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Abstract
The research conducted into porphyrin interactions and assemblies has been explored for several applications and functions. The concept of self-replication and a brief overview of porphyrin materials form the basis of the main introduction to the research, while further introductory sections are found at relevant sections, corresponding to the area of study investigated.

The primary area of study focused on the synthesis of a porphyrin dimer, which, along with chaperone ligands, would be capable of acting as a self-replicating template for active monomeric porphyrin building blocks. Linear and non-linear porphyrin dimers were synthesised from their corresponding monomer porphyrin feedstock, and zinc centres inserted to facilitate binding to the ligands. UV titration studies with the porphyrin dimers and ligands determined that the binding for complex formation was non-cooperative, and diffusion NMR confirmed the presence of small complexes in solution of a size corresponding to a porphyrin-ligand duplex: roughly twice the size of porphyrin dimer alone. Self-replicating and templating reactions revealed no increase in reaction rate or product yield, relative to uncatalysed bimolecular reaction. Despite this, the research in this project provided valuable insight into the requirements for designing a successful porphyrin replicating system. Some preliminary studies into these ideas were initiated, leading to interesting results for future exploration.

A further field of investigation examined the binding between a linear porphyrin dimer and polydentate pyridyl ligands of differing geometries. This work aimed to determine the most favourable complex formed between a trigonal pyridyl ligand and porphyrin dimer. The association of the porphyrin-ligand complex was probed by UV binding studies, and displayed a small increase in Ka for bidentate and tridentate trigonal pyridyl moieties, relative to the binding of a mono-pyridyl ligand. Analysis of the complex by diffusion NMR determined the most stable complex present was a supramolecular hexamer approximately three times the size of porphyrin dimer alone.

The final area of research, conducted alongside other members of the group, targeted the self-assembly of a multiporphyrin-macromolecular scaffold complex. This aspect of the project focused on confirming the complex assembly using dimeric and monomeric porphyrins coordinating to the multiple pyridyl sites at the periphery of the hyperbranched polymer scaffold. UV titrations showed an increase in binding to polymer using porphyrin dimer relative to monomer, further suggesting pyridine sites are located at the polymer termini. In addition, diffusion NMR results determined that the complex had a slightly slower rate of diffusion than hyperbranched polymer alone.
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Introduction to self-replication


This chapter is part comprised of the following published review article:

“Self-replicating systems”
G. Clixby and L. Twyman, Org. Biomol. Chem., 2016, 18, 4170-4184
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Chapter 1 - Introduction to self-replication
[bookmark: _Toc490552371][bookmark: _Toc508276763]1.1. Self-replicating systems

The ability of a system to form a perfect copy of itself - the process of replication - is central to the survival of living organisms. As self-replication is a key component in the evolution of biological life, it is envisaged that understanding more about how the mechanism works will lead to a greater understanding of how self-replicating systems have arisen and, therefore, how the generation of living systems on primitive Earth began. Furthermore, the study of self-replicating systems is of keen interest to the synthetic chemist, with the goal of creating the ultimate synthetic machine, capable of making perfect copies of itself from starting reagents, being an exciting prospect. The amount of research being conducted in this field and related areas is rapidly expanding and a vast number of papers and reviews have been published over recent years.
[bookmark: _Toc490552372][bookmark: _Toc508276764]1.1.1. Why study self-replicating systems?
It is believed that the occurrence of living organisms could be due to self-replication. The theory of Darwinian evolution describes an evolutionary system as being able to metabolise, self-replicate and undergo mutations. Therefore, self-replication is one of the three criteria which distinguish living from non-living systems.1 

Nucleic acids are candidates to be the first reproducing molecules.1 The nucleic acids, DNA and RNA, play the cellular role of information transfer and storage. The DNA molecule is made up by the association of  two nucleic acid strands in a helix whereas RNA is generally a single strand.2 Several arguments suggest RNA may have predated DNA in evolution,2 leading to the argument that DNA is a modified RNA molecule, altered in order to fit efficient storage and genetic information. In the ‘RNA world’ hypothesis for the origin of life,3 RNAs are assumed to be the central macromolecules able to self-replicate by the processes of base-pairing, conserving information, and catalysing reactions necessary for a primitive metabolism.

When nucleic acids such as RNA and DNA replicate, the nucleic acid strands separate and, by complementarity, each one of them serves to regenerate the missing strand. In the cell, enzymes carry out this task.2 It is unlikely that reproduction during the early phases in the development of life already featured these advanced biomolecules, therefore, under primitive conditions, we must assume that replication occurred without the intervention of enzymes, and by the simplest possible template directed synthesis.4 However, there is a large knowledge gap between the emergence of a prebiotic Earth and the time the first organisms lived and died, and therefore there is no real clue as to the nature and origin of these original replicating systems and their properties. Therefore, chemists must create model systems to demonstrate the required principles.5

In the field of prebiotic chemistry, carefully designed systems serve as models for processes implicated in the origin of life. The study of such systems sheds light on prebiotic chemical evolution.6 It is therefore hoped that by exploring different self-replicating systems of biological and synthetic origins that more light may be shed on the true identity of living systems.

Furthermore, the development of self-replicating systems represents the ultimate synthetic machine, capable of templating the production of a large number of perfect copies of itself from a single original molecule.7 In order to develop synthetic machinery capable of directing its own synthesis and cooperating with other systems in an organised way, it is essential to develop the fundamental understanding of the recognition mediated processes which enable molecules to operate as highly efficient templates for the formation of themselves (autocatalysis) and in tandem with other molecules (cross-catalysis).5
[bookmark: _Toc490552373][bookmark: _Toc508276765]1.1.2. What are self-replicating systems?
In order to define a self-replicating system, it is important to distinguish between the mechanism of self-replication and simple autocatalysis, which has been investigated extensively.8 In any autocatalytic reaction, the product of a reaction is itself a catalyst for the reaction.5 The autocatalytic cycle returns more catalyst to the reaction each time the cycle is completed and the rate of reaction accelerates until starting material runs out – the supply of precursor is the limiting factor and the reaction rate decreases when concentrations become low. Therefore, a sigmoidal rate profile of concentration vs. time is observed for an autocatalytic mechanism – a feature of exponential growth of product and decay of starting material. Conversely, a standard catalytic reaction is defined by a simple exponential rate profile (Figure 1.1). 
[*]







Figure 1.1 a) The rate profile of a self-replicating mechanism demonstrates a delay in the onset of exponential product growth [*] as catalyst is formed by the reaction; b) A standard catalytic mechanism displays exponential growth from the start of the reaction due to a constant concentration of catalyst.

In order for a system to be defined as ‘autocatalytic’, the reaction cycle must generate and return at least some catalyst to the reaction mixture. Furthermore, general autocatalytic reactions are non-specific. For example, the α-bromination of acetophenone with bromine yields 2-bromo-1-phenylethanone along with hydrogen bromide by-product, which catalyses the reaction (Scheme 1.1). Though autocatalytic, the reaction may be catalysed by any Brønsted acid, and the hydrogen bromide produced will react with any Brønsted base, demonstrating a lack of specificity for this type of autocatalysis.





Scheme 1.1 Non-specific autocatalytic formation of α-bromoacetophenone through general HX catalyst (source of H+).

In contrast, self-replicating reactions are a subset of autocatalytic reactions where specificity is essential – a molecule capable of self-replication will only catalyse its own formation, and may be referred to as a ‘selfish catalyst’.5 As self-replicating systems are a branch of autocatalytic systems, they still operate under a sigmoidal rate profile. A standard autocatalytic system will not operate efficiently if unwanted side products are simultaneously formed alongside the target molecule. A self-replicating molecule, however, should be able to reduce any unwanted reactions due to its specific recognition properties, leading to three possible reaction channels (Figure 1.2):

Channel 1 - Uncatalysed channel: The uncatalysed bimolecular reaction of A and B building blocks generates complementary T
Channel 2 - Autocatalytic channel: Template T simultaneously co-ordinates the A and B building blocks through specific molecular recognition to generate ternary complex [A.B.T]. The close proximity of reactive sites and higher concentration of building blocks comprising the ternary complex accelerates the reaction of A and B, which yields an additional template molecule within the product duplex [T.T]. The dissociation of the duplex to produce two catalytic templates ends the autocatalytic cycle. The formation of more catalyst leads to exponential template growth until all the building block molecules are consumed.
Channel 3 - [A.B] complex channel: Association of A and B due to the complementary nature of their recognition sites leads to the reversible formation of an [A.B] complex. If the reactive sites of the building blocks are oriented correctly, the reaction of A and B could be accelerated through this pathway to form template T’.



	
Figure 1.2 A minimal replicating system, demonstrating the potential pathways of formation for template T via uncatalysted Channel 1; autocatalytic Channel 2; or [A.B] Complex Channel 3.

Binary complex formation is difficult to overcome and it has the potential of quenching the autocatalytic cycle. This is particularly the case as [A.B] complex formation requires only one association between two components, whereas the [A.B.T] ternary complex in the autocatalytic cycle requires two associations between three components.5 The significance of the autocatalytic cycle to the overall reaction rate depends on the magnitude of the kinetics and rates within Channel 1 compared with Channel 2 and Channel 3. This leads to the definition of either a parabolic or exponential growth in template production (Equation 1.1).


a) Parabolic: 		p = 1/2; ct = (cₒ1/2 + α(t/2))2
b) Exponential: 	p = 1; ct = cₒeαt

Equation 1.1 ‘p’, the autocatalytic reaction order, defines the type of autocatalytic growth as parabolic, where autocatalysis is one aspect of a complex reaction mixture, or exponential, describing a system operating efficiently through the autocatalytic channel.

Equation 1.1a represents the parabolic growth of template T, whereby the rate of autocatalytic template formation is proportional to the square-root of template concentration (√[T]), the square-root law of autocatalysis. Equation 1.1b represents the exponential growth of template T.9 As stated by von Kiedrowski, “true Darwinian selection necessitates exponential, and not parabolic, growth”.1 Therefore, in order to maximise the autocatalytic function of a self-replicating system, the binary complex formation should be minimised or, ideally, removed.

The additional problem of the autocatalytic cycle is that in order for template to be released back into the reaction, the [T.T] product duplex must dissociate. This will only occur if the [T.T] template duplex is less stable than the [A.B.T] ternary complex.5 A system with a highly stable product duplex will not be able to complete the autocatalytic cycle, as it does not release template back into the reaction. This means that whilst the system could be considered to be self-replicating as it successfully generates a copy of itself, it would not be autocatalytic as it is does not deliver catalyst back to the cycle.

