor the 

progress of compound 3 as it was being eluted off the column.  By following the progress of the 

α,α,α,α-atropisomer with TLC, it was noted that the unwanted atropisomers were still present on 

the column.  These atropisomers were also observed in the NMR spectrum of the α,α,α,α-

atropisomer product.   

 By following the procedure designed by Lindsey, some of the unwanted atropisomers 

were found to be in the fractions containing the α,α,α,α-atropisomer product.  Therefore a second 

purification method was created to purify the α,α,α,α-atropisomer.  Using a sintered glass funnel 

with vacuum filtration, the benzene slurry was evaporated to dryness.  To the dried silica 

powder, was added a CHCl3:Et2O (1:1) in order to remove the green band.  The solvent was 

changed to toluene:Et2O (1:1) to elute off the three undesired atropisomers and then changed to 

3.75% isopropylamine in diethyl ether to yield the desired α,α,α,α-atropisomer.  By following 

this procedure, the 1H NMR of 3 did not show any of the other three atropisomers byproducts.  
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The TLC of the desired α,α,α,α-atropisomer fraction, showed only one spot on the TLC plate, 

unlike the previous method that used column chromatography designed by Lindsey.   

 

Scheme 1.  Synthesis of compound 3. 

 

2.2  Synthesis of the Neutral Porphyrin Receptors 

When designing the neutral porphyrins, various pickets were chosen to create binding 

pockets of various sizes that would bind the head group of the PG lipid.  The pickets on the 

porphyrins were designed to align the urea pickets with the oxygens from the glycerol and 

phosphate portion of the head group from the PG anion.  The urea functionality on the 

porphyrins allowed for hydrogen bonding with the oxygens on the head group of the lipid. 
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The pickets on the porphyrins provided additional stabilizing forces to the PG lipid. 

Compounds 7 and 10 contained pickets that would provide hydrophobic interactions.  The 

hydroxy pickets in compound 9 provided hydrophilic interactions.  Pickets in compound 8 added 

additional stabilizing forces through hydrophobic and dipole-dipole interactions [41].   

 

Figure 11. Neutral receptors synthesized. 

 

2-O-Benzylethanolamine provided a picket that was large with a bulky benzyl group at 

the end of the picket.  The synthesis of 2-O-Benzylethanolamine was performed by Champika 

Jayasinghe according to the procedure developed by Kolomiets, et al.  
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Scheme 2.  Synthesis of compound 4 [42]. 

 

Triethyleneglycol monoethylether was used to synthesize the second large picket.  The 

use of compound 6 as the picket provided dipole-dipole interactions instead of using the bulky 

benzyl group.  Scherman, et al. developed a procedure to convert triethyleneglycol 

monomethylether to the corresponding amine which was used to synthesize compound 6.   

 

Scheme 3.  Synthesis of compounds 5 and 6 [43]. 

 

With the Gabriel synthesis, the reaction between 5 and potassium phthalimide produced 

the corresponding phthalimide glycol.  Deprotection was carried out using hydrazine 

monohydrate, and 6 was isolated in a 62% yield [43]. 
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The preparation of the urea pickets followed two general synthetic routes.  In one route, 

the first step involves the formation of an isocyanate intermediate from the phenyl amine using 

phosgene or a phosgene derivative and then the formation of the urea.  The second route is the 

reaction that occurs between the phenyl amine and a reagent containing an isocyante group.   

 

Scheme 4.  General reaction scheme of an amine with a phosgene derivative. 

 

 Scheme 4 illustrates the general synthetic pathway that was followed for the attachment 

of the pickets to the free base porphyrin.  With the toxicity concerns of phosgene gas, various 

derivatives have been used in the synthesis of ureas.  One such derivative is triphosgene, a solid 
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and easily handled, which can be used in one of the possible synthetic pathways for synthesis of 

urea compounds [44].   

 

Scheme 5.  General synthetic scheme for synthesis of urea receptors. 

 

The synthetic route for most of the porphyrin receptors began with addition of 

triphosgene to the α,α,α,α-atropisomer.  The amino groups on the α,α,α,α-atropisomer were 

converted to four isocyanate groups to yield the reaction intermediate.  The urea functionality 

was furnished after the addition of the amine to the reaction intermediate.  

According to Collman and co-workers the isocyanate intermediate is highly moisture 

sensitive; therefore, the conversion of the anilines to the ureas should be done as a one-pot 

reaction [45].  To prevent water from generating the carbamic acids, the reaction was carried out 

in a glove box. 



  

22 
 

The synthesis of compounds 7 and 8 was developed according to procedures designed by 

Collman and co-workers.  Compound 3 was dissolved in methylene chloride and triethylamine at 

room temperature.  Triphosgene (1.5 equivalents) was added to the reaction mixture to generate 

the isocyanate precursor.  The corresponding amine was added to the isocyanate to create the 

desired urea. 

 

Scheme 6.  Synthesis of compounds 7 and 8. 
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The percent yields of receptors 7 and 8 were 18% and 30%, respectively. 

In an attempt to improve porphyrin 7 yields compound 4 was reacted with triphosgene to 

furnish the isocyanate.  The 1H NMR of the crude material furnished from the synthesized 

isocyanate and porphyrin 3 did not show an improvement in the yield of compound 7.  

Therefore, this pathway was not continued.   

Cleavage of the benzyl groups from 7 was attempted by hydrogenation using Pd/C in a 

Parr apparatus.  The 1H NMR of the compound 7 exhibited sharp distinct resonances for the 

aromatic hydrogens.  After the hydrogenation, the 1H NMR of the crude product showed many 

complex resonances.  The complexity of the resonances is speculated to be caused by possible 

over reduction of 7.   

 Due to the possible over reduction, the addition of compound 7 to ethanethiol and boron 

trifluoride etherate provided an alternative pathway for synthesizing 9 [46].  The 1H NMR of the 

crude sample showed much sharper resonances unlike the hydrogenation of 7 in the presence of 

palladium on carbon.  Following this pathway, the crude 1H NMR showed the appearance of a 

broad resonance at 4.35 ppm, indicating the formation of hydroxyl groups from the cleavage of 

the benzyl groups.   
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Scheme 7.  Synthesis of compound 9. 

 

The resulting crude product was purified using radial chromatography.  Due to polarity of 

the molecule, a ternary solvent mixture of CH2Cl2:methanol:H2O was required to elute the 

molecule from the silica gel.  The desired product was isolated in 25% yield.  Prep thin-layer 

chromatography was explored as a possible method for purification of 9; however, the 1H NMR 

of the isolated material showed the disappearance of the two hydrogens attached to the nitrogens 

of the pyrrole rings.  The disappearance of these two hydrodgens is indicative of metalation.  

Several methods were attempted to demetalate the porphyrin, but none of the attempts were 

successful in furnishing the desired product.  

The reaction of isocyanates with amines can also be utilized to create various ureas.  The 

addition of propyl isocyanate to 3 was used to furnish 10.  The receptor was isolated in 20% 

yield. 
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Scheme 8.  Synthesis of compound 10. 

 

 The addition of zinc was used to enhance the rigidity of porphyrin 10.  It was speculated 

that the addition of the metal could also provide an additional point of binding [47]. 

To metallate 10 the porphyrin was treated with 3 equivalents of zinc acetylacetonate 

(Zn(acac)2).   The reaction was allowed to proceed for 5 hours at room temperature, followed by 

removing the solvent under reduced pressure.  The resulting material was triturated with diethyl 

ether until there was no color observed.  The Zn(II) metallated porphyrin was collected in 75% 

yield [48].  
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Scheme 9.  Synthetic scheme of compound 11. 

 

2.3  Synthesis of the Charged Porphyrin Receptors  

 The synthesis of compound 12 (scheme 10) started with the α,α,α,α-atropisomer 3.  N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide (EDAC) was added to a solution that contained 

α,α,α,α-atropisomer and BOC-glycine in an ice bath.  The reaction was allowed to stir overnight 

at 0°C in a dewar to yield the crude product which was isolated by column chromatography.  

Compound 12 was isolated with a 62% yield [49].   
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Scheme 10.  Synthetic scheme of compound 12. 

 

 EDAC alone proved to be the best reagent to use when coupling 3 with the BOC 

protected glycine.  Coupling 3 and BOC-glycine was first attempted in the presence of trimethyl 

phosphite and iodine, but use of this reagent did not furnish compound 12.  It is speculated that 

the formation of methyliodide could be preventing the amidation from occurring.  Trimethyl 

phosphite may be reacting with the byproduct, methyl iodide, via the Arbuzov reaction instead of 

forming the active intermediate.  
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Scheme 11.  Formation of alkyl phosphonate via Arbuzov reaction. 

 

 Using hexafluorophospate counterions with the charged ammonium groups was expected 

to increase the solubility of the receptor in organic solvents and allow for the formation of X-ray 

quality crystals.  By cleaving the BOC groups with HCl, the hexaflurophosphate anion could 

then be exchanged for the chloride ions.  The first attempt at cleavage of the BOC groups and 

formation of the ammonium ions was attempted using a 0.5 M HCl in methanol.  After 

evaporation of the solvent, it was evident that the HCl had no effect on the BOC groups 

 Hexafluorophosphoric acid was used to in an attempt to cleave the BOC groups since the 

previous reactions conditions failed.  Cleaving the BOC groups using hexafluorophosphoric acid, 

would provide a direct approach to the addition of the hexafluorophosphate ions and would not 

require an anion exchange in order to produce the desired receptor.  As with the previous 

reactions that used HCl, the addition of hexafluorophosphoric acid did not produce the desired 

receptor. 
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Deprotection of the BOC groups was accomplished using TFA in methylene chloride at 

0°C.  After evaporation of the solvent mixture, the crude solid was triturated with diethyl ether to 

remove excess TFA.  Under the acidic conditions the ammonium functionality was created with 

trifluoroacetate couterions which could be exchanged for hexafluorophosphate ions.  Compound 

13 was isolated in 62% yield, but the yield was not optimized.       

 

Scheme 12.  Synthetic scheme of compound 13. 

 

 The final charged receptor was synthesized by the complete exchange of the 

trifluoroacetate anion with the hexafluorophosphate anion.  To compound 13 was added 20 

equivalents of ammonium hexafluorophosphate at room temperature.  The reaction was allowed 

to stir for 24 hours followed by a water wash.   

The fluorine NMR showed two fluorine resonances in the spectrum at -70.17 ppm and     

-74.32 ppm, which indicated the incomplete anion exchange.  For a pure product, the 19F NMR 

should show a doublet due to the coupling between the fluorine and phosphorus atoms.  If there 
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had been no conversion, the 19F NMR of the starting material would have shown a singlet as the 

only resonance at -74.32 ppm.   

 To complete exchange of the trifluoroacetate anions, another 20 equivalents of 

ammonium hexafluorophosphate was added to the redissolved crude compound in ethyl acetate.  

After the reaction mixture was washed with water, the 19F NMR showed a single resonance split 

as a doublet at -70.17 ppm and the 31P NMR showed a septet at 107.945 ppm.  The yield of 

compound 14 was not optimized, but it was isolated in 51% yield.   

Two additions of ammonium hexafluorophosphate were needed to overcome the reaction 

equilibrium and to complete the anion exchange.  Ammonium hexafluorophosphate (20 

equivalents) was added to Compound 13 in ethyl acetate.  The reaction was monitored by 19F 

NMR after 24, 48, and 72 hours.  Each of the three fractions showed an incomplete conversion 

by the observation of two resonances that resulted from the hexafluorophosphate anions and the 

trifluoracetate anions. 