[bookmark: _Toc490552374][bookmark: _Toc508276766]1.2. Synthetic self-replicating systems 

Early studies of replicating systems have identified the necessity for minimising the activity of the reactive [A.B] complex (Figure 1.2 above).5 The use of synthetic rather than biologically based systems provides the opportunity to eliminate undesirable aspects of a self-replicating cycle which can reduce the efficiency of the system - the ease of altering the design of synthetic systems being a particular advantage.5,10 Therefore, viewing nature’s designs as an example of what is possible, rather than a blueprint, offers a minimalist approach in designing simple synthetic molecules capable of self-replication.10
[bookmark: _Toc490552375][bookmark: _Toc508276767]1.2.1. Early designs of synthetic self-replicators
The first attempt to design a synthetic self-replicating molecule was by reported by Rebek in 1990.11,12 The system was comprised of complementary adenine and imide recognition sites in building blocks 1 and 2. Aminolysis served as the bond forming reaction to generate self-complementary template 3, capable of assembling its own building blocks. The initial designs incorporated a phenyl or naphthyl spacer in the ester backbone, which allowed the [A.B] complex reaction pathway to template formation to dominate and hence quench the autocatalytic pathway, although self-replication was observed using the naphthyl spacer.11 Modification of the backbone by replacing these spacer groups with a longer biphenyl spacer facilitated a self-replication pathway (Scheme 1.2).12 This adaptation separated the reactive centres within the [A.B] complex and rendered it less effective in the intramolecular sense. This modification produced a rate curve with clear sigmoidal character.



Scheme 1.2 Rebek’s first attempt at a self-replicating system, where the tetrahedral intermediate transition state is stabilised by H-bonding recognition and aromatic stacking.

The legitimacy of whether Rebek’s system was operating through an autocatalytic mechanism was heavily discussed in the early 1990’s, and it was questioned whether amide catalysis could be causing the rate enhancement displayed.13 Through heavy exploration into the system using various models and modifications, it was discovered that several modes of catalysis were operating within the Rebek system.13–15 It was established that self-replication, as defined by Rebek, does operate in this system, however other pathways obscure the simple picture of a ternary complex as the only complex that leads to the rate enhancement, and one of those bimolecular pathways is amide catalysis. This argument led to demonstrate the complexities that operate in a minimal self-replicating system, and that designing a system capable of achieving exponential turnover would be a challenging prospect.
[bookmark: _Toc490552376][bookmark: _Toc508276768]1.2.2. Developments in synthetic self-replication
Rebek and co-workers continued their studies by developing several other minimal replicators, and were able to demonstrate the necessity of self-complementarity and molecular recognition in achieving an efficient self-replicating system.16 Wang and Sutherland applied these synthetic design principles constructed by Rebek to develop a template directed system with a [4+2] Diels-Alder cycloaddition as the template forming step.17 The system demonstrates the first example of near-exponential growth in a completely synthetic system (p = 0.8), which was later optimised by von Kiedrowski to achieve a rate of autocatalytic template formation of p = 0.89.18

Philp further explored cycloaddition mediated self-replication by developing a system based on a 1,3-dipolar cycloaddition between nitrone A1 and maleimide B1 to form a diastereomeric mixture of isoxazolidines T1 and T1’.19 The corresponding reaction between A1 and B2, the ester of B1, to yield T2 and T2’ was also conducted as control for monitoring any catalytic effect (Scheme 1.3). During the reaction, nitrone A1 and maleimide B1 are capable of associating via complementary H-bonding interactions with templates T1 and T1’ to form the potentially catalytic complexes [A1.B1.T1] and [A1.B1.T1’]. The introduction of the recognition motif during the reaction significantly increased the rate of reaction, and a clear sigmoidal-shaped curve was particularly evident for major trans isomer T1. Addition of T1 at t = 0 led to the enhanced formation of T1 and not T1’, resulting in an improved ratio of 9:1 compared to the reaction of the corresponding esters at a 4:1 ratio. This therefore demonstrates that the reaction of A1 with B1 generates template T1 which is capable of self-replication. The autocatalytic reaction order was determined to be 0.9 due to the destabilisation of the [T1.T1] template duplex, leading to efficient turnover in the autocatalytic cycle.



Scheme 1.3 1,3-dipolar cycloaddition between nitrone A1 and maleimide B1 achieves efficient self-replication in a synthetic system.

By continuing studies on cycloaddition mediated self-replicating systems, Philp and co-workers were able to demonstrate how minor alterations of building blocks can significantly impact the efficiency of the replicating system.20,21 This thereby makes the design of a self-replicating system challenging, as it is unclear whether a system will operate effectively until it has been constructed. The group also led to demonstrate replication within a system of templates which cooperate through a series of autocatalytic and cross-catalytic pathways.22

Rodionov described a system in which the self-replication of micellar aggregates result in the spontaneous amplification of chirality in the reaction product. Compounds 4 and 5 were selected based on their hydrophilic and hydrophobic properties, respectively, meaning that by setting up a biphasic reaction medium, the ensuing reaction would require a phase transfer mediated pathway to encourage formation of amphiphilic mono- and ditriazoles 6 and 7 (Scheme 1.4). An 18O label was incorporated into the R-enantiomer of 4 in order to monitor the reaction of both enantiomers independently. In a 50% S-enriched RS-7 mixture, the formation of micelles proceeded via an uncatalysed pathway, with a slow phase transfer of azide 5 to the aqueous reaction media followed by fast and unselective reaction with either R-7 or S-7, yielding a  disordered aggregate of R- and S- amphiphiles. However, when pre-seeded with racemic 7, the reaction was accelerated and the S-7 enantiomer amplified. Upon seeding with enantiomerically pure S-7, an even higher rate of formation was observed. It was postulated that catalysis resulted from the ditriazole 7 forming predominantly homochiral aggregates of the S-enantiomer, which is capable of catalysing the phase transfer of azide 5 into the aqueous layer. Therefore, within this system, the intermediate amphiphiles are capable of phase transfer catalysis, information transfer and self-assembly, which Rodionov claims to presents “a plausible model for prenucleic acid ‘lipid world’ entities”.23 These results encourage the development of more complex recognition mediated replication networks, which could have the potential to assist in bridging the gap between synthetic and prebiotic chemistry.




Scheme 1.4 Racemic mixture of dialkyne 4 couples with azide 5 to form mono- and ditriazine amphiphiles 6 and 7 respectively, of which S-7 is capable of selectively amplifying its own formation through a self-replicating pathway.

[bookmark: _Toc490552377][bookmark: _Toc508276769]1.3. Natural self-replicating systems

RNA has the capability of acting as a catalyst and as a carrier of genetic information. In addition, RNA is a likely candidate for the first prebiotic self-replicating molecule.24 This has generated a spark of interest to devise nucleotides that replicate without enzymes. Nucleic acid replicators based on polycondensations of activated mononucleotides directed by non-enzymatic templates have been studied by Orgel extensively.6 Orgel’s group were able to demonstrate the non-enzymatic synthesis of fully complementary products, however, no complete reaction cycle could be achieved using mononucleotides as precursors.1 These initial findings generated a surge of interest into the possibility of accessing a non-enzymatic ‘natural’ self-replicating system.
[bookmark: _Toc490552378][bookmark: _Toc508276770]1.3.1. Nucleic acid based systems
The first biomimetic replicating systems based on minimal hexadeoxynucleotide templates were achieved by von Kiedrowski in 1986,25 and Zielinski and Orgel in 1987.26 Both systems demonstrated the ability of template directed synthesis to increase the initial rate of feedstock reactions, however, experiments did not produce a sigmoidal time curve. Template addition did not increase the rate of autocatalytic template formation linearly, and it was instead proportional to √[T], leading to a reaction order, p, of 0.5 rather than 1. This firmly fits the square-root law of autocatalysis, reflecting the influence of both limited autocatalytic ability and product inhibition.1,9 This was due to the non-autocatalytic predominance of the systems and presence of unwanted side reactions, meaning that the ideal sigmoidal rate cure was not observed.

Following these first systems developed by von Kiedrowski and Orgel, it was evident that product inhibition was a significant factor in preventing autocatalytic self-replication. Therefore, von Kiedrowski attempted to develop a system which would increase template induced autocatalytic product synthesis whilst keeping non-instructed synthesis as low as possible. For nucleic acid based systems, autocatalytic synthesis benefits from enhanced nucleophilicity at the attacking 5’-terminus, therefore, trimer 9a was used in its 5’-phosphorylated form instead of 5’-hydroxy form, used in von Kiedrowski’s initial system. Carbodiimide dependant condensation with 5’-methylthiomethyl (MTM) trideoxynucleotide 8 yielded hexamer template 10a with a central 3’-5’-pyrophosphate linkage (Scheme 1.5), and resulted in a rate of template formation two orders of magnitude greater than von Kiedrowski’s original system. The system was further developed through the replacement of the 5’-phosphate with a 5’-amino group 9b, leading to the formation of a 3’-5’-phosphoramidate bond 10b and resulting in a rate enhancement of almost four orders of magnitude compared to the phosphodiester.27 This was the first observation of a sigmoidal increase in template concentration and furthermore demonstrated that ‘faster’ replicators are more selective. Despite these advances, the system still follows the square-root law, displaying parabolic rather than exponential growth, although a large rate enhancement was observed, relative to previously reported systems.





Scheme 1.5 First demonstration of a sigmoidal rate of product formation in a nucleic acid based replicating system displaying parabolic growth of product.

The first successful demonstration of exponential growth in a self-replicating system was achieved by von Kiedrowski in 1998 through the use of a solid support in the replication mechanism, a technique called SPREAD (Surface Promoted Replication and Exponential Amplification of DNA Analogues).28 By immobilising oligonucleotide template molecules on the surface of the support, stable product duplexes were generated through template directed condensations with complementary oligonucleotide building blocks. The duplexes inhibit the release of template molecules whilst they are immobilised on the support, however, once cleaved from the support, individual template strands may be separated, thereby generating further material for another cycle (Scheme 1.6). This approach towards obtaining highly efficient self-replicating systems seems very appealing, as the inhibition of template production may eventually be bypassed by removing the feedstock periodically, flushing off product from the solid support and recycling template for the next addition of feedstock.5 Despite this obvious advantage, it may be argued that conducting reactions in such manner does not give a true representation of a self-replicating system in the Darwinian sense, as product inhibition is circumvented rather than prevented. However, it has been postulated that early replicators may have utilised minerals and rocks by spreading over their surface, thereby acting as a natural solid support system.28




Scheme 1.6 Highly efficient approach towards product replication achieves near exponential growth through surface templated catalysis.

In addition to pursuing exponential growth in self-replicating systems, von Kiedrowski and co-workers expanded the studies of self-replication to more complex projects, furthering their studies to investigate the conditions for prebiotic self-replication,  and the design of a cross-catalytic replicating system.1 While both systems were only able to demonstrate parabolic rather than exponential growth, these intricate systems have paved a way for the future designs and ideas, expanding the possible studies that could be conducted with replicating systems.

The Joyce group have studied the replication function of RNA extensively and recently constructed an RNA enzyme entirely of L-ribonucleotides, which undergoes ligand-dependant, self-sustained replication with exponential growth. It was demonstrated that efficient amplification was dependent on the presence of ligand, and exponential growth rate depends on ligand concentration. Unlike biological enzymes, this system is capable of being generalised to any ligand. Enzymes composed from biologically known materials were shown to degrade, or were incapable of achieving efficient amplification in biological samples, due to rapid degradation by ribonucleases. For example, the enantiomerically pure D-RNA enzyme, capable of being accessed enzymatically by transcription of a DNA template, demonstrates efficient amplification outside the realms of biological systems but rapidly degrades when subjected to 10% human serum. Conversely, L-RNA has no interaction with biological macromolecules and displays exponential growth in the presence of ribonuclease. Therefore the Joyce group successfully achieved an efficient non-biological self-sustaining RNA enzyme, capable of efficient amplification in the presence of a wide variety of ligands, leading to the determination of ligand concentration in unknown samples.29 This is an interesting example of a system operating under self-replication that not only requires a template to achieve autocatalytic growth, but the presence of ligand. The L-RNA enzyme was further demonstrated to cross-replicate with a partner enzyme, resulting in their mutual exponential growth and “enabling self-sustained Darwinian evolution”.30,31
[bookmark: _Toc490552379][bookmark: _Toc508276771]1.3.2. Peptide based systems
Experiments conducted under prebiotic conditions have often been found to yield short peptides as products. If such peptides were to self-assemble and have a route towards information-transfer through self-replication, the consideration of their potential role in the molecular origins of life would be greatly enhanced.32

In 1996, Ghadiri and co-workers set out to achieve the first self-replicating peptide using a 32-residue α-helical peptide based on leucine-zipper sequence to induce recognition.32 The leucine-zipper motif readily forms an α-helix structure through a single stranded peptide forming a helix with a second strand, creating a coiled-coil. The 32-residue α-helical peptide template T acts as a recognition unit for 15- and 17- residue peptide fragments, placing the reactive sites in close proximity. Ligation between a thiol nucleophile N and thiobenzyl ester electrophile E generates a copy of the original template strand T (Scheme 1.7).33




Scheme 1.7 Peptide α –helix formation is utilised as a self-replicating template through peptide template T with thiol nucleophile N and thiobenzyl ester electrophile E.

Template formation can be accessed via several possible pathways, 6 of which lie in the autocatalytic channel, however only two of these are self-replicating with the ability to form a ternary complex.5,34 By carefully considering the ability of all potential pathways to template formation, all bimolecular reactions were discredited by designing ‘crippled’ templates, capable of recognising one feedstock strand, but not the other. Conducting reactions in the presence of crippled template observed no increase in initial rates of product formation. Therefore, it was concluded that autocatalysis does not proceed through these pathways and template turnover goes through termolecular ternary complexes. Autocatalysis in template production is observed in Ghadiri’s reactions, and sigmoidal growth of template is noticeable without the addition of prefabricated template, however, the increase in product formation correlates with the square-root law of initial template concentration, which reflects product inhibition. It is unlikely that inhibition is due to a highly stable template duplex, as, although reactions were not taken to complete conversion, there was no premature reduction in the rate of template production. This suggests that the leucine-zipper recognition motif does allow dissociation of the template duplex, as template product is added and returned to the reaction mixture.

Ghadiri extended his work in peptide self-replication by investigating the effect of adding mutant fragments to the initial peptide mixture of E, N and T, in order to simulate the spontaneous formation of errors during the self-replication process.35 It was demonstrated that Ghadiri’s mutant templates could catalyse the formation of native template T from the E and N building blocks, whilst mutant templates could not catalyse their own formation from mixtures of their corresponding feedstock. The catalytic rate efficiency here for native template formation is roughly 75% of that produced when using the native template itself, which seems to indicate a successful error correcting network of catalytic cycles.

Peptide self-replication was further studied by exploring the effect of environmental control over the reaction course. An initial system was designed by Chmielewski,36 containing electrophilic thioester E1 and nucleophilic peptide E2 fragments, which generated E1E2 template containing negatively charged Glu residues on the basis of the thioester-promoted peptide bond formation. Under neutral conditions (~ pH 7.5), E1E2 formation proceeded by a non-autocatalytic pathway due to the structure existing as a non-templating random coil, as a result of the repulsion of negatively charged fragments. When the pH was reduced to achieve acidic conditions, a large rate increase was observed upon reaching pH 4, attributed to the coiled-coil templating ability of E1E2 at this pH. Acidic conditions enable protonation of the negatively charged Glu residues, preventing electrostatic repulsion and enabling favourable coiled-coil formation. This allowed the coupling of E1 and E2 to proceed by an autocatalytic pathway, with sigmoidal growth in E1E2 being observed at pH 4, and the initial rate of product formation proportional to the square root of the template concentration (Scheme 1.8).
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Scheme 1.8 A self-replicating peptide which utilises environmental control over the reaction course, forming a coiled-coil conformation only under acidic conditions.

Chmielewski further developed the K1K2 peptide, containing positively charged Lys residues, which was designed to operate under ionic control and demonstrated effective autocatalysis through the addition of negatively charged counterions.37 The group continued its studies by using both of the previous two peptides, E1E2 and K1K2, in a cross catalytic replication cycle.38 It was demonstrated that a cross-catalytic system was able to exhibit product selectivity derived from the relative stabilities of the coiled-coils formed in the reaction mixture, with additional amplification achieved by adjusting the pH. However, any increase in the initial rate stemmed from relatively high concentration of additional templates, due to product inhibition. This is not surprising based on the charged peptide fragments forming a highly stable coiled-coil duplex.

The Chmielewski group’s attention subsequently focused on attempting to improve the catalytic efficiency of the self-replicating peptide E1E2 by destabilising the coiled-coil structure. The first system consisted of peptide fragments RI-26a and RI-26b forming template RI-26, with three full heptad repeats within the coiled-coil, one shorter than the original E1E2 peptide.39 The shorter chain length reduced the hydrophobic interactions between chains, therefore slowing any uninstructed non-catalysed or background reactions as a result of association between the two fragments (Scheme 1.9). A second system was also based on the E1E2 system, where either hydrophobic or hydrophilic regions were modified by replacing them with a proline kink to give XL-1 and XL-2 templates, respectively.40
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Scheme 1.9 Formation of template RI-26 approaching exponential rates due to minimised non-catalysed and background reactions.

The XL-1 path showed little product from the feedstock after 24 hours and no template acceleration with added template. This was explained by the proline kink creating a break in the hydrophobic surface of the coiled-coil, with the two fragments being directed away from each other. Conversely, proline replacement in the hydrophilic face of XL-2 template creates a bent, but continuous, hydrophobic surface which promotes ligation between bound fragments. Once ligation is complete, the kink acts to destabilise the template duplex, reducing template inhibition significantly. For both RI-26 and XL-2 templates, a significantly higher reaction order (p ~ 0.91) was observed, classifying the replicating systems as weakly exponential (0.75 < p > 1), a catalytic rate enhancement close to known enzymes.

More recently the Ashkenasy group have explored replication of short chain peptides which are capable of forming β-sheets in water through alternating hydrophobic and hydrophilic interactions.41 Peptide electrophile αE and nucleophile αN fragments readily associate to the template β-sheet strand βn, catalysing the ligation of the monomers (Figure 1.3). Studies into the mode of catalysis revealed that the peptide molecules formed spherical micelles after a short time, which rearranged into fibril helical structures followed by hollow nanotubes.42 The fibrils were demonstrated to serve as catalysts for replication, leading to exponential product growth, while other supramolecular aggregates do not enhance ligation.43


Figure 1.3 [a] Peptide fragments, E and N, and single strand template 1n (n = 1); [b] Beta sheet 1n serves as template for the association of fragments E and N, leading to enhanced ligation resulting in exponential growth of larger template aggregate 1n+1.

[bookmark: _Toc490552380][bookmark: _Toc508276772]1.4. Systems chemistry approach to self-replication

Systems chemistry is a young field that brings together aspects of supramolecular and dynamic combinatorial chemistry (DCC), by attempting to capture the complexities of biological systems within a wholly synthetic chemical framework.44 The question of how complex natural structures may have emerged in prebiotic times is starting to be addressed in recent work on replication in the context of dynamic combinatorial chemistry.45 The use of dynamic control within a system enables the expression of a dominant chemical species from a library of synthetic compounds through molecular recognition between library members, which are designed to interact and react with each other in programmed ways.44 The overexpression of a compound is achieved by making copies of itself from a pool of reshuffling components in a series of competing equilibria.4,44 Thus, the selected structures can be considered to be self-replicating in a thermodynamically controlled fashion. 

The early studies of replicating systems have mainly focused on generating the thermodynamic reaction products in order to achieve an efficient self-replicating molecule. In these cases, the product of the reaction is more stable than its corresponding building blocks and furthermore, replication is usually irreversible. However, a replicating reaction with a reversible step would bring us closer to achieving dynamic kinetic stability, a significant factor in the operation of living organisms.46 The investigation into synthetic systems aiming to model these properties aids to bridge the gap towards discovering the possible origin of life, and bring minimal self-replicating systems closer to realisation using DCC.47
[bookmark: _Toc490552381][bookmark: _Toc508276773]1.4.1. Development of dynamic self-replicating systems
A significant step towards a dynamic replicating system was demonstrated by the group of Giuseppone, who reported a proof of principle study featuring a library member exhibiting self-complementary recognition through hydrogen bonding,47 inspired by the Rebek replicator.11,12 The group developed an 11-membered library comprising of several building blocks capable of reversible covalent association and displaying, or not displaying, complementary supramolecular units in order to produce, or not produce, a template with self-recognition properties. The key molecule was Al1Am1, synthesised by condensation of aldehyde Al1 and adenosine amine Am1. This self-complementary dynamic compound is able to strongly associate with itself into complex [Al1Am1.Al1Am1]. The system further comprised of two other aldehydes, Al2, the methyl protected variant of Al1, and Al3, which contains no recognition features, and an additional amine, Am2, with a sterically restricted imide recognition site (Scheme 1.10).