Another 20 equivalents of ammonium hexafluorophosphate was added to each of the 

three fractions and allowed to stir for 48 hours.  A porphyrin by-product increased in yield by 

allowing the first addition of ammonium hexafluorphosphate to proceed for 48 and 72 hours.  

The by-product was observed in the 1H NMR after the second addition of ammonium 

hexafluorophosphate.  Allowing the first addition of ammonium hexafluorphosphate to react for 

24 hours, no porphyrin by-product was observed in 1H NMR after the second addition of 

ammonium hexafluorophosphate.  After the second addition of ammonium hexafluorophosphate, 

the 19F NMR showed a doublet resulting from the hexafluorophosphate ions. 
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Scheme 13.  Synthetic Scheme of compound 14. 
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CHAPTER 3 

ANION BINDING STUDIES 

 Anion binding studies used NMR and ITC to determine the associated binding 

constants and associated thermodynamics of receptor-anion complexation.  Receptor-anion 

binding stoichiometry was determined by Job plots using 1H NMR.  After determination of the 

binding stoichiometry, the binding constant of the receptors was determined.  The binding 

constants were determined by non-linear regression analysis using EQNMR of the isotherms 

afforded by 1H NMR titration studies [50].  See experimental for details.   

 

3.1  NMR Characterizations of the PG Anion 

 Obtaining crystal structures of the receptor-anion complex has proven to be extremely 

difficult, thus the need for characterization of the PG anion.  The advantage of the PG anion in 

comparison to the H2PO4
- anion is being able to monitor the chemical shift changes of the 

protons on the head group during complexation.  With the use of various NMR experiments, 

insight into the binding motif of the receptor-PG complex could be obtained. In order to gain 

insight on the complexation, different NMR experiments were used to characterize the PG anion 

in DMF-d7.  COSY was used to determine which protons were coupled together.  HMQC and 

HMSQC were used to determine which protons were coupled to which carbons.  DEPT was used 

to corroborate the proton assignments made from the COSY, HMSQC, and HMQC NMR 

experiments. 
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 The protons (6 and 7) attached to the carbon ester reside at 4.4 and 4.2 ppm in the form of 

a doublet and multiplet.  Proton 5 on the carbon ester is a multiplet at 5.2 ppm.  Each of the 

proton environments integrates to one proton. The proton (2) on the methine carbon originates as 

a multiplet at 3.55 ppm and is partially buried from overlap of the hydrogens from the 

tetrabutylammonium counter ion.  The methylene protons (1) reside at 3.45 ppm. The methylene 

protons (3 and 4) that form the phosphate ester are located at 3.9 ppm.   

 

Figure 12.  1H NMR characterization of protons in head group of PG anion. 

 

Figure 13 is an expansion of the protons that are associated with the head group of the PG 

anion.  The COSY shows that the methine proton 5 is coupled to the methylene proton 6.  The 

methine proton 5 is coupled to proton 6, but is not coupled to proton 7.  Since no coupling can be 

observed on COSY between proton 5 and proton 7, this suggests that the dihedral angle is 90° 

between these two protons.  This is consistent with a structure that has the two hydrophobic 

chains parallel to one another and an orthogonal head group.  The COSY NMR shows proton 6 

1 2 
3, 4 

5

1 

7 6 
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being coupled to proton 5 and proton 7.  Proton 7 is geminal coupled to proton 6 and exists as a 

doublet of doublets in 1H NMR due to the existence of diastereoisomers.   

 

Figure 13.  COSY NMR of the PG anion head group 

5 7 
3,4 1 

2 6 
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HMQC and HMSQC were used to verify the proton assignments that were made from the COSY 

and 1H NMR.  Both the HMQC and HMSQC showed correlation between proton 5 and the 

methine carbon that resonates at 71 ppm.  Protons 6 and 7 are coupled to a methylene carbon 

resonating at 63 ppm.  Proton 2 that resonates at 3.55 ppm is coupled to the methine carbon that 

resonates at 73 ppm. 

 

Figure 14.  HMQC (top) and HMSQC (bottom) NMR of the head group of PG anion. 
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The DEPT experiment of PG anion can be used as further verification of the PG head 

group proton and carbon assignments.  In the DEPT experiment, all methylene carbons are 

pointing downwards.  All methyl and methine carbons point upwards.  In the PG molecule there 

are two types of methyl carbons and two methine carbons, indicating there should be four carbon 

environments pointing up. 

 

Figure 15.  DEPT NMR experiment of PG anion. 

 

 In the DEPT NMR experiment, the two resonances that are near 12 ppm correspond to 

the two types of methyl carbons at the end of the lipid hydrophobic tail and the 

tetrabutylammonium counter ion.  The two resonances at 71 and 73 ppm correlate to the two 
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methine carbons 2 and 5.  In the HMQC and HMSQC the two methine resonances correlate to 

the proton resonances at 5.2 and 3.55 ppm. 

 With the 1H NMR inverse titration, compound 8 was titrated into a PG solution.  The 

proton environments of the PG were monitored throughout the addition of 8.   

 

Figure 16.  Inverse 1H NMR titration with 0.0, 0.2, 0.4, 0.8, and 1.25 equivalents of compound 8 

added to PG. 

  

By monitoring the chemical shifts, it is possible to observe how the addition of 8 affects the 

environment of the PG anion protons.  The proton (2) on the methine carbon in the glycerol head 

group had a much larger upfield chemical shift than the methine proton 5.  With the chemical 

shift of proton 2 being much larger than the chemical shift of proton 5, this indicates the proton 

is positioned above the porphyrin ring and is highly exposed to the ring current of the porphyrin 
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scaffold.  The chemical shift of the methine proton 5 was influenced by the porphyrin scaffold’s 

ring current, but not to the extent as proton 2.  This experiment suggests that the head group of 

the PG anion is inside the binding pocket of the receptor and lies above the plane of the ring.  

Since proton 2 was influenced greatly by the ring current of the porphyrin scaffold, it must be 

positioned deeper in the binding pocket than proton 5 and close to the porphyrin scaffold [41].   

 

3.2  1H NMR Experiments of Neutral Receptors 

 Dihydrogen phosphate was used to correlate the binding of the receptor with the 

phosphate anionic portion of PG.  The Job plot was determined by 1H NMR using the 

dihydrogen phosphate anion and porphyrin 7.  The binding stoichiometry for the receptor was 

1:2 which indicates two PG anions would bind to one receptor molecule.   

 

 

 

 

 

 

 

 



  

39 
 

 

 

Figure 17.  Job plot of compound 7-H2PO4
- complex in DMF-d7 at 30°C. 

 

The binding stoichiometry of 7 with dihydrogen phosphate is the same as other previously 

recorded tetra urea pickets with dihydrogen phosphate that have be examined in the past [51,52].  

The crystal structure of a tetra urea α,α,α,α-atropisomer receptor with two dihydrogen phosphate 

anions can be seen in Figure 18. 
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Figure 18.  Crystal structure of α,α,α,α-5,10,15,20-tetrakis(2-(4-fluorophenylurea)phenyl 

porphyrin complex with two dihydrogen phosphate anions [52]. 

 

The dihydrogen phosphate anions are oriented in a way that promotes hydrogen bonding 

between the pickets and the anions.  The oxygen atoms of the anion are bound to two of the urea 

pickets via hydrogen bonding [52]. 

 The number of PG anions bound to compounds 7 and 8 was found to be different than 

dihydrogen phosphate.  As determined from the Job plot, the binding stoichiometry for the PG 

anion was 1:1 for both receptors.   
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Figure 19.  Job plot of compound 8-PG complex in DMF-d7 at 30°C. 
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Figure 20.  Job plot of compound 7-PG complex in DMF-d7 at 30°C. 

 

 NMR isotherms were obtained for 7 and 8 by monitoring the chemical shifts of various 

protons on the receptor when titrated with PG in DMF-d7.  Binding isotherms for porphyrins 7 

and 8 were generated by following the chemical shift changes of protons 1, 2, and 3 (Figure 21).  

The binding constants were calculated from the 1H NMR isotherms utilizing EQNMR nonlinear 

regression analysis.  The binding constants for 8 and 7, averaged from 3 experiments, are 6500 

M-1 (9% error) and 2400 M-1 (13% error), respectively.  

 

 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

0.180

0.200

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R
ec

ep
to

r 
m

ol
e 

fr
ac

tio
n 

X
 Δ

δ 
(p

pm
) 

Receptor mole fraction 



  

43 
 

 

 

Figure 21.  Chemical shifts of the labeled protons from porphyrins 7 and 8 that were 

monitored during 1H NMR titration. 

 

Figure 22.  1H NMR titration curve of compound 7 at 30°C in DMF-d7. 
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Figure 23.  1H NMR titration curve compound 8 at 30°C in DMF-d7. 

 

 It was predicted that the porphyrin 9 would form 1:1 binding with the PG anion.  The 

pickets each had a hydroxyl group that was hypothesized to form hydrogen bonds with each 

other, therefore creating a defined and structurally rigid binding pocket for the head group of the 

anion.  Porphyrin 9 did not show 1:1 binding with the PG anion. 
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Figure 24.  Job plot of compound 9-PG complex in DMF-d7 at 30°C. 

 

Upon heating to 40-50°C, the receptor formed multiple atropisomers due to unstable 

pickets.  Compound 10 also showed the formation of atropisomers at the same temperatures as 9.  

Compounds 7 and 8 were stable up to 100°C and did not show multiple atropisomers.  With no 

formation of atropisomers, 7 and 8 had created a defined binding pocket that was structurally 

rigid [41]. 

 Compound 10 behaved similarly to 9.  The binding stoichiometry was a mixture of 1:1 

and 2:1 according to the Job plot.  The multiple binding stoichiometries are thought to be caused 
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by the flexibility of the pickets on the porphyrin, which causes poor alignment of functional 

groups between the receptor and PG in the receptors binding pocket. 

  

Figure 25.  Job plot of compound 10-PG complex in DMF-d7 at 30°C. 

 

The addition of Zn(II) did not change the binding stoichiometry of porphyrin 10.  The Job 

plot of porphyrin 10 indicated the complex binding stoichiometry.  It was believed that Zn(II) 

would increase the rigidity of the poprphyrin and provide an addition binding site for the anion 

which would lead to 1:1 binding stoichiometry.  The increased rigidity of the porphyrin may 

have affected the urea pickets from being able to align properly with the anion [47]. 
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Figure 26.  Job plot of the compound 11-PG complex in DMF-d7 at 30°C. 

 

3.3  ITC Characterizations of the Neutral Receptors 

 Compounds 7 and 8 were the only two neutral receptors to show 1:1 binding 

stoichiometry with the PG anion.  After determination of the binding constants through NMR 

titrations, the two receptors were subjected to isothermal titration calorimetry (ITC).  ITC studies 

allowed for determination of the thermodynamic properties of the binding process between the 

PG anion and receptor in solution.  All ITC studies were conducted at 30°C in a CHCl3:DMF 

(5:95) solvent mixture. 

0.000

0.020

0.040

0.060

0.080

0.100

0.120

0.140

0.160

0.180

0.200

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

R
ec

ep
to

r 
m

ol
e 

fr
ac

tio
n 

X
 Δ

δ 
(p

pm
) 

Receptor mole fraction 



  

48 
 

 The ITC titration curve for 7 is an exotherm. 

 

 

Figure 27.  ITC exotherm of compound 7 in a DMF solution containing 5% CHCl3 at 30°C. 