Scheme 1.10 DCL of imines Al(1-3)Am1,2, cooperate to favour the formation of dimer [Al1Am1.Al1Am1].

A series of equilibrium experiments demonstrated that Al1Am1 was overexpressed above the other potential imine products when the building block components were added in equimolar proportions. The group therefore demonstrated that it was possible to self-amplify one product in a dynamic combinatorial library (DCL), namely the one that can self-complementarily direct its own formation. The expression of compounds in the library evolves along both kinetic and thermodynamic bases, that both lead to the amplification of the best duplicator. From a Darwinian point of view, such a system illustrates the selection of the most efficient self-duplicator by the destruction of the entities that are not able, or are less able in the case of Al1Am2, to duplicate themselves.
[bookmark: _Toc490552382][bookmark: _Toc508276774]1.4.2. Advancements of self-replication in systems chemistry
Following the initial demonstrations of selective amplification, Sadownik and Philp later reported a kinetically controlled self-replicating system within a DCL, which overexpresses the autocatalytic reaction product over the remaining product mixture.44 The DCL was constructed from aldehyde 11, bearing an amidopyridine recognition site, and benzaldehyde 12. The presence of 4-fluoroaniline 14 generates two unreactive imines (15 and 18) and 4-fluorophenylhydroxyamine 13, in turn, permits the formation of reactive nitrones 16 and 17 (Scheme 1.11). At equilibrium, the DCL exchange pool contains two imines and two nitrones along with their respective precursors. Materials can be transferred irreversibly from the exchange pool to the product pool through the reaction of either nitrone 16 or 17 with maleimide 19a or the recognition based variant, 19b.



Scheme 1.11 Dynamic exchange pool of building blocks drives the formations of corresponding diastereomeric pairs of cycloadducts through reactions with maleimides 19a and 19b.

The dipolar cycloaddition reactions create a group of products containing two pairs of diastereomeric cycloadducts, cis- and trans-20 and cis- and trans-21. Only cycloadduct trans-21b is capable of self-replication. trans-21b acts as a template for its own formation through the recognition and binding of nitrone 17 and maleimide 19b to generate catalytic ternary complex [17.19b.trans-21b]. This accelerates the cycloaddition reaction between 17 and 19b by more than 100 times to give product duplex [trans-21b.trans-21b] which dissociates to add more template to the reaction (Figure 1.4). Autocatalysis by trans-21b causes the cycloadduct of 17 to dominate over that of 16, resulting in the selective consumption of building blocks 11 and 13.


Figure 1.4 Ternary complex [17.19b.trans-21b] and template duplex [trans-21b.trans-21b].

A significant result was achieved by Otto through template initiated replication. As natural systems do not emerge spontaneously, as has previously been investigated within the realms of synthetic replication, a necessary step in the evolution of synthetic systems is to model the triggered response functions observed in many biological processes.48,49 A system was developed whereby oxidation of a simple aromatic dithiol, 22, strongly favoured the formation of a series of isomeric catenanes, 23, held together by reversible disulfide linkages. Introduction of a suitable guest template, 24, amplified four distinct isomeric tetramers, I-IV, within the library (Figure 1.5).50,51 In-depth studies of the system showed that at low concentrations of template, all tetramers displayed near-linear dependence of the concentrations of template 24. However, increasing the template concentration led to a sudden amplification of the minor and weakest binding tetramer, isomer IV, which displayed unexpected self-replication. Without the presence, or at low concentrations of template, the concentration of isomer IV is below the critical aggregation concentration (CAC) required for self-replication. By adding a high enough concentration of template, the concentration of the ensuing complex IV-24 is raised above the CAC, leading to the onset of replication. Once the concentration of isomer IV alone is increased beyond its CAC, the tetramer is capable of promoting further replication in the absence of template.52 This is the first known example of a self-replicator in a DCL that is dependent on a triggered initiation by a template molecule, developing a further connection between artificial replicating systems and examples seen in nature.



Figure 1.5 [a] dithiol 22 preferentially forms catenane 23 isomers; [b] addition of template 24 favours the production of tetramers, of which isomer IV is capable of self-replication.

The Otto group have also achieved interesting results through amphiphilic peptide β-sheet replication in a dynamic library of macrocycles. By stirring a simple dithiol in borate buffer solution, thiol oxidation resulted in the formation of a dynamic library of disulfides of varying sizes. With no agitation, the entropically favourable trimer and tetramer species were the dominant library members, however stirring resulted in the emergence of cyclic heptamer while shaking gave cyclic hexamer.53 The larger macrocycles formed β-sheets through the greater number of peptide chains promoting self-assembly, leading to the growth of fibrilar aggregates. The breaking of the fibrils generates new fibre ends that promote the formation of more assembling macrocycle, leading to exponential replication. The group further demonstrated that by reducing the hydrophobicity in the peptide sequence, the size of the emerging macrocycle increased, with larger self-assembled macrocycles displaying autocatalytic rates of formation.54 These replicating macrocycles were initially investigated as separate entities, with only one peptide chain group forming a DCL. However, this study evolved by investigating the effect of combining two different peptide initiators, X and Y, in the same DCL, with fascinating results. In separate DCLs, X formed hexamer (X)6 and Y formed the octamer (Y)8, respectively. However when combined in a single DCL, only hexamers formed, ranging through all possible combinations of peptides in two distinct sets: Set I, comprising of (X)6, (X)5(Y)1, (X)4(Y)2, (X)3(Y)3, formed after 3 days and Set II, including (X)2(Y)4, (X)1(Y)5, (Y)6, was observed after 7 days. It is evident that peptide X is the prevalent species within Set I, resulting in the dominant formation of hexamer macrocycles. Therefore, the fibrils formed through Set I can act as a template and transfer information about the macrocycle size to Set II (Figure 1.6). 


Figure 1.6 Oxidation of thiol building blocks with two different peptide sequences results in the formation of a DCL of macrocyclic disulfides, which selectively stack as hexamers in a growing fibrilar strand through a self-replicating pathway.
The observed information transfer within a simple replicating system clearly marks major progress within the realms of self-replication towards greater understanding the origin of biological species. Otto describes the results as “an important step towards achieving Darwinian evolution with a system of fully synthetic molecules and the synthesis of life”.55

[bookmark: _Toc490552383][bookmark: _Toc508276775]1.5. Porphyrin systems

Porphyrins and porphyrin analogues play significant roles in natural systems, with haem and chlorophyll being some of the best known examples. The aspect of these molecules that holds key interest to chemists is their molecular recognition properties, which can be tailored to suit requirement based on the selection of the metal incorporated within the porphyrin core. Through functionalisation of the parent porphin scaffold, the opportunity to exploit the applications of porphyrin binding has a seemingly limitless, and highly exciting, future.
[bookmark: _Toc490552384][bookmark: _Toc508276776]1.5.1. Porphyrin synthesis
The synthesis of porphyrin molecules has been widely studied, and multiple synthetic methodologies have been discovered for achieving porphyrins of varying complexities. The appropriate synthetic procedure is chosen depending on the complexity of the porphyrin required. A symmetrical porphyrin has all 4 meso positions the same and all 8 β positions the same (Figure 1.7).



Figure 1.7 Porphyrin meso and β ring positions.

The one-step condensation of pyrrole and benzaldehyde at high temperatures was discovered to generate porphyrins by Rothemund in 1936.56  The porphyrinogen intermediate requires oxidation to generate the porphyrin, which is achieved spontaneously by air, as porphyrin is a more stable molecule than porphyrinogen due to its aromaticity. Porphyrins obey Hückel’s rule of aromaticity, which requires a fully conjugated and planar molecule to have a closed shell of (4n+2)π electrons all in bonding orbitals (porphyrins have 18π electrons, i.e. (4n+2) where n=4).57 A modified synthesis was conducted by Adler and Longo, with the reaction being carried out in an open vessel at lower temperatures in refluxing propionic acid, which acts as a catalyst for the reaction.58 It was further shown that even milder conditions can be used through the use of acids such as BF3.Et2O or trifluoroacetic acid (TFA) at room temperature, followed by efficient oxidation with p-chloranil or 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ).59 For porphyrin synthesis with acid-stable benzaldehydes, refluxing in propionic acid is the cheapest and easiest methodology affording simple symmetrical porphyrins with one benzaldehyde or a statistical mixture of porphyrins with mixed benzaldehydes (Scheme 1.12).


Scheme 1.12 Symmetrical porphyrin synthesis through conditions described by Adler.

The fast reaction of benzaldehyde and pyrrole under acidic conditions generates an intermediate dipyrromethane (DPM) with no benzaldehyde detected after five minutes.60 Due to the indiscriminate nature of the mixture of reagents, the self-condensation of pyrrole to polypyrrole, or polymers of mixed pyrrole and benzaldehydes through unwanted side reactions, is observed. In order to minimise the effect of this, the concentration of the reaction must be kept in the 10-2 M range, however large amounts of side products are still formed under these conditions. Pyrrole and benzaldehyde can also react with each other to form other aromatic cyclic compounds such as a 5-membered 22π aromatic porphyrin-like ring called sapphyrin61 or N-confused porphyrins.62 Non-aromatic side products, such as chlorins, will also be seen (Figure 1.8).


Figure 1.8 Porphyrin synthesis side products.

Examining the mechanism of porphyrin formation, a total of five intermediates can be identified (three shown) before the formation of the porphyrinogen (Scheme 1.13). The DPM intermediate is formed after two additions of pyrrole to benzaldehyde. 



Scheme 1.13 Mechanism for porphyrin formation.

Due to the fast reaction times in porphyrin synthesis, DPM is instantly consumed and cannot be detected or isolated, but using slow reaction times and excess pyrrole in TFA, DPM is generated almost exclusively (Scheme 1.14). The excess pyrrole prevents the reaction from progressing past the formation of the DPM by consuming all the benzaldehyde. Major side products in this reaction are some tripyrromethane and the N-confused dipyrromethane.60 Once purified by bulb-to-bulb distillation and recrystallization a porphyrin can be made by condensing DPM with the desired benzaldehyde(s).60,63,64 By isolating the DPM first in this way, the R group is locked in position and is more likely to be included in the final porphyrin product, reducing the amount of side products, such as the N-confused porphyrin.


Scheme 1.14 Dipyrromethane synthesis using excess pyrrole relative to aldehyde, in TFA.

Furthermore, DPM mediated porphyrin synthesis offers a convenient approach of avoiding unwanted porphyrin side products in unsymmetrical porphyrin synthesis. By approaching unsymmetrical porphyrin synthesis through the use of a statistical mixture of aldehydes and pyrrole, a large number of porphyrin side products will be formed, leading to extensive column chromatography in order to separate the various isomers obtained, which are generally very similar in polarity. To reduce the amount of side products produced when dealing with more complicated porphyrins, such as those that are unsymmetrical or beta substituted, the use of DPMs offers a highly advantageous approach. The fixed R group within the DPM structure ensures the porphyrin meso-5 and -15 positions are locked, leaving the possibility of only 3 porphyrin products to be formed through the reaction of pyrrole with DPM and benzaldehyde(s) (Scheme 1.15).


Scheme 1.15 Condensation of DPM with aldehydes to form one unsymmetrical and two symmetrical porphyrins.
[bookmark: _Toc490552385][bookmark: _Toc508276777]1.5.2. Porphyrin binding
A strong non-covalent bond can be formed between a ligand and a metal. To quantify the strength of the interaction, the association constant (Ka) has to be measured. By choosing to use porphyrins to bind the metal centre the Ka can be determined by changes in the UV/Vis absorption. Porphyrins have a strong UV absorption peak called the Soret band that arises from the porphyrin’s degenerate orbitals.65 The metal centre of the porphyrin acts as a Lewis acid and can accept a pair of electrons from a ligand. Heterocyclic species such as pyridines and imidazoles can donate the lone pair of their nitrogen atom to the metal. Upon binding, the Soret band redshifts to a longer wavelength (Figure 1.9).


Figure 1.9 Movement of Soret band upon binding.

Porphyrins are most notably found in blood within haemoglobin, where the haem is an iron-centred porphyrin. Haem is non-covalently bound to the protein by an imidazole group on a histidine subunit of the protein. FeII has another free binding site which reversibly binds oxygen (Figure 1.10). This allows for the uptake of oxygen at high pH and low CO2 concentrations, and release of oxygen at low pH and CO2 rich environments, providing efficient transport of oxygen to where it is required.
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Figure 1.10 Binding of oxygen in haem (left) and haemoglobin (right).

Zinc has a similar ionic radius 0.74 Å (Zn2+) to iron 0.64 Å (Fe3+) and therefore can also be incorporated into the centre of the porphyrin.66 Zinc may readily be inserted into the porphyrin and for the majority of unhindered porphyrins, full incorporation occurs by gently heating the free porphyrin with zinc acetate for 10 minutes (Scheme 1.16).



Scheme 1.16 Zinc insertion into tetraphenylporphyrin.

Zinc tetraphenylporphyrin (Zn)TPP has a planar configuration with the zinc atom sitting in the centre of the porphyrin ring within the plane.67 When the zinc porphyrin binds to a ligand, the zinc is pulled out from the plane of the porphyrin by a distance of 0.45 Å towards the binding nitrogen,68 with the average Zn-N (porphyrin) bond length being 2.04 Å69 and the typical Zn-N (ligand) bond length 2.1-2.6 Å68,70 (Figure 1.11).




Figure 1.11 Zinc porphyrin deformation upon binding (left) and molecular orbital interaction (right).

The mode of binding is a coordinative bond between the lone pair of the nitrogen and the free 4s0 molecular orbital of the zinc(II). In pyridine the lone pair sits in an sp2 hybridized orbital that points away from the aromatic ring, freeing it up to bond with the metal.
[bookmark: _Toc490552386][bookmark: _Toc508276778]1.5.3. Porphyrin mediated approach to self-replication
Through the utilisation of zinc porphyrin binding, a self-replicating porphyrin system was attempted by Crossley and co-workers through facially protected bis(capped porphyrins).71 The reaction of the dione 25 with diamine 26 could generate two isomeric porphyrin dimers, syn-27 and anti-27 (Scheme 1.17), with the potential for syn-27 to template its own formation through binding of chaperone ligands to zinc centres.




Scheme 1.17 Synthesis of bis(capped porphyrin) dimers syn-27 and anti-27, with the possibility of achieving template mediated self-replication with syn-27.

Whilst bidentate ligands 28 and 29 had the potential to act as chaperones for the system, pyridine did not and was used as a control to determine whether the presence of ligands had any catalytic effect on the reaction. An alternative porphyrin template 30 was also used to determine whether any catalytic rate enhancement was specific to the product template through binding of feedstock to template (Figure 1.12).


Figure 1.12 Ligands and non-specific porphyrin template utilised for studying the potential self-replicating ability of syn-27 with its corresponding feedstocks 25 and 26.

The reaction of 25 and 26 at room temperature was monitored by varying the ligands and templates, and it was observed that the anti-27 isomer was the predominant product of the reaction, indicating that self-replication did not occur. Furthermore, when anti-27 was added as template to the feedstock, the anti-27 product was formed almost exclusively. A high ratio of anti-27 was also produced when seeding the reaction with the syn-27 template. This contradicts the prediction that syn-27 would catalyse its own formation, and suggests the potential for anti-27 acting as a template. A further explanation could be that anti-27 forms kinetically faster than the syn-27 at room temperature due to steric hindrance between the two bulky porphyrin caps in the initial stages of syn-product formation, which is absent in the formation of the anti-isomer (Figure 1.13). At elevated temperatures, it was found that thermal energy was enough to overcome this kinetic boundary with a 1:1 ratio of syn- and anti-27 products formed, without presence of ligand or template. Whilst no further explanation was offered for the findings demonstrated in the above system, the useful properties of porphyrins provides the possibility of further exploring their potential to act as templates for their own formation through a self-replicating pathway.


Figure 1.13 Steric hindrance in bis(capped porphyrin) syn-27 intermediate.
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[bookmark: _Toc490833934]Chapter 2 – Studies towards a self-replicating porphyrin system
[bookmark: _Toc490833935][bookmark: _Toc508276781][bookmark: _Toc490552388]2.1. Introduction
[bookmark: _Toc490833936]
The process of replication and the fundamental principles which define self-replication have been thoroughly examined within Chapter 1, along with notable and ground-breaking research within the field. A significant outcome of the research conducted so far has determined that complementarity of the reaction components is a primary factor in achieving autocatalytic efficiency in a replicating system, requiring the incorporation of specific molecular recognition sites within the self-replicating design.1

Significant progress has been made over the past decade towards studying the additional properties of replicating systems, resulting in the emergence of systems displaying autocatalysis triggered by a template,2 selectivity from a dynamic mixture of components,3,4 and chiral control.5 By combining additional functionality to a system, in addition to its ability to replicate, advances into the understanding of the evolution of simple replicating systems are being made. An area of interest in the evolutionary process, which has received little focus at present, is template induced replication, initiated through the addition of a ‘chaperone’ catalyst. The model of the chaperone mediated self-replicating system follows the same principle as that of a standard autocatalytic mechanism (Chapter 1.1.2), with the addition of the necessary chaperone (Figure 2.1). By gaining insight into this aspect of replication, it is envisaged that a greater understanding of how the complexities of natural replicating systems, such as DNA in living organisms, have emerged from much simpler species present in the early stages of life.





Figure 2.1 A minimal chaperone-mediated self-replicating system, demonstrating the potential pathways of formation for product template, Tc.6 Ac and Bc are the reaction building blocks, with complementarity of the recognition sites targeted towards  chaperone ligand, L; Reaction pathways: Channel 1 – uncatalyzed bimolecular reaction; Channel 2 – autocatalytic reaction channel; Channel 3 – [A.B] complex channel.

[bookmark: _Toc508276782]2.2. Aims and objectives

The use of porphyrins offers an ambitious approach towards achieving self-replication through the use of a dimer template and chaperone ligand system. This project aims to access a porphyrin dimer which is capable of autocatalytically templating the reaction of its active building blocks.

Previous work by Crossley has examined the ability of a bis(capped porphyrin) system to operate under a self-replicating mechanism.7 The system was unsuccessful in achieving self-replication through the facially protected porphyrins, and this can potentially be attributed to the steric bulk of the porphyrin caps hindering the formation of the desired self-replicating template. However, catalytic enhancement of a non-sterically hindered dimer was observed through the templating reactions, which demonstrates promise for the use of porphyrins in the realms of self-replication. Therefore, by removing the porphyrin caps, and through careful selection of porphyrin and ligand components, it encourages optimism for the pursuit of a successful self-replicating porphyrin system.
[bookmark: _Toc490552389][bookmark: _Toc490833937][bookmark: _Toc508276783]2.2.1. Porphyrin and ligand selection
The selection of a suitable nucleophile and electrophile as feedstock materials is based on the rate of dimer formation through their uncatalysed reaction, and the ability to monitor reaction kinetics by NMR through the loss of leaving group. The porphyrin active sites were chosen based on the ease of access of the porphyrin, levels of reactivity, and geometry of bond formation in the resulting dimer. Two porphyrin nucleophiles were used; a conjugated amine and a benzyl alcohol, along with two porphyrin electrophiles; an active non-symmetrical anhydride and an acid chloride. The free-base porphyrins can then be used as control molecules against future self-replicating reactions.

In order for the dimer to complex the corresponding feedstock material, zinc centres must be inserted into the porphyrin units which enables the porphyrins to coordinate with a bidentate chaperone ligand (Figure 2.2). This therefore requires the additional selection of an appropriate bidentate ligand, as it is necessary that once the product duplex is formed, dissociation will occur. The ligands were chosen based on flexibility, distance between binding sites, binding strength, and commercial availability. This led to the selection of two ligands; DABCO and 4,4’-bipyridine. 






Figure 2.2 Intermediate complex showing how a porphyrin dimer could template its own formation through the use of chaperone ligands, exemplified above using DABCO.
[bookmark: _Toc490552390][bookmark: _Toc490833938][bookmark: _Toc508276784]2.2.2. Binding studies
There are several possible outcomes for complex formation through the association of bidentate chaperone ligand with a non-facially protected porphyrin dimer. These include; the desired outcome of the formation of a weakly-bound duplex, a highly stable duplex incapable of dissociation, formation of a ‘folded’ complex whereby one ligand coordinates to both zinc centres of a single porphyrin, and the generation of a non-covalent polymeric chain extension.

In order to determine if a system is worth pursuing for the use in self-replication studies, these possible binding outcomes must first be investigated. This was done through UV/Vis titrations to investigate the binding strength of porphyrin zinc centre to ligand, and DOSY NMR to assess what size complex was formed through the porphyrin-ligand interaction. The combination of these two techniques can generate a picture of the binding interaction between ligand and porphyrin, and determine whether the system selected will likely result in a successful self-replicating reaction.
[bookmark: _Toc490552391][bookmark: _Toc490833939][bookmark: _Toc508276785]2.2.3. Self-replication
Once accessed, the porphyrin’s self-replicating abilities are able to be studied. The reaction of zinc-centred feedstock without the presence of a ligand should proceed via an uncatalysed mechanism. If the experiment is repeated in the presence of a bidentate ligand, an increase of rate is expected. If rate enhancement is observed, it is necessary to determine whether it is due to a self-replicating mechanism or a background catalytic mechanism. This can be readily achieved by conducting various simple control reactions. 