 

The binding constant was 2100 M-1 (5% error).  The measured ΔH was -2830 cal/mole (3% 

error) and the ΔS was calculated to be 6 cal/mol/°C.  Compound 8 produced an exotherm when 

subjected to ITC.  The binding constant was determined to be 3700 M-1 (12% error).  The 

determined ΔH was -1210 cal/mole (3% error) and ΔS was calculated to be 12 cal/mol/°C. 
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Figure 28.  ITC exotherm of compound 8 in a DMF solution containing 5% CHCl3 at 30°C. 

 

 The ITC and NMR binding constants for each receptor were close in value to each other.  

In both experiments, the binding constant was higher for 8.  ITC experiments for both 

compounds produced negative ΔH values and positive ΔS values.  These results show that the 

binding of the PG anion to the receptor is both enthalpy and entropy driven.  The negative 

enthalpies result from the hydrogen bonding in the receptor-anion complex [41, 53].   Receptor 8 
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had a higher ΔS value than receptor 7, which could be attributed to the release of more solvent 

molecules upon complexation to the lipid due to the larger picket [41, 53].  The negative ΔH 

values and positive ΔS values indicate that the entire picket is involved in the binding of the lipid 

to the receptors. 

 

3.4  NMR and ITC Characterizations of the Charged Receptor 

 The binding stoichiometry of 14 was 1:1 with the PG anion.  The binding constant was 

calculated to be 4900 M-1 (11% error) by averaging the results from two experiments.  In order to 

obtain repeatable results and sharp resonances, the 1H NMR titrations were conducted in 40% 

DMSO-d6 in CDCl3.  Figure 31 shows the protons that were followed throughout the 1H NMR 

titration.    

 

Figure 29.  Job plot of compound 14-PG complex in a solution of 40% DMSO-d6 in CDCl3 at 

30°C. 
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Figure 30.  1H NMR titration of compound 14-PG complex in a solution of 40% DMSO-d6 in 

CDCl3 at 30°C. 

 

Figure 31.  Chemical shifts of the labeled protons from porphyrin 14 that were monitored 

during 1H NMR titration. 
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 With crystal structures of the complex being difficult to produce, an inverse titration was 

used to provide insight into the binding motif.  By examination of the stacked 1H NMRs in 

Figure 32, the protons on the head group of the PG anion are observed to be moving upfield 

indicating the PG anion is located above the porphyrin scaffold within the binding pocket. 

 

Figure 32.  Inverse 1H NMR titration of compound 14 with PG in CDCl3 with 40% DMSO-d6.  

0.0, 0.05, 0.10, 0.15, 0.2, 0.4, and 0.6 equivalences of porphyrin 14 added. 

 

Porphyrin 14 was titrated with dihydrogen phosphate and the PG anions in CDCl3 with 

40% DMSO-d6.  The stacked plots (Figures 33 and 34) show the ammonium protons (7.9 ppm) 
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moving downfield upon titration with both anions and indicating binding to the ammonium 

protons via hydrogen bonding.  The methylene protons (2.8 ppm) move upfield in both Figures 

due to diagmagnetic shielding.  The amide protons (9.0 ppm) move downdield upon titration 

with PG, but move upfield upon titration with dihydrogen phosphate.  Prior to the addition of 

dihydrogen phosphate and PG, DMSO was located with the pocket of the porphyrin acting as a 

hydrogen bond acceptor.  Upon addition of the PG anion, DMSO would be expelled from the 

binding pocket allowing the PG anion to insert the head group into the binding pocket to form 

hydrogen bonds with the amide protons.  The upfield chemical shift of the amide protons upon 

titration with dihydrogen phosphate suggests the protons are no longer forming hydrogen bonds. 

 

Figure 33.  1H NMR titration of Compound 14 with 0, 0.6, 1.0, and 2.5 equivalents of 

dihydrogen phosphate 
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Figure 34.  1H NMR titration of Compound 14 with 0, 0.6, 1.0, and 2.5 equivalents of PG. 

 

The ITC of 14 was difficult to obtain in 40% DMSO in CHCl3.  There would be a second 

endotherm that would form at the end of the experiment from possible aggregation in the mixture 

or there was a second type of reaction.  To overcome potential aggregation and to obtain 

repeatable results, the solvent mixture was changed to DMSO:CHCl3:MeOH (5:4.5:0.5) at 40°C.  

The ΔH and binding constant that were obtained for the formation of the receptor-anion complex 

was 691 cal/mol (13% error) and 2800 M-1 (36% error).  The ΔS was 18.0 cal/mol/°C. 
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Figure 35.  ITC endotherm of compound 14 in a DMSO:CHCl3:MeOH (5:4.5:0.5) solution 40°C. 
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CHAPTER 4 

FLUORESCENCE CORRELATION SPECTROSCOPY STUDIES 

4.1  Fluorescence Correlation Spectroscopy (FCS)  

 FCS was used to determine the binding affinity and selectivity of porphyrin 13 to 

synthetic vesicles containing PG.  The data presented in this chapter was collected in 

collaboration with Zifan Wang and Dr. English.  My role in this study was the preparation of 

porphyrin 13 and the lipid vesicles. 

 The following discussion provides a brief introduction into FCS and the data obtained 

using FCS.  Fluorescence correlation spectroscopy can be used to analyze the fluorescent 

intensity fluctuations from one molecule or several molecules diffusing through a small 

observation volume defined by a focused laser [54].  

Intersystem crossing and diffusion are the primary processes that can cause the intensity 

fluctuations.  Diffusion coefficients can be obtained directly by analysis of the autocorrelation 

decay.  Binding affinities can be obtained by observing the changes in the diffusion coefficient of 

a fluorophore that has bound to another molecule or particle.  In this study the PG receptor, 

porphyrin 13, was the fluorophore and changes in its apparent diffusion constant occurred when 

it was bound to vesicles containing PG.  Because the vesicle is approximately 100 times larger in 

diameter than the porphyrin, a decrease in the observed diffusion coefficient was easily 

measured.  In addition, because the porphyrin has a high triplet yield there are substantial 

fluctuations due to intersystem crossing and triplet state decay and this effect was also included 

in the analysis.      
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 In the FCS experiments the fluorescence emission intensity is proportional to the number 

of particles present in the observation volume, and changes in the number of molecules in the 

small observation volume results in fluorescent intensity fluctuations [55].   Figure 36 depicts 

data from a fluctuating signal.  The fluctuations, δF(t), in the fluorescence intensities are defined 

(equation 4.1) by deviations from the time-based average fluorescent signal, <F(t)>, and the 

instantaneous fluorescent signal, F(t) [56, 57]. 

                                                                    ( )   ( )  〈 ( )〉                                                         (   ) 

t 

Figure 36.  Depiction of fluorescent signal fluctuations [58]. 

 

 FCS data is treated by performing autocorrelation analysis of the time dependent 

fluorescence signal.  The autocorrelation function is given in equation (4.2).  
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The function compares the fluctuations of fluorescence intensity at time t with the fluorescence 

intensity at t + τ which is averaged over all data points in given time interval.  
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  As an example, Figure 37 shows how an autocorrelation function is constructed.  The 

example uses simulated data in which the fluctuation is represented by a Gaussian spike.  Figure 

37a shows the original fluctuation.  In autocorrelation analysis, in accordance with equation 

(4.1), a copy of the fluctuating data is produced and shifted in time by an amount τ.  The product 

of the original signal and its shifted replicate is the integrand shown in equation (4.2).  Each 

point on the autocorrelation function, Figure 37c, is the result of an integrand of this type.  The 

integral is always greatest when τ = 0 and decays in a time scale that is determined by the 

duration of the fluctuations.  In actual FCS data there will be a large number of fluctuations, 

typically millions, over which this effect is averaged.  FCS is in effect a bulk measurement that 

results from observations of a large number of individual events recorded over time. 
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(a) 

 

(b) 

 

(c) 

Figure 37.  Depiction of the formation of an autocorrelation curve.  
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In an actual FCS experiment, the autocorrelation decay for fluorophores diffusing 

through an observation volume is defined by equation (4.3), which takes into consideration 

intersystem crossing.    

                                   ( )  (    
  

        )    
 

(  
 
  
)
 

 

(  (
  
  
)
 

(
 
  
))

 
  

                        (   ) 

 

The variable C is inversely proportional to the number of molecules in the observation volume.   

A is a factor that is proportional to the rate constant of receptor from dark to bright states, and the 

variables ro and zo are the radial and axial axes of observation volume.  Diffusion time is 

represented by τD and the triplet relaxation is represented by the variable τtriplet. 

The function is used to fit the data in an autocorrelation decay as seen from an actual 

experiment (Figure 38).  From this data, the diffusion coefficients can be obtained.  The circles 

on the curve are from equation (4.2) and the solid line used to fit the data is generated from 

equation (4.3).  
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Figure 38.  Autocorrelation curve of an actual FCS experiment for a single diffusing 

molecule. 

 

The rates at which molecules diffuse through the observation volume are dependent on 

their molecular size.  Large molecules diffuse through the observation volume slower than small 

molecules resulting in slower decays that can be visualized in autocorrelation curves.  Therefore, 

the diffusion coefficient, D, can be obtained from the autocorrelation decays as described by 

equation (4.4) 

                                                                   
  

    
  

  
 

    
                                                                  (   ) 
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where k is the Boltzmann’s constant, T is the temperature, ƞ is the viscosity of the solvent, and R 

is the hydrodynamic raidus [57].  

 Intersystem crossing results in a nonfluorescent triplet state [59] that is caused by 

fluorophores crossing over from the first excited state to the lowest lying triplet state before 

relaxation into the singlet ground state.  The relaxation time for the triplet state is observed in the 

microsecond time scale of an autocorrelation curve [59, 60] and is caused by fluorophores 

fluctuating between a light-emitting state and a dark state as schematized by the following 

chemical relationship where k01 and k10 are rate constants.   

                                                         

The relaxation time of the triplet state is determined by the sum of the rate constants as defined 

by equation (4.5). 

                                                                          
 

(       )
                                                           (   ) 

 

An autocorrelation curve can be divided into sections.  The first section is due primarily 

from the triplet state (1 – 10 μs).  The second section is comprised of the longest time component 

(10 μs – 100 ms) and originates from the diffusion of porphyrin 13 bound to vesicles containing 

PG.  The amplitude of this portion of the curve is determined by the relationship between 

fraction bound and vesicle concentration, [V].  The amplitude is proportional to f2/[V], in which 

the vesicle concentration is held constant. 
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4.2  Fluorescence Correlation Spectroscopy (FCS) of a Charged Receptor with PG 

Anion 

 The FCS studies were conducted on porphyrin 13 with synthetic vesicles containing the 

phospholipids, phosphatidylserine (PS) and PG.   

 

Figure 39.  Structures of the phospholipids and porphyrin used in the FCS experiments. 

 

The PG and PS phospholipids are both anionic phospholipids.  The use of PS in the experiments 

was to determine the binding selectivity of the receptor to the vesicle.   
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Figure 40.  Autocorrelation decay curve for receptor 13 with synthetic vesicles containing 

different percentages of PG. 

 

 Figure 40, shows the autocorrelation curve of porphyrin 13 binding to vesicles with 

different percentages of PG.  The amplitude of the slow component is proportional to f2/[V], 

where f is the fraction bound.  As the concentration of PG increases, the fraction bound increases 

which results in the increase in amplitude.  The slow or longest time component occurs due to 

slower diffusion of the porphyrin 13 being bound to a much larger vesicle.  
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Figure 41.  Binding constants of PE vesicles doped with various percentages of PS and PG.  