The effect of the chaperone ligands can be determined simply by removing them from the reaction mixture, or repeating the reaction using free-base porphyrins. As free-base porphyrins are incapable of binding ligands due to the lack of metal centres, no acceleration in the observed reaction rate would be expected. Monitoring the progress of the reactions by NMR will enable a kinetic rate profile to be constructed, which, when combined with the results of all background experiments, will provide the necessary information required to determine whether the system operates through a self-replicating mechanism.

[bookmark: _Toc490552392][bookmark: _Toc490833940][bookmark: _Toc508276786]2.3. Primary studies towards a self-replicating porphyrin system
[bookmark: _Toc490552393][bookmark: _Toc490833941][bookmark: _Toc508276787]2.3.1. System design
The design of a self-replicating system relies on the compatible reactivity of the nucleophile and electrophile, and a suitable recognition motif. The reaction should also be able to be monitored over a realistic timescale. With this in mind, amine and alcohol substituted porphyrins were selected as nucleophilic components due to their simple synthesis and versatile reactivity. This enables an electrophile to be tailored so that its reaction with the nucleophile is over an ideal time frame. A non-conjugated benzyl amine and benzyl alcohol were considered as nucleophiles, which would generate a non-linear template dimer when reacted with an appropriate electrophile. In addition, a conjugated amine was also selected, which would have a reduced reactivity relative to the benzyl amine, and also form a template dimer of a different geometry to the non-conjugated nucleophiles (Figure 2.3).




Figure 2.3 Template formation: a) Linear template formed from conjugated amine; b) Non-linear template formed from non-conjugated amine and alcohol nucleophiles; Reaction pathway: Self-replication proceeds through the autocatalytic channel (Channel 2 outlined in Figure 1.2, pp 1.7), with the addition of bidentate chaperone ligand (4,4’-bipy or DABCO.

A key aspect of the porphyrin self-replicating system is the recognition motif, which relies on the coordination of a bidentate chaperone ligand to the zinc centre of the porphyrin. The nucleophilic species that were selected for use in the self-replicating porphyrin system have the potential to disrupt the desired association between chaperone ligand and porphyrin zinc centre due to self-association. Therefore, in order to establish if self-association would be an issue with the nucleophiles selected, simple UV studies were performed using a model porphyrin and nucleophiles. The porphyrin selected for the model coordination site was a para substituted mono-nitroporphyrin, due to the mildly withdrawing properties of the nitro group, enhancing the Lewis acidity of the zinc porphyrin centre.

Nitration of porphyrins has been known about since 1974 when Drach and Longo proved that nitration of porphyrins can be achieved using HNO3 in H2SO4 exclusively in the meso position.8 In fact the electronic preference of nitration in the meso position means that nitration in the β-position requires electropositive metal centres, such as Nickel(II) or palladium(II), or, alternatively, steric hindrance has to be introduced into the porphyrin.9 Recent advances in synthetic methodology have meant that an unsymmetrical porphyrin can be achieved through the direct nitration of tetraphenylporphyrin (TPP). Synthesis of TPP 31 was achieved in one step by reacting pyrrole and benzaldehyde in refluxing propionic acid, followed by filtration upon cooling to retrieve the purple crystals in a 20% yield. (Scheme 1.12 [R = Ph], pp 1.33).10 TPP 31 was then reacted with sodium nitrite in trifluoroacetic acid, achieving mono-nitration at the para position of the porphyrin phenyl ring. The free-base nitroporphyrin 32 was subsequently treated with zinc acetate dihydrate to give the zincated nitroporphyrin (Zn)32 (Scheme 2.1).11



Scheme 2.1 Reagents and conditions: a) NaNO2 in TFA, rt, 2.75 min; b) Zn(OAc)2.2H2O in CHCl3, reflux, 1 h.

The nitration reaction was carefully timed and quenched after 2.75 minutes in order to prevent over-nitration of TPP 31, leading to di- tri- and tetra-nitroporphyrins. By reducing the time slightly from the 3 minutes quoted in the literature, no poly-nitrated species were observed, providing a near 1:1 distribution of mono-nitroporphyrin 32 and unreacted TPP 31. This caution prevents any wastage of porphyrin as TPP 31 starting material can be recovered during the chromatography stage and recycled for further reactions and studies. Purification by silica column chromatography, eluting with a 1:1 mixture of DCM/petroleum ether, provided TPP 31 as the first fraction, followed by nitroporphyrin 32. Access of only the mono-nitrated product was confirmed through the observation of 29 protons in the 1H NMR.

Insertion of zinc within the porphyrin core can readily be confirmed through both 1H NMR and UV spectroscopy. Free-base  porphyrin is anisotropic due to the ring current arising from the 18π aromatic system, and the centre of the ring is highly shielded giving a characteristic negative chemical shift (δ) peak in the 1H NMR. Upon metalation these protons are removed and the negative δ peak disappears from the spectrum, demonstrating the successful preparation of the zinc-cored nitroporphyrin (Zn)32 (Figure 2.4a). Furthermore, the addition of zinc to a porphyrin core simplifies the UV spectra, as the metal prevents the rapid exchange of internal NH protons that occurs in the free-base porphyrin, resulting in a more symmetrical porphyrin. The four Q bands seen in the free-base porphyrin spectra are reduced to 2 bands, and red-shifted 30-35 nm (Figure 2.4b).









[image: ]


Figure 2.4 ai) Nitroporphyrin 32 1H NMR peak at -2.77 ppm; aii) no negative δ peak observed for zinc nitroporphyrin (Zn)32 after metalation; b) Four Q bands reduced to two.

The associative binding of nitroporphyrin (Zn)32 (10-6 M) with the model  nucleophiles (10-5 M) was then performed, using aniline, benzyl alcohol and benzylamine as appropriate nucleophilic models. The UV titration data was fitted to a 1:1 binding analysis,12 allowing binding constants to be determined, with the results displayed in Table 2.1.






Table 2.1 UV binding results of the titration of model ligand compounds (10-5 M) into a solution of zinc nitroporphyrin (Zn)32 (10-6 M), showing no association for aniline and benzyl alcohol and a moderate association with benzylamine.

UV binding titrations displayed moderate association when benzylamine was added to nitroporphyrin (Zn)32 solution. This suggested that the use of a non-conjugated amine would not be a viable option within the system due to competition with chaperone ligands for binding to the porphyrin zinc centres. Conversely, no association was observed between aniline or benzyl alcohol and the zinc centre of nitroporphyrin (Zn)32. This indicated that a conjugated amine and non-conjugated alcohol would be suitable functional groups to incorporate onto the porphyrin scaffold.
[bookmark: _Toc490552394][bookmark: _Toc490833942][bookmark: _Toc508276788]2.3.2. Aminoporphyrin synthesis 
The reduction of a nitro group is a convenient method of accessing amines. This led to the successful synthesis of aminoporphyrin 33 through the reduction of nitroporphyrin 32. The reaction proceeded with 100% conversion to amine, with a notable upfield shift of 1 ppm for the aromatic protons at the substituted phenyl group in 1H NMR. The additional NH2 peak at 4.02 ppm observed a total count of 31 protons in the 1H NMR, and a broad NH2 peak at 3300 cm-1 in the IR spectra further confirmed the identity of aminoporphyrin 3. The technique of TPP mono-nitration followed by reduction facilitated the synthesis of aminoporphyrin 33 on a multigram scale. Subsequent treatment of free-base amine 33 with zinc acetate dihydrate proceeded to generate zinc-centred aminoporphyrin (Zn)33 (Scheme 2.2).11



Scheme 2.2 Reagents and conditions: a) SnCl2 in 35% HCl, 65 ◦C, N2, 1 h; b) Zn(OAc)2.2H2O in CHCl3, reflux, 1 h.

Comparing the UV absorption spectra of free-base amine 33 with zincated aminoporphyrin (Zn)33 at 1 × 10-6 M, no shift in wavelength was observed, with maxima recorded at 419-420 cm-1. This confirmed that self-association of aminoporphyrin (Zn)33 does not occur at these concentrations. However, it also demonstrates a potential lack of reactivity at the amine active site, due to the delocalisation of the amine lone pair into the electron withdrawing porphyrin system. Therefore, a highly reactive electrophile would most likely be necessary to ensure an efficient reaction for dimer synthesis.
[bookmark: _Toc490552395][bookmark: _Toc490833943][bookmark: _Toc508276789]2.3.3. Electrophile design and selection
To gain a clearer understanding of the amine’s reactivity, a simple reactivity profile of acetylating electrophiles was mapped out. A variety of appropriate electrophiles were selected, ranging from a selection of active ester species to a highly reactive acid chloride. Access to pure N-acetoxysuccinimide 34 was achieved through the reaction of N-hydroxysuccinimide in excess acetic anhydride, followed by hexane washings (Scheme 2.3a).13 Synthesis of pentafluorophenyl (PFP) acetate 35 was conducted via the same approach as for the production of N-acetoxysuccinimide 34, through stirring pentaflurophenol in excess acetic anhydride under nitrogen for 16 hours (Scheme 2.3b). Acetic anhydride was subsequently removed by vacuum distillation, and additional column chromatography was required to isolate the PFP acetate 35 product from unreacted phenol starting material.




Scheme 2.3 Synthesis of active esters: a) N-acetoxysuccinimide 34; b) PFP acetate 35

A reactivity map was then achieved through the reactions of the selected electrophiles with aminoporphyrin 33, to generate acetamide porphyrin 36 (Table 2.2). Reactions were monitored every 15 minutes by TLC for the first hour, every 30 minutes for the next 3 hours, and then every hour for the next 4 hours. Reactions lasting longer than this time were monitored again after 24 hours and stopped after 48 hours.




Table 2.2 [a] Yield after purification; [b] No reaction occurred and all aminoporphyrin 33 starting material was recovered; [c] Acetamide porphyrin 36 recovered along with a dark impurity.

Although acetyl chloride and acetic anhydride could acetylate the amine, the use of active esters was not successful. Therefore, acid chloride and anhydride porphyrins were selected as suitable electrophiles to react with aminoporphyrin 33 to access a porphyrin dimer. In order to access the target electrophiles, it was first necessary to generate a viable route to a mono-carboxyporphyrin intermediate which would be simple, fast, and reproducible giving a reasonable yield.
[bookmark: _Toc490552396][bookmark: _Toc490833944][bookmark: _Toc508276790]2.3.4. Carboxyporphyrin synthesis – DPM mediated synthesis
The synthesis of dipyrromethanes (DPM) as a precursor to an unsymmetrical porphyrin structure ensures that the meso R group is locked between the pyrrole moieties. This should ensure a more simple purification, relative to a statistical one-pot synthesis. The DPM approach produces two porphyrin side products along with the desired mono-substituted porphyrin, compared to potentially five unwanted porphyrins from a one-pot synthesis (Figure 2.5). 