Calculated from PS or PG concentrations. 

 

 Figure 41 shows the changes in binding constants as the percentages of PS and PG 

change within the vesicles.  Binding constants were determined using vesicles that contained 

10%, 20%, and 30% PG or PS in PE, and the concentration of porphyrin 13 was kept constant.  

The binding constant for vesicles containing PG is 18000 ± 4200 M-1 and the binding constant 

for PS is 11000 ± 2100 M-1.   

   
[              ]

[             ][       ]
  

[        ]   

([        ]  [        ]   ) (
[  ]
  [        ]   )

  



  

66 
 

                                                  
 

(   ) (
[  ]
  [        ]   )

                                                  (   ) 

Binding constants are determined by the equation (4.6).  The value [PG]/2 is used because it is 

assumed that half of the PG is located on the inner leaflet of lipid bilayer and inaccessible to 

binding [61].  The binding fraction, f, is defined by equation (4.7). 

                                                               
[              ]

[        ]
                                                            (   ) 

 

The binding constants for the PG and PS synthetic vesicles are summarized in Table 1.   

TABLE 1 

BINDING CONSTANT SUMMARY FOR PG IN THE SYNTHETIC VESICLES 

Synthetic vesicles consisting of various PG percentages with PE 

Percent PG 0% 10% 20% 30% 

Binding constants (104 M-1) 0 1.9 ± 0.4 1.9 ± 0.4 1.6 ± 0.3 

Fraction bound 0 0.06 ± 0.01 0.10 ± 0.03 0.13 ± 0.03 

Synthetic vesicles consisting of various PS percentages with PE 

Percent PS 0% 10% 20% 30% 

Binding constants (104 M-1) 0 1.3 ± 0.3 1.1 ± 0.08 1.0 ± 0.1 

Fraction bound 0 0.04 ± 0.01 0.06 ± 0.01 0.08 ± 0.02 
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Determination of binding affinities was calculated using two different approaches.  The 

first approach determined the binding affinity of porphyrin 13 for PG and the second approach 

determined the binding affinity of porphyrin 13 for the vesicles (scheme 14).  Using the first 

approach, the binding constant (Figure 41) of porphyrin 13 to PG remained constant as the 

percentages of PG increased which indicates the binding constant does not depend on the 

concentration of PG.  

 

Scheme 14.  Schemes used for determination of binding constants in FCS.  

 

In this study FCS is used to measure the binding affinity of vesicles that contain PG and the 

vesicles provide a model for the bacterial membrane.  Figure 42 shows the binding affinities of 

porphyrin 13 for the vesicle does vary according to PG concentration.   

 In the experiments using vesicles that contained both PS and PG, the total anionic 

phospholipid composition was maintained at 30% and PE was maintained at 70%.  Initially the 

PS + PG vesicle had a higher binding constant than the PS and PG vesicles because of the higher 

total anionic phospholipid composition.  The binding constant of the PS + PG vesicles is 

9.7x107 ± 1.9x107 M-1.  Figure 42, portrays an increase in binding constants as more receptor 

molecules bind to the vesicles.  There is not a significant difference between the binding 

constants of the PS and PG vesicles which indicates little selectivity. 
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Figure 42.  Binding constants of PE vesicles containing PG, PS, and PG + PS.  Calculated from 

vesicle concentrations.  

 

The summary of the binding constants for vesicles containing the PS + PG phospholipids 

is given in the Table 2.  The binding constants are calculated using vesicle concentration.  The 

binding constants were calculated by equation (4.8). 
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TABLE 2 

SUMMARY OF BINDING CONSTANTS FOR VESICLES CONTAINING PS AND 
PG PHOSPHOLIPIDS 

 

Synthetic vesicles consisting of various PG + PS percentages with constant PE (70%) 

Percent PG + PS 0 5% + 25% 10% + 20% 15% + 15% 

Binding constants 

(107 M-1) 

0 9.3 ± 1.4 9.8 ± 2.1 10.0 ± 2.3 

Fraction bound 0 0.081 ± 0.012 0.086 ± 0.019 0.088 ± 0.020 
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CHAPTER 5 

CONCLUSION 

 In order to design more selective and high affinity binding pockets for future porphyrin 

receptors, the binding motif of the receptor-lipid complex needed to be understood.  Without the 

aid of X-ray crystals, attention was turned to spectroscopy to provide the needed information on 

the receptor-lipid complex.  After characterization of the PG anion, 1H NMR titrations and 

inverse titrations were utilized to provide information on the orientation and how the PG anion 

was interacting with the receptor protons.  Analysis of the NMR experiments indicated that PG 

was positioned in the binding pocket of the various receptors by the upfield movement of the 

protons on the lipid head group due to their interaction with the porphyrin ring current.  This 

suggests the hydroxyl groups of the PG anion are in a position that allows for binding with the 

pickets of the receptors due to their proper alignment.  The amide protons of the charged receptor 

move upfield with the addition of the dihydrogen phosphate anion resulting from the loss of 

hydrogen bonding with the DMSO solvent.  With the displacement of DMSO, the hydroxyl 

groups of PG form hydrogen bonds with the amide protons causing them to move downfield.  

The movement of the urea and ammonium protons show that are binding to the phosphate 

anionic portion of the lipid head group.  Binding stoichiometries and binding constants (Table 3) 

of the neutral and charged receptors were determined by Job plot and 1H NMR titration 

experiments.   
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TABLE 3 

SUMMARY OF 1H NMR BINDING STOICHIOMETRIES AND BINDING CONTSTANTS 

Receptor Binding stoichiometry Ka, M-1 (error) 

7 1:1 2400 (13%) 

8 1:1 6500 (9%) 

9 Complex − 

10 Complex − 

11 Complex − 

14 1:1 4900 (11%) 
 

 ITC experiments provided the thermodynamics of binding.  A summary of the binding 

constants and thermodynamic data is summarized in Table 4. 

TABLE 4 

SUMMARY OF BINDING CONSTANTS AND THERMODYNAMIC DATA FROM ITC 

Receptor Ka, M-1                         
(error) 

ΔH, cal/mol 
(error) 

ΔS, 
cal/mol/°C C–value [Receptor], 

mM 

7 2100 (5%) -2830 (3%) 6 6 30.7 

8 3700 (12%) -1210 (3%) 12 7 16.1 

14 2800 (36%) 691 (13%) 18 11 16.7 
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The C–value, critical parameter, determines the shape of the binding curve and is calculated from 

equation (4.9) 

                                                                  [        ]                                                              (   ) 

where N is the binding stoichiometry, Ka is the binding constant, and [Receptor] is the millimolar 

concentration of the receptor.  The experimental conditions required high receptor 

concentrations, but were within the acceptable C–value range.  The thermodynamic data of 

receptors 7 and 8 indicate the binding process is enthalpy and entropy driven.  The negative 

enthalpy values result from the hydrogen bonding of the pickets to the multifunctional head 

group of PG.  The difference in entropy values of receptors 7 and 8 is potentially due to 

difference in picket sizes above the urea functionality and the release of more solvent molecules 

when PG binds to receptor 8. 

FCS was used to determine the binding affinity of receptor 13 for PG in synthetic 

vesicles which provided a model for a bacterial membrane.  Figure 41 depicts the binding 

constant as the PG concentration increases.  The binding constants (Table 1) remain constant 

which shows that it is not cooperative binding expressed by receptor 13 and the binding fraction 

increases relative to the percent increase of lipid which indicates the binding stoichiometry is 1:1 

for PG found in vesicles.  In experiments performed by Zifan Wang, it was determined from 

surfactant experiments (CTAT) that the binding did not rely solely on Coulombic interactions.  

These results support that the binding pocket is complementary to the head group of the PG 

anion.  These results corroborate the 1:1 binding stoichiometries that were determined in solution 

Job plot analysis.   
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The binding affinity of receptor 13 for the vesicles and the selectivity for PG was 

depicted in Figure 42.  The binding affinity of receptor 13 with vesicles increases with the 

increasing PG concentration.  The PG + PS curve (blue) maintains an anionic composition of 

30% and the curve increases slightly as the PG concentration increases with decreasing PS 

concentration.  The PG + PS curve in the figure illustrates the modest selectivity between the 

vesicles containing PS and PG due to very slight increase in the binding constant as the PG 

increases. 

 If these receptors are to be used as a potential therapeutic, then they need to be able to 

pass through the cell walls of various bacteria.  Preliminary investigations have been conducted 

using E. coli and Bacillus thuringensis along with receptor 13.  The experimental results have 

demonstrated that the receptor can pass through the cell wall of the bacteria and bind to PG of 

the cell membrane.  Increasing the incubation times of the receptor with the bacteria increased 

the amount of receptor able to pass through the cell wall and bind to PG within the membrane of 

the bacteria.  

 Future experiments include the synthesis of receptors with various binding pockets that 

will be complementary to the PG head group by extending the pickets from the ammonium 

groups in receptor 13.  Binding studies in solution will provide insight into the binding 

stoichiometry and motif of the receptor-lipid complex.  The incorporation of charges improves 

the water solubility of the receptor allowing for future studies with synthetic vesicles and 

bacterial membranes.  
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CHAPTER 6 

EXPERIMENTAL – MATERIALS AND PROCEDURES 

 

 All melting points (Mel-Temp) are uncorrected.  All 1H NMR spectra were recorded at 

400 MHz or 300 MHz and were calibrated to the resonances from CDCl3, DMF-d7, and DMSO-

d6.  19F NMR was referenced to trifluoroacetic acid and 31P NMR was referenced to phosphoric 

acid.  Structure affirmation was accomplished by HRMS by the Mass Spectrometry Lab at the 

University of Kansas.  All UV spectra were recorded using Hitachi U-2010 and Varian Cary 100 

UV-vis spectrophotometers.  Column chromatography was carried out on silica gel (Davisil 

633).  Radial chromatography was performed using a Chromatotron (Harrison Research, Palo 

Alto, California).  ITC was performed using the ITC 200 by MicroCal.  The phospholipids 1,2-

distearoyl-sn-glycero-3-phospho-sn-1-glycerol sodium salt and 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine were purchased from Corden Pharma.  1,2-dipalmitoyl-sn-glycero-3-

phospho-L-serine sodium salt was purchased from Avanti.  TBAPG phospholipid was 

synthesized in our lab [41].  All solvents used in reactions were dried from CaH2, unless 

otherwise indicated, and reagents were dried in vacuum desiccator with Drierite.  2-O-

Benzylethanolamine and 2-(2-(2-Ethoxyethoxy)ethoxy)ethyl amine were dried using a dean-

stark apparatus in benzene.  All reactions were carried out in a nitrogen atmosphere.  Samples 

used for analytical experiments were dried in vacuum desiccators for minimum of two days over 

Drierite.   
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Job Plot 

The preparation for a 1H NMR Job plot experiment using compound 8 and TBAPG is 

given as an example.  Dry 8 (8.12 mg) was weighed on a six-point microbalance and added to a 

2 mL volumetric flask.  Dry TBAPG (5.7 mg) was weighed out in a glove bag (nitrogen 

atmosphere) into a separate previously tared 2 mL volumetric flask using a four-point balance.  

The samples were dissolved using DMF-d7 (for neutral receptors).  Aliquots of both samples 

were added to separate NMR tube inside the glove bag as follows in Table 5. 

TABLE 5 

1H NMR JOB PLOT DATA FOR COMPOUND 8 

 Volume of Receptor 

Solution (μL) 

Volume of Anion 

Solution (μL) 

Volume of Pure 

Solvent (μL) 

Tube 1 200.0 0.000 150 

Tube 2 141.0 59.00 150 

Tube 3 131.1 69.00 150 

Tube 4 121.1 78.90 150 

Tube 5 111.2 88.90 150 

Tube 6 101.2 98.90 150 

Tube 7 91.20 108.9 150 

Tube 8 81.10 118.9 150 

Tube 9 71.10 128.9 150 

Tube 10 61.00 139.0 150 
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 For each NMR tube the sum of the molar equivalents was the same.  The molar 

equivalents of the receptor descended as 1, 0.7, 0.65, 0.6, 0.55, 0.5, 0.45, 0.4, 0.35, and 0.3.  The 

molar equivalents of the anion increased as 0, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, and 0.7.  

The 1H NMR Job plot experiment was conducted at 30°C.  The change in chemical shift of the 

urea, beta, and aromatic protons (Figure 21) were monitored in relation to tube 1 for neutral 

receptors.  The 1H NMR Job plot for compound 14 was preformed following the same 

experimental procedure with 40% DMSO-d6 in CDCl3.  Changes in the chemical shift of the 

methylene and beta protons were monitored in relation to tube 1 for porphyrin 14 (Figure 31). 

 

1H NMR Titration  

 Compound 8 and TBAPG are given as an example.  Dry compound 8 (2.24 mg) was 

weighed on a six-point microbalance and added to a 1 mL volumetric flask.  Dry TBAPG (7.2 

mg) was weighed out in a glove bag (nitrogen atomosphere) into a separate previously tared 1 

mL volumetric flask using a four-point balance.  DMF-d7 was added to each volumetric flask in 

order to dissolve the samples.  The chemical shift of various protons was monitored as the 

various increments of the TBAPG solution were added.  All additions of TBAPG were added in 

a glove bag and the NMR titration was conducted at 30°C.  The equivalents of receptor and 

anion are given Table 6.  The chemical shifts and concentrations of the receptor and anion were 

calculated for each anion addition and used to calculate the binding constant.  The experimental 

procedure was the same for compound 14 using 40% DMSO-d6 in CDCl3 as the solvent mixture. 
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TABLE 6 

1H NMR TITRATION DATA FOR COMPOUND 8 

Receptor 

Equivalence 

Anion 

Equivalence 

Volume of 

Receptor 

Solution (μL) 

Volume of 

Anion 

Solution (μL) 

Concentration 

of Receptor 

(mol/L) 

Concentration 

of Anion 

(mol/L) 

1 0.00 500 0.00 1.50x10-3 0.00 

1 0.20 0.00 21.3 1.44 x10-3 2.89 x10-4 

1 0.40 0.00 21.3 1.39 x10-3 5.55 x10-4 

1 0.60 0.00 21.3 1.33 x10-3 8.01 x10-4 

1 0.80 0.00 21.3 1.29 x10-3 1.03 x10-3 

1 1.00 0.00 21.3 1.24 x10-3 1.24 x10-3 

1 1.25 0.00 26.7 1.19 x10-3 1.49 x10-3 

1 1.50 0.00 26.7 1.14 x10-3 1.71 x10-3 

1 1.75 0.00 26.7 1.10 x10-3 1.92 x10-3 

1 2.00 0.00 26.7 1.06 x10-3 2.11 x10-3 

1 2.50 0.00 53.4 9.82 x10-4 2.45 x10-3 

1 3.00 0.00 53.4 9.28 x10-4 2.75 x10-3 

1 4.00 0.00 106.7 8.12 x10-4 3.25 x10-3 

1 5.00 0.00 106.7 7.28 x10-4 3.64 x10-3 

1 6.00 0.00 106.7 6.60 x10-4 3.96 x10-3 
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ITC 

 Compound 8 and TBAPG are given as an example.  Dry compound 8 (3.15 mg) was 

weighed on a six-point microbalance and added to a 1 mL volumetric flask.  Dry TBAPG (28.4 

mg) was weighed out in a glove bag (nitrogen atmosphere) into a separate previously tared 1 mL 

volumetric flask using a four-point balance.  DMF was added to each volumetric flask in order to 

dissolve the samples.   

 The receptor and anion solutions were degassed for 15 minutes.  The syringe was filled 

with 40 μL of anion solution.  The sample cell was filled with 200 μL of receptor solution, and 

the reference cell was filled with DMF.  The solvent or solvent mixture in the reference cell is 

the same solvent that is used in the sample cell and syringe with the receptor and anion.  The 

anion solution was added in subsequent aliquots (1-2 μL) until the complete addition of the anion 

solution.  Each consecutive injection would add at every 120 second intervals.  Control 

experiments using PG only were setup under the conditions described above.  The sample and 

reference cells were filled with DMF.  The two experiments were subtracted from one another to 

give the thermodynamic data.  Experimental conditions were the same for compound 14 which 

required the use of a ternary solvent mixture of DMSO:CHCl3:MeOH (5:4.5:0.5) at 40°C. 

 

5,10,15,20-tetra-(2-nitrophenyl)porphyrin (1) [38]: 2-nitrobenzaldehyde (20.2 g, 133.7 mmol) 

was dissolved in acetic acid (400 mL, 0.33 M).  Distilled pyrrole (9.2 mL, 132.6 mmol) was 

added drop wise to the solution at reflux.  The reaction mixture was allowed to stir for 2 hours at 

reflux, and then allowed to cool to rt.  During cooling, chloroform (50 mL) was added to the 

solution.  When the solution reached rt the solution was filtered through a sinter glass funnel.  
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The solid was washed with cold acetic acid and chloroform.  The crude material was eluted off a 

grade III alumina gel column (100% CHCl3) yielding 2.5 g (3.146 mmol, 9.4%) of a purple solid.  

 

5,10,15,20-tetra-(2-aminophenyl)porphyrin (2) [38]: Porphyrin 1 (1.609 g, 2.02 mmol) was 

dissolved in concentrated HCl (65 mL) under nitrogen.  SnCl2·2H2O (6.437 g, 28.5 mmol) was 

added to the solution at room temperature.  The reaction mixture was transferred to a preheated 

oil bath at 70°C and allowed to stir for 1 hour.  The solution was allowed to cool to rt, and then 

neutralized with concentrated NH4OH (250 mL) to a pH greater than 8.  CHCl3 (200 mL) was 

added to the solution and it was allowed to stir overnight.  The layers were separated and the 

aqueous layer was extracted with CHCl3 (4 x 200 mL).  The combined organic layer was filtered 

through celite and concentrated under vacuum to yield a purple solid (1.37g) that was a mixture 

of atropisomers and regioisomers.   

 

Atropisomerization of 5,10,15,20-tetra-(2-aminophenyl)porphyrin (3) [37, 39]: Benzene 

(139.68 mL) was added to a three-neck round bottom flask with silica gel (52.856 g).  The slurry 

was kept under a benzene saturated nitrogen gas atmosphere.  The slurry was heated to 80°C and 

allowed to stir for 1 hour.  After 1 hour, porphyrin 2 (1.598 g, 2.37 mmol) was added to the 

slurry and allowed to stir for 20 hrs. The slurry was allowed to cool to rt.  The silica gel was 

washed with 150 mL CHCl3:ether (1:1) then 300 mL toluene:ether (1:1) on a sinter glass funnel.  

The sinter glass funnel was transferred to a clean filter flask and the silica gel was then washed 

with ether/isopropyl amine (3.75% isopropyl amine).  The ether:isopropyl amine solution was 

concentrated under vacuum (no external heat) to yield a purple solid (0.988 g, 1.464 mmol, 
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62%).1H NMR (400 MHz, CDCl3) δ 8.89 (s, 8H), 7.84 (d, 4H, J = 7.2 Hz), 7.58 (t, 4H, J = 7.8 

Hz), 7.15 (t, 4H, J = 6.8 Hz), 7.10 (d, 4H, J = 8.4 Hz), 3.52 (s, broad, 8H), -2.72 (s, broad, 2H); 

13C NMR (100 MHz, CDCl3) δ 147.00, 134.99, 129.93, 129.26, 128.45, 127.08, 125.52, 117.83, 

116.05, 115.48. 

 

2-(2-(2-Ethoxyethoxy)ethoxy)ethyl tosylate (5): Triethyleneglycol monoethylether (10 g, 56.11 

mmol), dissolved  in THF (20mL), was brought to 0oC in an ice bath, whereupon  a solution of 

sodium hydroxide (4.6 g, 115 mmol) dissolved in water (18.4 mL) was added to the stirred, cold 

mixture that was kept under nitrogen.  A solution of tosyl chloride (13.799 g, 72.38 mmol) 

dissolved in THF (20 mL) was added drop wise over 15 min, and the reaction mixture was 

allowed to warm to ambient temperature and stirred for 2 hrs.  Diethyl ether (150 mL) was added 

to the reaction mixture and the two layers were separated.  The organic layer was washed with 

1M NaOH (3 x 12.5 mL) without shaking, and washed with water (2 x 12.5 mL).  The organic 

layer was dried with Na2SO4 and concentrated under vacuum to yield a yellow liquid (15.614 g, 

46.972 mmol, 84%).  1H NMR (400 MHz, CDCl3) δ 7.78 (d, 2H, J = 8.4 Hz), 7.32 (d, 2H, J = 8.4 

Hz), 4.14 (t, 2H, J = 4.8 Hz), 3.66 (t, 2H, J = 4.8 Hz), 3.61-3.53 (m, 8H), 3.49 (quartet, 2H, J = 

6.9 Hz), 2.42 (s, 3H), 1.18 (t, 3H, J = 7 Hz); 13C NMR (100 MHz, CDCl3) δ 145.00, 133.173, 

130.03, 128.20, 70.96, 70.91, 70.73, 69.99, 69.45, 68.87, 66.85, 21.86, 15.36; HRMS (ESI) calcd 

for C15H24O6SNa 355.1191, found (M+Na)+ 355.1186. 

 

2-(2-(2-Ethoxyethoxy)ethoxy)ethyl amine (6): Compound 5 (3 g, 9.02 mmol) was dissolved in 

DMF (6.2 mL) in a three-neck round bottom flask under nitrogen, and to this solution was added 
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potassium phthalimide (2.22 g, 11.99 mmol).  The reaction mixture was heated to 110°C and 

allowed to stir for 3 hrs. After cooling to rt, 38.6 mL of diethyl ether was added to the solution 

and a resultant precipitate was filtered.  The filtrate was washed with 1M NaOH (2 x 13 mL) and 

water (1 x 13 mL).  The organic layer was dried with Na2SO4 and concentrated under vacuum.  

The crude phthalimide was dissolved in 6.4 mL of a hydrazine monohydrate/ethanol (1/1 v/v) 

mixture and heated to 110°C overnight under nitrogen.  The reaction mixture was cooled to RT 

and extracted with toluene (4 x 20.6 mL).  The organic layers were combined and concentrated 

under vacuum to yield a yellow oil (0.986 g, 5.563 mmol, 62%).  1H NMR (400 MHz, CDCl3) δ 

3.66-3.47 (m, 12H), 2.84 (t, 2H, J = 5 Hz), 1.59 (s, broad, 2H), 1.19 (t, 3H, J = 7.1 Hz); 13C 

NMR (100 MHz, CDCl3) δ 73.72, 70.90, 70.80, 70.50, 70.04, 66.87, 42.03, 15.36; HRMS (ESI) 

calcd for C8H19NO3Na (M+Na)+ 200.1263, found 200.1268. 