Figure 2.5 Products formed from a statistical approach to mono-substituted porphyrins

5-Phenyldipyrromethane (5-PhDPM) 37 was accessed through the reaction of benzaldehyde with excess pyrrole, using trifluoroacetic acid (TFA) as the catalyst. The reaction was performed carefully at room temperature under an inert atmosphere of nitrogen, and the flask protected with aluminium foil in order to prevent degradation of the DPM product (Scheme 2.4).14 After washing with sodium hydrogen carbonate, the product was purified using bulb-bulb distillation and recrystallization from ethanol to give pure 5-PhDPM 37.15 This circumvents the need for laborious water washing and column chromatography to purify the product and the necessary removal of excess pyrrole. As DPMs are known to degrade in both light and in an oxygen rich atmosphere, all 5-PhDPM 37 was used quickly afterwards.


Scheme 2.4 5-PhDPM 37 synthesis.

The carboxyporphyrinogen intermediate 38 was subsequently synthesized from a stirring mixture of 5-PhDPM 37, 4-carboxybenzaldehyde and benzaldehyde in a 2:1:1 ratio. TFA was again used to catalyse the reaction, which was stirred for 1 hour at room temperature under a nitrogen environment, and the flask protected by aluminium foil. Oxidation of carboxyporphyrinogen 38 was achieved through addition of DDQ, and the solution stirred for a further hour under atmospheric conditions to generate the desired carboxyporphyrin 39 (Scheme 2.5).





Scheme 2.5 The reaction of benzaldehyde and 4-carboxybenzadehyde with 2 equivalents of 5-PhDPM 37 generated carboxyporphyrin 39 via carboxyporphyrinogen 38.

Despite the successful synthesis of carboxyporphyrin 39, purification was not deemed possible due to an irremovable impurity, which eluted along with carboxyporphyrin during column chromatography. The impurity aided in solubilising the porphyrin in methanol and water, leading to product loss during washings. It was assumed that the reaction conditions resulted in the formation of the impurity, and an alternative approach to the carboxyporphyrin was implemented.
[bookmark: _Toc490552397][bookmark: _Toc490833945][bookmark: _Toc508276791]2.3.5. Carboxyporphyrin synthesis – One-pot synthesis
Despite the previously mentioned issues of a single step reaction, the one-pot synthesis of carboxyporphyrin was attempted. It was hoped that careful column chromatography of the multiporphyrin mixture would enable exclusive access to a pure mono-carboxyporphyrin 39,  and that any impurities from the DPM approach would not be present as a result of this reaction. Pyrrole, benzadehyde and 4-carboxybenzaldehyde were added in a 4:3:1 ratio into propionic acid and refluxed for 1 h.16 Monosubstituted carboxyporphyrin 39 was isolated from the various other porphyrin analogues, however, the same black and irremovable impurities previously observed through the DPM approach remained. This led to the decision to use a different approach towards porphyrins, via a stable dipyrromethane.
[bookmark: _Toc490552398][bookmark: _Toc490833946][bookmark: _Toc508276792]2.3.6. Carboxyporphyrin synthesis – Stable DPM mediated synthesis
The low yields and additional high levels of impurities found in the previous approaches towards carboxyporphyrin 39 prompted the design of an alternative porphyrin, which would be accessed through the reaction of aldehydes with a stable dipyrromethane (DPM). Stable DPMs can be accessed through functionalised pyrroles, leading to porphyrins with tailored β-substituents which can be utilised to alter the properties of the porphyrin. The advantage of this approach towards DPMs is that a large scale synthesis can be readily achieved in a short time with minimal purification, yielding large quantities of a stable DPM which can be kept and stored.

The porphyrin β-substituents, consisting of either a methyl ester or a hexyl chain, were selected based on a catalogue of documented procedures for the  synthesis of porphyrin analogues using stable DPM intermediates.17–20 The differences in polarity and solubility of the substituents were strongly taken into consideration, and it was envisaged that the use of one substituent may be preferential to another for ease of purifying the target β-substituted carboxyporphyrin. With this in mind, the side groups selected were a short chain methyl ester and a hexyl group.

Methyl ester substituted (ME) dione 40 was generated in 91% yield through the reaction of acetylacetone and methyl acrylate, using potassium carbonate to achieve deprotonation at the α-position of the diketone starting material. Distillation of the filtered crude oil removed unreacted starting materials, providing a mixture of ME-dione 40 keto and enol tautomers, observed by 1H NMR in a 3:2 ratio. Synthesis of hexyldione 41 was achieved through the reaction of acetylacetone and 1-iodohexane with potassium carbonate in acetone.19 In this case, distillation resulted in pure hexyldione 41 in a lower yield of 59%, relative to ME-dione 40, and diketone/enol tautomers in a 7:2 ratio. The difference in tautomer ratios was attributed to the increased stabilisation of the ME-dione 40 through the additional carbonyl group in the α-side chain (Figure 2.6).



Figure 2.6 Diones 40 and 41 form enol tautomers stabilised by H-bonding of the diketo-carbonyls. The enol tautomer of ME-dione 40 is further stabilised by H-bonding to the α-chain methyl ester carbonyl.

Treatment of benzyl acetoacetate with sodium nitrite in acetic acid yielded benzyl oxime 42, confirmed through the loss of diketone α-protons and the additional OH peak at 10.14 ppm in the 1H NMR spectra. Oxime 42 was then reacted with either ME-dione 40 or hexyldione 41 under reducing conditions. Precipitation and washing the resulting powder in cold methanol provided access to pure ME-pyrrole 43 and hexylpyrrole 44 (Scheme 2.6).21–23 A broad pyrrolic NH peak was observed in the 1H NMR at 8.67 ppm for ME-pyrrole 43 and at 8.52 ppm for hexylpyrrole 44, and in each case, a strong broad NH peak was present in the IR spectra in the region of 3300 cm-1.



Scheme 2.6 Synthesis of stable ME-pyrrole 43 and hexylpyrrole 44. Reagents and conditions a) acetyl acetone, methyl acrylate and K2CO3, reflux, 3 h, yield ME-dione 40: 91%; b) acetyl acetone, 1-iodohexane and K2CO3 in acetone, reflux, 20 h, yield hexyldione 41: 59%.

α-acetylation of pyrroles 43 and 44 was accomplished by treatment with lead tetraacetate in acetic acid, followed by precipitation from methanol, leading to acetylated α-ME-pyrrole 45 and acetylated α-hexylpyrrole 46 product. Incorporation of the acetyl group was confirmed by the observation of a new CH3 methyl peak in 1H NMR for both pyrroles, and an additional carbonyl group visible by 13C NMR at approximately 171 ppm for α-ME-pyrrole 45 and α-hexylpyrrole 46. Dimerisation of α-pyrroles 45 and 46 was subsequently achieved in refluxing methanolic HCl, yielding stable dipyrromethanes ME-DPM 47 and hexyl-DPM 48, in 30% and 46% yields respectively (Scheme 2.7). Dimerisation was determined through the loss of the acetyl group in 13C NMR, and the observation of the CH2 linker between α-pyrrole sites by 1H NMR, seen as a singlet at 3.98 ppm for ME-DPM 47 and 3.83 ppm for hexyl-DPM 48.


Scheme 2.7 Synthesis of stable dipyrromethanes ME-DPM 47 and hexyl-DPM 48.
Removal of the benzyl protecting groups from ME-DPM 47 and hexyl-DPM 48 by hydrogenolysis was performed by stirring the dipyrromethanes in THF under hydrogen with a 10% Pd/C catalyst. This gave the bis α-acid dipyrromethanes quantitatively over 2 hours, monitored by TLC.17,24,25 The dicarboxylic acid products, ME-DPM 47a and hexyl-DPM 48a, were isolated and thoroughly dried in vacuo before decarboxylation of bis α-acid dipyrromethanes 47a and 48a was carried out. The bis α-acid dipyrromethanes were stirred under a nitrogen environment and treated with concentrated degassed TFA via cannula, giving α-free ME-DPM 47b and α-free hexyl-DPM 48b as unstable oils, which were used immediately. The acid-catalysed condensation of two equivalents of the α-free dipyrromethanes, 47b and 48b, was conducted in situ under nitrogen, with one equivalent of degassed benzaldehyde and one equivalent of degassed 4-carboxybenzaldehyde in methanol. Subsequent DDQ oxidation of the porphyrinogen intermediate yielded a statistical mixture of porphyrins. The desired unsymmetrical β-substituted carboxyporphyrins, β-ME-carboxyporphyrin 49 and β-hexyl- carboxyporphyrin 50, were one of three possible products through the statistical procedure. The other two products formed were the symmetrical di-phenyl and di-carboxyporphyrins (Scheme 2.8).



Scheme 2.8 Synthesis of β-ME-carboxyporphyrin 49 and β-hexyl-carboxyporphyrin 50 from stable dipyrromethanes ME-DPM 47 and hexyl-DPM 48.
The crude black solid formed through the stable dipyrromethane reactions was purified thoroughly by column chromatography to produce a small amount of dark reddish-brown porphyrin. The porphyrins produced were very low yielding, gaining 2-4 mg from 5 g of the initial dipyrromethane starting materials. Furthermore, while purification by silica column chromatography was achieved for both β-substituted carboxyporphyrins to an extent, irremovable dark impurities were still present. This significantly impacted the clarity of the 1H NMR spectra, and peak broadening was observed for both β-ME-carboxyporphyrin 49 and β-hexyl-carboxyporphyrin 50, although the internal porphyrin NH peak, in the region of -2.70 ppm, was identified in each case.