 

α,α,α,α-5,10,15,20-tetrakis-(2-(N-[(2-phenylmethoxy)ethylureido])phenyl)porphyrin (7): 

Dry porphyrin 3 (0.253 g, 0.375 mmol) was dissolved in dry CH2Cl2 (178 mL) and dry 

triethylamine (0.42 mL, 3.01 mmol) in a glove box.  Triphosgene (0.167 g, 0.563 mmol) in dry 

CH2Cl2 (6 mL) was added to the reaction mixture and it was allowed to stir at ambient 

temperature for 1.5 hrs.  Dry compound 4 (0.284 g, 1.88 mmol) in dry CH2Cl2 (4 mL) was then 

added via syringe in one portion and the reaction mixture was allowed to stir at ambient 

temperature for 48 hrs.  The solution was washed with water (2 x 75 mL), and the organic layer 

was dried over Na2SO4 and then concentrated under vacuum to yield a purple solid.  The crude 

reaction material was purified by silica gel chromatography eluting with CH2Cl2:EtOAc (1:1) to 

remove the impurities and then ethyl acetate (100%) to elute product.  The resulting solid was 

recrystallized from CH2Cl2/hexane to yield a pure purple solid (0.095 g, 0.0687 mmol, 18%).  
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Mp:150-152°C; UV/vis CHCl3 λ max (lnε): 422.5 (9.64), 517 (9.27), 552 (8.17), 592 (8.24), 

653.5 (7.55); 1H NMR (400 MHz, DMSO) δ 8.70 (s, 8H), 8.44 (d, 4H, J = 8.8 Hz), 7.72 (t, 4H, J 

= 7.9 Hz), 7.59 (d, 4H, J = 6.6 Hz), 7.36 (s, broad, 4H), 7.29 (t, 4H, J = 7.1 Hz), 7.14-7.03 (m, 

20H),  6.20 (t, broad, 4H), 4.18 (s, 8H), 3.16 (t, 8H, J = 5.4 Hz), 2.91(m, 8H,), -2.71 (s, 2H); 13C 

NMR (100 MHz, DMSO) δ 155, 140, 138, 135, 131, 129, 128, 127.32, 127, 121.1, 120.9, 116, 

72, 69; HRMS (ESI) calcd for C84H79N12O8 (M+H) + 1383.6144, found 1383.6151; HRMS (ESI) 

cald for C84H78N12O8Na (M+Na) + 1405.5963, found 1405.5918. 

 

α,α,α,α,-5,10,15,20-tetrakis-(2-(N-(3,6,9-trioxaundecyl)ureido)phenyl)porphyrin (8): Dry 

porphyrin 3 (0.192 g, 0.285 mmol) was dissolved in dry CH2Cl2 (137.2 mL)in a glove box.  To 

the solution was added dry triethylamine (0.32 mL, 2.27 mmol) followed by the addition of 

triposhgene (0.127 g, 0.427mmol).  The mixture was allowed to stir for 1 hr. at rt.  Dry 

compound 6 (0.262 g, 1.478 mmol), dissolved in dry CH2Cl2 (5 mL), was added to the reaction 

mixture via syringe in one portion, and the reaction was allowed to stir for 24 hrs.  The reaction 

mixture was then concentrated under vacuum, and the resulting crude material was purified using 

silica gel chromatography eluting with CH2Cl2:ethanol (96:4).   The product was recrystallized 

with CH2Cl2:hexanes to yield a pure purple solid (0.125 g, 0.084 mmol, 30%).  Mp:173-175°C; 

UV/vis CHCl3 λ max (lnε): 422 (12.14), 516.5 (9.62), 545 (8.72), 590 (8.54), 648 (7.78); 1H 

NMR (400 MHz, DMSO) δ 8.73 (s, 8H), 8.45 (d, 4H, J = 8.4 Hz), 7.72 (t, 4H, J = 7.9 Hz), 7.60 

(d, 4H, J = 7.6 Hz), 7.36 (s, broad, 4H), 7.29 (t, 4H, J = 7.4 Hz), 6.21 (t, broad, 4H), 3.40-3.13 

(m, 48H), 2.94-2.86 (m, 8H), 0.98 (t, 12H, J = 7 Hz), -2.68 (s, broad, 2H); 13C NMR (100 MHz, 

DMSO) δ 155, 140, 135, 130, 129, 120.9, 120.8, 116, 69.6, 69.5, 69.4, 69.2, 69, 65, 15; HRMS 
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(ESI) calcd for C80H103N12O16 (M+H)+ 1487.7615, found 1487.7577; HRMS (ESI) calc for 

C80H102N12O16Na (M+Na) + 1509.7434, found 1509.7300. 

 

α,α,α,α,-5,10,15,20-tetrakis-(2-(N-(2-hydroxyethyl)ureido)phenyl)porphyrin (9): To a 

reaction mixture containing porphyrin 7 (0.165 g, 0.119 mmol) dissolved in ethanethiol (22.14 

mL, 309 mmol) was added BF3·etherate (0.83 mL, 6.749 mmol).  The reaction was kept under 

nitrogen and allowed to stir at rt for 4 hrs.   At this time the reaction was quenched with a 

saturated solution of NaHCO3, and the mixture was extracted with ethyl acetate (3 x 50 mL).  

The organic layers were combined and precipitate was collected from the extractions was 

filtered.  The resultant crude solid was dissolved in DMF and added to a Chromatogram plate 

and allowed to air dry overnight.  The product was purified using radial chromatography eluting 

with CH2Cl2:methanol:water (84:15:1) resulting in a pure purple solid (0.031 g, 0.030 mmol, 

25%).  Mp: 218°C, dec; UV/vis DMF λ max (lnε): 422.5 (14.31), 515 (11.91), 550 (10.66), 590 

(10.76), 647 (10.13); 1H NMR (400 MHz, DMSO) δ 8.73 (s, 8H), 8.48 (d, 4H, J = 8 Hz), 7.72 (t, 

4H, J = 7.9 Hz), 7.61 (d, 4H, J = 7.6 Hz), 7.38 (s, broad, 4H), 7.29 (t, 4H, J = 7.4 Hz), 6.16 (t, 

broad, 4H), 4.35 (s, broad, 4H), 3.10-3.09 (m, 8H), 2.81-2.80 (m, 8H), -2.66 (s, broad, 2H); 13C 

NMR (100 MHz, DMSO) δ 155, 140, 135, 130, 129, 120.7, 120.6, 116, 60, 42; HRMS (ESI) 

cald for C56H55N12O8 (M+H)+ 1023.4266, found 1023.4265; HRMS (ESI) cald for 

C56H54N12O8Na (M+Na) + 1045.4085, found 1045.4169. 

 

α,α,α,α,-5,10,15,20-tetrakis-(2-(N-(propylureido))phenyl)porphyrin (10): To a solution of dry 

porphyrin 3 (0.413 g, 0.612 mmol) dissolved in dry CH2Cl2 (12.2 mL) was added propyl 
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isocyanate (0.459 mL, 4.897 mmol) via syringe in one portion, and the reaction mixture was 

allowed to stir overnight in a glove box.  The solution was removed from the box, and then 

washed with water (3 x 25 mL) and with brine (1 x 50 mL).  The combined organic layers were 

dried over Na2SO4 and concentrated under vacuum.  The crude product was purified using silica 

gel chromatography eluting with CH2Cl2:EtOAc (20:80).  The resultant solid was recrystallized 

from CH2Cl2:hexanes to yield a pure purple solid (0.126 g, 0.124 mmol, 20%).  Mp: 232°C, dec; 

UV/vis CHCl3 λ max (lnε): 422 (12.12), 516 (9.51), 554 (8.40), 590 (8.45), 646 (7.86); 1H NMR 

(400 MHz, DMSO) δ 8.74 (s, 8H), 8.35 (d, 4H, J = 8.8 Hz), 7.77-7.72 (m, 8H), 7.35 (t, 4H, J = 

11.3 Hz), 6.95 (s, broad, 4H), 5.89 (t, broad, 4H),  2.64 (quartet, 8H, J = 6.4 Hz), 1.01 (sextet, 

8H, J = 7.3 Hz), 0.50 (t, 12H, J = 7.4 Hz), -2.685 (s, broad, 2H); 13C NMR (100 MHz, DMSO) δ 

155, 140, 135, 131, 129, 121.5, 121.1, 116, 41, 23, 11; HRMS (ESI) cald for C60H63N12O4 

(M+H)+ 1015.5095, found 1015.5139; HRMS (ESI) cald for C60H62N12O4Na (M+Na)+ 

1037.4915, found 1037.4960. 

 

[α,α,α,α,-5,10,15,20-tetrakis-(2-(N-(propylureido))phenyl)porphinato]zinc (II) (11): 

Porphyrin 10 (0.043 g, 0.041 mmol) was degassed for 2 hours in CH2Cl2 (21.4 mL).  To the 

solution was added Zn(acac)2  (0.033 g, 0.126 mmol).  The reaction mixture was allowed to stir 

at rt for 5 hours.  The solvent was removed under vacuum. The resulting material was extracted 

with ether until no color could be observed.  The ether was removed under vacuum and then 

recrystallized in CH2Cl2/hexane.  The resulting product was a purple solid (0.034 g, 0.031 mmol, 

74.94%). 1H NMR (400 MHz, DMSO-d6) δ 8.678 (s, 8H), 8.344 (d, 4H, J = 8.4 Hz), 7.850 (d, 

8H, J = 9.2 Hz), 7.717 (t, 4H, J = 8.6 Hz), 6.547 (s, broad, 4H), 5.715 (s, broad, 4H), 2.560 

(quartet, broad, 8H), 0.903 (sextet, 8H, J = 7.3 Hz), 0.439 (t, 12H, J = 7.4 Hz); 13C NMR (100 
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MHz, DMSO-d6) δ 155.046, 139.728, 135.078, 130.867, 129.092, 121.521, 121.058, 115.679, 

40.671, 22.509, 11.030. 

 

α,α,α,α-5,10,15,20-tetrakis-(2-(N-[(2-t-butylcarbamoyl)ethanamide]phenyl)porphyrin (12): 

Under a nitrogen gas atmosphere, dry porphyrin 3 (0.3235 g, 0.479 mmol, 1 equiv.) and BOC-

Gly-OH (0.3779 g, 2.157 mmol, 4.5 equiv.) were dissolved in dry CH2Cl2 (8.7 mL) and the 

solution was transferred to an ice bath.  EDAC•HCl (0.3676 g, 1.918 mmol, 4 equiv.) in dry 

CH2Cl2 (6.5 mL) was added to the reaction mixture and it was allowed to stir overnight in a 

dewar at 0°C.  The solution was washed with water (2 x 25 mL) and the organic layer was dried 

with Na2SO4.  The solution was filtered and concentrated under reduced pressure.  The product 

was purified using column chromatography eluting with EtOAc:CH2Cl2 (1:1) to yield a purple 

solid (0.3196 g, 0.2452 mmol, 62%).  Mp: 186 – 188°C; UV/vis DMF λ max (lnε): 423.0 

(12.72), 516.0 (10.07), 549.0 (9.18), 590.0 (9.13), 655.0 (8.72); 1H NMR (400 MHz, DMSO) δ 

8.82 (s, broad, 4H), 8.69 (s, 8H), 8.14 (d, 4H, J = 8.4 Hz), 7.93 (d, 4H, J = 6.8 Hz), 7.84 (t, 4H, J 

= 7.8 Hz), 7.58 (t, 4H, J = 7.8 Hz), 6.44 (s, broad, 4H), 2.83 (s, 8H), 1.001 (s, 36H), -2.77 (s, 

2H); 13C NMR (100 MHz, DMSO) δ 168.2, 155.4, 137.9, 136.0, 134.5, 131.1, 129.2, 124.7, 

124.0, 115.6, 77.9, 42.9, 27.8; HRMS (ESI) calcd for C72H78N12O12 (M+H)+ 1303.5940, found 

1303.6008; HRMS (ESI) cald for C72H78N12O12Na (M+Na)+ 1325.5760, found 1325.5718. 

 

α,α,α,α-5,10,15,20-tetrakis-(2-(N-[(2-ammonium)ethanamide]phenyl)porphyrin 

tetrakistrifluoroacetate (13): Porphyrin 12 (0.6233 g, 0.478 mmol, 1 equiv.) was dissolved in 

CH2Cl2 (11.8 mL) and transferred to an ice bath. TFA (11.8 mL) was added to the solution and 
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the reaction mixture was allowed to stir overnight in an ice bath in a dewar.  The reaction 

mixture was concentrated under reduced pressure.  The crude solid was triturated with diethyl 

ether to remove excess TFA.  Residual solvent was removed under reduced pressure to yield a 

purple solid which was dried with a drying pistol at 120°C (0.797 g, 0.586 mmol, 62%).  Mp: 

201 – 203°C; UV/vis DMF λ max (lnε): 428.5 (11.29), 521.0 (9.32), 553.5 (8.12), 593.5 (8.19), 

659.0 (7.81); 1H NMR (400 MHz, DMSO) δ 9.63 (s, broad, 4H), 8.64 (s, 8H), 8.27 (d, 4H, J = 

8.4 Hz), 7.80-8.00 (m, 20 H), 7.58 (t, 4 H, J = 7.4 Hz), 2.85 (s, 8H), -2.74 (s, 2H); 13C NMR (100 

MHz, DMSO) δ 165.3, 158.3, 137.4, 135.8, 134.2, 130.8, 129.3, 124.3, 124.2, 117.7, 115.3, 

114.8, 76.7; 19F (376 MHz, DMSO) δ -75.521 (s, 12F); HRMS (ESI) calcd for C52H48N12O4 

(M+2H)+2/2 452.1961, found 452.1940. 

 

α,α,α,α-5,10,15,20-tetrakis-(2-(N-[(2-ammonium)ethanamide]phenyl)porphyrin 

tetrakishexafluorophosphate (14): Ammonium hexafluorophosphate (1.108 g, 6.80 mmol, 20 

equiv.) was dissolved in EtOAc (37.8 mL) and added to porphyrin 13 (0.4393 g, 0.340 mmol, 1 

equiv.).  The reaction mixture was allowed to stir overnight at rt.  Water (17 mL) was added to 

the reaction mixture and allowed to stir for 30 min. The layers were separated and the organic 

layer was washed water (2 x 17 mL), dried with Na2SO4, filtered and concentrated under reduced 

pressure.  To the product (0.4067 g) was added ammonium hexafluorophosphate (1.026 g, 6.29 

mmol, 20 equiv.) dissolved in EtOAc (35 mL).  The reaction mixture was allowed to stir at rt 

overnight.  Water (16 mL) was added to the reaction mixture and it was allowed to stir for 30 

min.  The layers were separated and the organic layer was washed with water (2 x 16 mL), dried 

with Na2SO4, filtered and concentrated under reduced pressure to yield a purple solid (0.2184 g, 

0.1469 mmol, 51%).  Mp: 270°C, dec; UV/vis DMF λ max (lnε): 421.0 (16.47), 517.0 (13.63), 
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549.0 (12.40), 591.0 (12.46), 651.0 (12.11); 1H NMR (400 MHz, DMSO) δ 9.66 (s, broad, 4H), 

8.73 (s, 8H), 8.26 (d, 4H, J = 8 Hz), 7.92 (t, 8H, J = 7.8 Hz), 7.78 (s, broad, 12H), 7.55-7.65 (m, 

4H), 2.96 (s, 8H), -2.74 (s, 2H); 13C NMR (100 MHz, DMSO) δ 165.5, 136.76, 136.67, 134.4, 

131.3, 129.4, 124.84, 124.63, 115.7, 40.5; 19F (376 MHz, DMSO) δ -71.549 (d, 24F, J = 711.4 

Hz); 31P (161 MHz, DMSO) δ 107.945 (septet, 4P, J = 707.4 Hz); HRMS (ESI) calcd for 

C52H47N12O4 (M+H)+ 903.3843, found 903.3878; calcd for C52H48F6N12O4P (M+PF6+2H)+ 

1049.3485, found 1049.3684; calcd for C52H49F12N12O4P2 (M+2PF6+3H)+ 1195.3283, found 

1195.3276; calcd for C52H50F18N12O4P3 (M+3PF6+4H)+ 1341.3003, found 1341.3066. 

 

Synthetic membranes [62]: PE, PS, and PG were mixed in various compositions that had a total 

mass of 35 mg.  The lipid mixture was dissolved in 15 mL CHCl3:MeOH:H2O (65:35:8).  The 

solvent was removed under reduced pressure.  A HEPES (25mM):Na2SO4 (50mM) buffer 

solution was titrated with aqueous NaOH to a pH of 6.5 was prepared and 10 mL of this buffer 

solution was added to the resulting residue under a nitrogen gas atmosphere.  The solution was 

heated to 85°C until the residue completely hydrated.  Unilamellar vesicles were extruded four 

times, while hot, with a mini-extruder and 200 nm polycarbonate membranes.  

 

 

 

 

 



  

88 
 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 



  

89 
 

REFERENCES 
 
 
 

1. Rogers, K., Bacteria and Viruses.  2011, Britanica Educational Publishing. 

2. Levy, S. B., and Marshall, B., Antibacterial Resistance Worldwide: Causes, Challenges, 
and Responses. Nature Medicine, 2004, 10: p. S122 – S129. 
 

3. Wilson, B. A., Salyers, A. A., Whitt, D. D., and Winkler, M. E., Bacterial Pathogenesis: 
A Molecular Approach.  2011, 3rd edition, ASM Press. 
 

4. Džidić, S., Šušković, J., and Kos, B., Antibiotic Resistance Mechanisms in Bacteria: 
Biochemical and Genetic Aspects. Food Technol. Biotechnol., 2008, 46: p. 11- 21. 
 

5. Perron G. G., Zasloff M., and Bell, G., Experimental Evolution Resistance to an 
Antimicrobial Peptide. Proc. R. Soc. B., 2006, 273: p. 251 – 256. 
 

6. Anderson, D. I., The Ways in Which Bacteria Resist Antibiotics. International Journal of 
Risk and Safety in Medicine, 2005, 17: p. 111 – 116. 
 

7. Wright, G. D., Antibiotics: A New Hope. Chemistry and Biology, 2012, 19: p. 3 – 10. 
 

8. Appelbaum, P. C., Microbiology of Antibiotic Resistance in Staphylococcus Aureus. 
Clinical Infectious Diseases, 2007, 45: p. S165 – S170. 
 

9. Levy, S. B., The Challenge of Antibiotic Resistance.  Scientific American, 1998: p. 46 – 
53. 
 

10. Bisht, R., Katiyar, A., Singh, R., and Mittal, P., Antibiotic Resistance – A Global Issue of 
Concern. Asian Journal of Pharmaceutical and Clinical Research, 2009, 2: p. 189 – 194. 
 

11. Carlet, J., Jarlier, V., Harbarth, S., Voss, A., Goossens, H., Pittet, D.,  Ready for a world 
without antibiotics? The Pensières Antibiotic Resistance Call to Action.  Antimicrobial 
Resistance and Infection Control, 2012, 1(11). 
 

12. Falagas, M. E., and Kasiakou S. K., Colistin: The Revival of Polymyxins for the 
Management of Multidrug-Resistant Gram-Negative Bacterial Infections. Clincal 
Infectious Diseases, 2005, 40: p. 1333 – 1341. 
 



  

90 
 

13. Park, H., Kim, B., Bae, D., Lim,  B., Ko, M., Oh, S., and Kim, H., A New Method for the 
Oxazolidinone Key Intermediate of Linezolid and its Formal Synthesis. Bull. Korean 
Chem. Soc., 2012, 33: p. 1389 – 1392. 
 

14. Deasy, J., Antibiotic Resistance: The Ongoing Challenge for Effective Drug Therapy. 
JAAPA, 2009, 22: p. 18 – 22. 
 

15. Bielaszewska, M., Mellmann, A., Zhang, W., Kӧck, R., Fruth, A., Bauwens, A., Peters, 
G., Karch, H., Characterization of the Escherichia coli Strain Associated with an 
Outbreak of Haemolytic Uraemic Syndrome in Germany, 2011: a Microbiological Study. 
Lancet. Infect. Dis., 2011, 11: p. 671-676. 
 

16. Matsuzaki, K., Control of Cell Selectivity of Antimicrobial Peptides. Biochimica et 
Biophysica Acta, 2009, 1788: p. 1687 – 1692. 
 

17. Nüsslein K., Arnt, L., Rennie, J., Owens, C., and Tew, G. N., Broad-spectrum 
Antibacterial Activity by a Novel Abiogenic Peptide Mimic. Microbiology, 2006, 152: p. 
1913 – 1918. 
 

18. Yeung, A. T. Y., Gellatly, S. L., and Hancock, R. E. W., Multifunctional Cationic Host 
Defence Peptides and Their Clinical Applications. Cell. Mol. Life Sci., 2011, 68: p. 2161 
– 2176. 
 

19. Lazarev, V. N.,  and Govorun, V. M.,  Antimicrobial Peptides and Their Use in Medicine. 
Applied Biochemistry and Microbiology, 2010, 46: p. 803 – 813. 
 

20. Frecer, V., Ho, B., and Ding, J. L., De Novo Design of Potent Antimicrobial Peptides. 
Antimicrob. Agents Chemother., 2004, 48: p. 3349 – 3357. 
 

21. Giuliani, A., Pirri, G., Bozzi, A., Di Giulio, A., Aschi, M., and Rinaldi, A. C., 
Antimicrobial Peptides: Natural Templates for Synthetic Membrane-active Compounds. 
Cell. Mol. Life Sci., 2008, 65: p. 2450 – 2460. 
 

22. Seo, M., Won, H., Kim, J., Mishig-Ochir, T., and Lee, B., Antimicrobial Peptides for 
Therapeutic Applications: A Review. Molecules, 2012, 17: p. 12276 – 12286. 
 

23. Prossnigg, F., Hickel, A., Pabst, G., and Lohner, K., Packing Behavior of Two 
Predominant Anionic Phospholipids of Bacterial Cytoplasmic Membranes. Biophysical 
Chemistry, 2010, 150: p. 129 – 135. 
 



  

91 
 

24. Park, S., Park, Y., and Hahm, K., The Role of Antimicrobial Peptides in Preventing 
Multidrug-Resistant Bacterial Infections and Biofilm Formation. Int. J. Mol. Sci., 2011, 
12: p. 5971 – 5992. 
 

25. Tew, G. N., Scott, R. W., Klein, M. L., and Degrado, W. F., De Novo Design of 
Antimicrobial Polymers Foldamers, and Small Molecules: From Discovery to Practical 
Applications. Accounts of Chemical Research, 2010, 43: p. 30 – 39. 
 

26. Lai, X., Feng, Y., Pollard, J., Chin, J. N., Rybak, M. J., Bucki, R., Epand, R. F., Epand, 
R. M., and Savage, P. B., Ceragenins: Cholic Acid-Based Mimics of Antimicrobial 
Peptides. Accounts of Chemical Research, 2008, 41: p. 1233 – 1240. 
 

27. Jennssen, H., Hamill, P., and Hancock, R. E. W., Peptide Antimicrobial Agents. Clin. 
Microbiol. Rev., 2006, 19: p. 491 – 511. 
 

28. Giuliani, A., and Rinaldi, A., Beyond Natural Antimicrobial Peptides: Mulitmeric 
Peptides and Other Pepidomimetic Approaches. Cell. Mol. Life Sci., 2011, 68: p. 2255 – 
2266. 
 

29. Matsuzaki, K., Why and how are Peptide-Lipid Interactions Utilized for Self-defense?  
Magainins and Tachyplesins as Archetypes. Biochimica et. Biophysica Acta, 1999, 1462: 
p. 1 – 10. 
 

30. Zasloff M., Antimicrobial peptides of multicellular organisms. Nat. Rev. Microbiol., 
2002, 415: p. 389-395. 
 

31. Lambert, T. N., and Smith, B. D., Synthetic Receptors for Phospholipid Headgroups. 
Coordination Chemistry Reviews, 2002, 240: p. 129 – 141. 
 

32. E. Fahy, S. Subramaniam, H. A. Brown, C. K. Glass, A. H. Merrill Jr., R. C. Murphy, C. 
R. H. Raetz, D. W. Russell, Y. Seyama, W. Shaw, T. Shimizu, F. Spencer, G. van Meer, 
M. S. VanNieuwenhze, S. H. White, J. L. Witztum, and E. A. Dennis, Comprehensive 
Classification System for Lipids, Journal of Lipid Research, 2005, 46, 839 – 861. 
 

33. Smith, P. B. W., Snyder, A. P., and Harden, C. S., Characterization of Bacterial 
Phospholipids by Electrospray Ionization Tandem Mass Spectrometry. Anal. Chem., 
1995, 67: p. 1824-1830. 
 

34. Hanahan, D. J., A Guide to Phospholipid Chemistry.  1997, Oxford University Press. 
 



  

92 
 

35. Zhao, W., Róg, T., Gurtovenko, A. A., Vattulainen, I., and Karttunen, M., Role of 
Phosphatidylglycerols in the Stability of Bacterial Membranes. Biochimie, 2008, 90: p. 
930 – 938. 
 

36. Murzyn, K., Róg, T., and Pasenkiewicz-Gierul, M., Phosphatidylethanolamine-
Phosphatidylglycerol Bilayer as a Model of the Inner Bacterial Membrane. Biophysical 
Journal, 2005, 88: p. 1091 – 1103. 
 

37. Voelker, D. R., Biochemistry of Lipids, Lipoproteins and Membranes. 2002, 4th edition, 
Elsevier Science B.V. 
 

38. Collman, J. P., Gagne, R. R., Reed, C. A., Halbert, T. R., Lang, G., and Robinson, W. T., 
“Picket Fence Porphyrins.” Synthetic Models for Oxygen Binding Hemoproteins. J. Am. 
Chem. Soc., 1975, 97: p. 1427 – 1439. 
 

39. Wang, C. Z., Zhu, Z. A., Li, Y., Chen, Y. T., Wen, X., Miao, F. M., Chan, W. L., and 
Chan, A. S. C., Chiral Recognition of Amino Acid Esters by Zinc Porphyrin Derivatives. 
New. J. Chem., 2001, 25: p. 801 – 806. 
  

40. Lindsey, J., Increased Yield of a Desired Isomer by Equilibria Displacement on Binding 
to Silica Gel, Applied to meso-Tetrakis(o-aminophenyl)porphyrin. J. Org. Chem., 1980, 
45: p. 5215. 
 

41. Alliband, A., Meece, F. A., Jayasinghe, C., and Burns, D. H., Synthesis and 
Characterization of Picket Porphyrin Receptors that Bind Phosphatidylglycerol, an 
Anionic Phospholipid Found in Bacterial Membranes. J. Org. Chem., 2013, 78: p. 356 – 
362. 
 

42. Kolomiets, E., Buhler, E., Candau, S. J., and Lehn, J. M., Structure and Properties of 
Supramolecular Polymers Generated from Heterocomplementary Monomers Linked 
Through Hydrogen-Bonding Arrays. Macromolecules, 2006, 39: p. 1173 – 1181. 
 

43. Scherman, O. A., Ligthart, G. B. W. L., Ohkawa, H., Sijbesma, R. P., and Meijer, E. W., 
Olefin metathesis and Quadrapole Hydrogen Bonding: a Powerful Combination in 
Multistep Supramolecular Synthesis. PNAS, 2006, 103: p. 11850 – 11855. 
 

44. Amendola, V., Fabbrizzi, L., and Mosca, L., Anion Recognition by Hydrogen Bonding: 
Urea-based Receptors. Chem. Soc. Rev., 2010. 
 



  

93 
 

45. J. P. Collman, Z. Wang, and A. Straumantis, Isocyanate as a Versatile Synthon for 
Modular Synthesis of Functionalized Porphryins, J. Org. Chem., 1998, 63, 2424 – 2425. 
 

46. Smith III, A. B., Liverton, N. J., Hrib, N. J., Sivaramakrishnan, H., and Winzenberg, K., 
Total Synthesis of (+)-Jatropholones A and B: Exploitation of the High-Pressure 
Technique. J. Am. Chem. Soc., 1986, 108: p. 3040 – 3048. 
 

47. Jagessar, R. C., Shang, M., Shiedt, R., and Burns, D. H., Neutral Ligands for Selective 
Chloride Anion Complexation: (α,α,α,α)-5,10,15,20-Tetrakis(2-
(arylurea)phenyl)porphyrin. J. Am. Chem. Soc., 1998, 120: p. 11684 – 11692. 
 

48. Lahiri, G. K., Summers, J. S., and Stolzenberg, A. M., A Superior Method for the 
Metalation of Hydroporphyrins. Inorganic Chemistry, 1991, 30: p. 5049 – 5052. 
 

49. Ushiyama, M., Katayama, Y., and Yamamura, T., Histidine Containing Porphyrins 
Directed for Two Metal Binding Sites. Chemistry Letters, 1995: p. 395 – 396. 
 

50. Hynes, M.J., WinEQNMR. A Program for the calculation of equilibrium constants from 
NMR chemical shift data. J. Chem.Soc.Dalton Transactions, 1993, p. 311-312. 
 

51. Burns, D. H., Calderon-Kawasaki, K., and Kularatne, S., Buried Solvent Determines Both 
Anion-Binding Selectivity and Binding Stoichiometry with Hydrogen-Bonding Receptors. 
J. Org. Chem., 2005, 70: p 2803 – 2807. 
 

52. Calderon-Kawasak, K., Kularatne, S., Li, Y. H., Noll, B. C., Scheidt, W. R., and Burns, 
D. H., Synthesis of Urea Picket Porphyrins and Their Use in the Elucidation of the Role 
Buried Solvent Plays in the Selectivity and Stoichiometry of Anion Binding Receptors. J. 
Org. Chem., 2007, 72: p. 9081 – 9087. 
 

53. Brown, A., Analysis of Cooperativity by Isothermal Titration Calorimetry. Int. J. Mol. 
Sci., 2009, 10: p. 3457 – 3477. 
 

54. Langowski, J., Protein-Protein Interactions Determined by Fluorescence Correlation 
Spectroscopy. Methods in Cell Biology, 2008, 85: p. 471 – 484. 
 

55. Maiti. S., Haupts, U., and Webb, W. W., Fluorescence Correlation Spectroscopy: 
Diagnostics for Sparse Molecules. Proc. Natl. Acad. Sci. USA, 1997, 94: p. 11753 – 
11757. 
 



  

94 
 

56. Haustein, E., Schwille, P.: Fluorescence Correlation Spectroscopy: A Versatile 
Technique with Single-Molecue Sensitivity. In: Borsali R., Pecora R. (Ed.) Soft Matter 
Characterization: SpringerReference (www.springerreference.com). Springer-Verlag 
Berlin Heidelberg, 2008. 2011-01-31 23:00:00 UTC 
 

57. Lakwicz, J. R., Principles of Fluorescence Spectroscopy, 2006, 3rd Edition, Springer 
Science+Business Media, LLC. 
 

58. Jameson, D. M., Ross, J. A., and Albanesi, J. P., Fluorescence Fluctuation Spectroscopy: 
Ushering in a New Age on Enlightenment for Cellular Dynamics. Biophys. Rev., 2009: p. 
1 – 14. 
 

59. Macháň, R., and Hof, M., Recent Developments in Fluorescence Correlation 
Spectroscopy for Diffusion Measurements in Planar Lipid Membranes. Int. J. Mol. Sci., 
2010, 11: p. 427 – 457.  
 

60. Haustein, E., and Schwille, P., Fluorescence Correlation Spectroscopy: Novel Variations 
of an Established Technique. Annu. Rev. Biophys. Biomol. Struct., 2007, 36: p. 151 – 
169. 
 

61. Rusu, L., Gambhir, A., McLaughlin, S., and Rädler, J., Fluorescence Correlation 
Spectroscopy Studies of Peptide and Protein Binding to Phospholipid Vesicles. 
Biophysical Journal, 2004, 87: p. 1044 – 1053. 
 

62. Malina, A., and Shai, Y., Conjugation of fatty acids with different lengths modulates the 
antibacterial and antifungal activity of cationic biologically inactive peptide. Biochem. 
J., 2005, 390: p. 695 – 702.  
 

 

 

 

 

 

http://www.springerreference.com/


  

95 
 

 

 

 

 

 

 

APPENDIX 

 

 

 

 

 

 

 



  

96 
 

SUPPLEMENTAL MATERIAL 

 

Figure 43.  1H NMR (top) and 13C NMR (bottom) data for compound 3. 
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Figure 44.  1H NMR (top) and 13C NMR (bottom) data for compound 5. 
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Figure 45. HRMS data for compound 5. 
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Figure 46.  1H NMR (top) and 13C NMR (bottom) data for compound 6. 
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Figure 47. HRMS data for compound 6. 
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Figure 48.  1H NMR (top) and 13C NMR (bottom) data for compound 7. 
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Figure 49.  HRMS data for compound 7. 
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Figure 50.  1H NMR (top) and 13C NMR (bottom) data for compound 8. 
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Figure 51.  HRMS data for compound 8. 
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Figure 52.  1H NMR (top) and 13C NMR (bottom) data for compound 9.  
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Figure 53.  HRMS data for compound 9. 
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Figure 54.  1H NMR (top) and 13C NMR (bottom) data for compound 10. 
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Figure 55.  HRMS data for compound 10. 
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Figure 56.  1H NMR (top) and 13C NMR (bottom) data for compound 11. 
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Figure 57.  1H NMR (top) and 13C NMR (bottom) data for compound 12. 
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Figure 58.  HRMS data for compound 12. 
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Figure 59.  1H NMR (top) and 13C NMR (bottom) data for compound 13. 
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Figure 60.  19F NMR data of compound 13. 
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Figure 61.  HRMS data for compound 13. 
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Figure 62.  1H NMR (top) and 13C NMR (bottom) data for compound 14.  
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Figure 63.  19F NMR (top) and 31P NMR (bottom) data for compound 14. 
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Figure 64.  HMRS data for compound 14.  
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Figure 65. 300 MHz 1H NMR data of TBAPG in DMF-d7. 
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Figure 66. COSY NMR data for TBAPG. 
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Figure 67.  HMQC NMR data for TBAPG. 

 

 

 