Low yields and irremovable impurities was an ever-present issue in all synthetic approaches towards a carboxyporphyrin through the use of 4-carboxybenzaldehyde, and the highly polar porphyrin products were unable to be isolated from the black impurities. It was therefore concluded that a major issue with the synthesis and purification was likely through the use of 4-carboxybenzaldehyde itself. In order to resolve this issue, a less polar alternative to a carboxylic acid would be required to enable simple and facile purification. The target compound selected was the methyl ester, mono-carbomethoxyporphyrin. Once accessed and purified, the ester could be readily hydrolysed to give the required carboxylic acid with only minimal purification required. This approach could be conducted using the stable dipyrromethane hexyl-DPM 48, however all dipyrromethane routes used so far had seen very low yields of porphyrin produced and had proved to be a costly and time consuming route to desired product. Therefore, before pursuing a β-hexyl-carbomethoxyporphyrin, a much simpler one-pot synthesis approach was first investigated.
[bookmark: _Toc490552399][bookmark: _Toc490833947][bookmark: _Toc508276793]2.3.7. Carboxyporphyrin synthesis – Access via carbomethoxyporphyrin
With the aim of accessing a less polar porphyrin, relative to the carboxylic acid derivatives previously targeted, a one-pot synthesis approach towards carbomethoxyporphyrin was conducted. Refluxing a statistical mixture of pyrrole, benzaldehyde and 4-carbomethoxybenzaldehyde in propionic acid resulted in the synthesis of mono-carbomethoxyporphyrin 51, along with other porphyrin products. Silica TLC analysis (10% petroleum ether in DCM) displayed good separation of carbomethoxyporphyrin 51 from the other porphyrin side-products, with no contamination from impurities leaching to porphyrin (Scheme 2.9). An initial work up consisted of lengthy precipitation of the porphyrin mixture from propionic acid and cold methanol, followed by column chromatography to isolate the desired product in a 4% yield. The low yield achieved through porphyrin isolation via precipitation led to an optimised work up, whereby on completion of reaction, propionic acid was removed by distillation, leaving a purple-tinged black tar. Careful column chromatography of the crude tar was performed and the major side product, pure TPP 31 (1.07 g), was recovered as the first fraction. Mono-carbomethoxyporphyrin 51 eluted as the second fraction, however, due to the scale of the initial column (performed using over 20 g of crude porphyrin-tar) minor contamination was observed when retrieving the target porphyrin. Therefore, a second column was run quickly and successfully to isolate pure carbomethoxyporphyrin 51 in a very pleasing 14% yield.


Scheme 2.9 Synthesis of carbomethoxyporphyrin 51.

The ease of access of carbomethoxyporphyrin 51 via one-pot synthesis, relative to carboxyporphyrin 39, can be understood when comparing purification by column chromatography. By using a less polar solvent system of petroleum ether and DCM for carbomethoxyporphyrin 51, the unwanted black impurities remained at the top of the column and did not elute with the desired porphyrin product. This solvent system was not able to be used for the purification of carboxyporphyrin 39, due to the higher polarity of the carboxylic acid. In this case, a mixture of methanol and DCM was required to move carboxyporphyrin 39 from the top of the column, and it is highly likely that this was the key issue with its purification.

Hydrolysis of carbomethoxyporphyrin 51 yielded carboxyporphyrin 39 in a 97% yield, which required no chromatographic purification (Scheme 2.10).26 100% conversion of methyl ester to carboxylic acid was confirmed by the loss of the distinctive 1H NMR methyl singlet at 4.14 ppm. 




Scheme 2.10 Synthesis of carboxyporphyrin 39.
[bookmark: _Toc490552400][bookmark: _Toc490833948][bookmark: _Toc508276794]2.3.8. Amide dimer synthesis from acid chloride
With a convenient route to carboxyporphyrin 39 successfully achieved, access of the target porphyrin dimer was then targeted through the reaction of aminoporphyrin 33 with both acid chloride and anhydride porphyrins. The use of the highly reactive acid chloride electrophile was first explored to assess the reactivity of aminoporphyrin 33 with another porphyrin species. Acid chloride porphyrin 52 was prepared efficiently from carboxyporphyrin 39 and thionyl chloride. Solvent was removed in vacuo and, due to its high reactivity and low level of stability, acid chloride 52 was used immediately and reacted with aminoporphyrin 33 in DCM with triethylamine catalyst under nitrogen. After 30 minutes, all acid chloride 52 was consumed, either hydrolysing to carboxyporphyrin 39 or reacting with aminoporphyrin 33 to generate target amidoporphyrin dimer 53, identified by the broad amide NH singlet at 8.53 ppm in 1H NMR (Scheme 2.11). A small amount of unreacted amine 33 remained after reaction completion and careful selection of column chromatography eluent (2:1:1 petroleum ether/DCM/ethyl acetate) was required to ensure the successful separation of amidoporphyrin 53 from aminoporphyrin 33, retrieved a pleasing 73% yield of pure amide dimer 53.



Scheme 2.11 Reagents and conditions: a) SOCl2 in toluene, reflux, N2, 1 h; b) aminoporphyrin 33 in DCM, Et3N (cat.), rt, N2, 0.5 h.

Despite the successful synthesis of amidoporphyrin dimer 53, the use of acid chloride could be eliminated as an option for self-replication studies for several reasons. Firstly, the rate of reaction is potentially too fast to determine an accurate kinetic rate of reaction. This would either be due to only observing a minor rate enhancement through a self-replicating mechanism, or that the self-replicating reaction would be too fast to monitor. It would also be problematic to convert a zinc-centred carboxylic acid porphyrin to a zinc acid chloride, as the strong acidic conditions required would remove the zinc from the porphyrin. Furthermore, the use of acid chlorides along with the chaperone ligands required for studies of this system could cause issues due to salt formation, which would significantly inhibit and obscure any self-replicating pathway. It was therefore decided to pursue dimer synthesis through the use of a porphyrin anhydride species.
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As an acid chloride was discounted as an option for use in self-replication reactions, the careful design of a suitable anhydride porphyrin was required. Two possible approaches could be pursued, either through the use of a symmetrical or a mixed anhydride (Figure 2.7). The clear advantage of using a symmetrical anhydride would be that only one possible product could be formed. The issue with this approach, however, is that nucleophilic attack would result in half of the anhydride being wasted through elimination as a leaving group, resulting in loss of valuable porphyrin material. 



Figure 2.7 a) Symmetrical porphyrin anhydride, resulting in loss of half the porphyrin due to elimination of leaving group; b) mixed porphyrin anhydride, where ‘R’ can be tailored to promote electrophilic attack at the porphyrin carbonyl.

Alternatively, a mixed anhydride can be carefully tailored to ensure selective nucleophilic attack towards one electrophilic site. It was anticipated that nucleophilic aminoporphyrin 33 could be directed to favour attack at the porphyrin carbonyl by designing an anhydride with a bulky and electron donating tertiary butyl group at the opposing carbonyl. This is a versatile procedure, commonly used in peptide synthesis as an alternative to using symmetrical anhydrides, which would otherwise mean a waste of advanced synthetic intermediates.27 The use of a mixed pivalic anhydride porphyrin for coupling with a linear chain di-alcohol has previously been reported, however no synthetic detail or characterisation of the anhydride was provided.28 In terms of monitoring self-replication reaction kinetics, the use of a tertiary butyl group would ensure that the progress of the reaction could be readily followed by 1H NMR through loss of a trimethylacetate group. Therefore, carboxyporphyrin 39 was readily coupled with trimethylacetyl chloride with N-ethylpiperidine as a catalyst under a nitrogen atmosphere to allow access to stable mixed pivalic anhydride porphyrin 54, with the sharp trimethylacetate singlet seen at 1.54 ppm in 1H NMR (Scheme 2.12).



Scheme 2.12 Reagents and conditions: a) trimethylacetyl chloride in DCM, N-ethylpiperidine (cat.), N2, rt, 0.5 h.

The synthesis of amidoporphyrin dimer 53 was subsequently attempted through the reaction of aminoporphyrin 33 with mixed pivalic anhydride porphyrin 54. The porphyrins were dissolved in DCM and stirred at room temperature under nitrogen, and the solution injected with triethylamine catalyst. The progress of the reaction was monitored by TLC over a period of 24 hours, over which time all anhydride porphyrin 54 hydrolysed to carboxyporphyrin 39, visually observed by TLC and confirmed by inspection of 1H NMR. It was not clear why the dimer did not form, although a potential reasoning could be that the steric bulk of the porphyrin unit, and lower level of reactivity of the anhydride relative to the acid chloride, hindered the nucleophilic amine from accessing the reactive site of anhydride porphyrin 54. It was anticipated that the planar conformation of the porphyrin ring would allow the nucleophile to readily access the porphyrin active site of anhydride 54, as was observed with the reaction between aminoporphyrin 33 and acid chloride 52. However, considering the increase in steric bulk surrounding the porphyrin active site of anhydride 54, and the reduced reactivity at its carbonyl centre, it is likely that a stronger nucleophile is required in order to react with anhydride porphyrin 54. 

The low level of nucleophilic reactivity was attributed to the delocalisation of the nitrogen lone pair into the electron withdrawing aromatic system of aminoporphyrin 33 (Figure 2.8). While this proved to be highly positive for binding, as no self-association of zinc aminoporphyrin (Zn)33 was observed, it also resulted in the amine acting as a weak nucleophile. Therefore, by removing the possibility of lone pair delocalisation, a far more reactive nucleophile would be achieved. 




Figure 2.8 Nucleophilic amine conjugated into the porphyrin system resulting in strong delocalisation of the amine’s electrons – breaking the conjugation will provide a more active nucleophile.
[bookmark: _Toc490552402][bookmark: _Toc490833950][bookmark: _Toc508276796]2.3.10. Benzyl alcohol porphyrin synthesis
The inclusion of a benzyl alcohol as the nucleophilic site within the porphyrin system not only leads to a significant enhancement in nucleophilic activity, but the reaction of a benzyl alcohol porphyrin with electrophile will also result in a dimer of a non-linear geometry (Figure 2.9), opposed to the linear geometry of amidoporphyrin dimer 53. The non-linear dimer formed from a benzyl alcohol has a greater possibility of forming a constrained duplex of unfavourable geometry, leading to subsequent dissociation. This, therefore, would be ideal for the use in a self-replicating system.



Figure 2.9 Non-linear dimer formed from reaction of a benzyl alcohol porphyrin with electrophilic porphyrin.

It had been previously determined that benzyl alcohol does not associate to a zinc porphyrin centre through model binding studies (Table 2.1, pp 2.12). However, as no reaction was observed through the use of aminoporphyrin 33 with mixed pivalic anhydride porphyrin 54, it was important to establish that a benzyl alcohol would react successfully with a suitable electrophilic porphyrin, for use in self-replication studies. The successful reaction between model nucleophile benzyl alcohol and mixed pivalic anhydride 54 confirmed the viability of using the non-conjugated alcohol within the porphyrin system. Reaction completion was observed after 18 hours and the crude 1H NMR revealed that the only side product to the reaction was carboxyporphyrin 39, due to hydrolysis of anhydride 54 over the course of the reaction, which prompted the targeted synthesis of a benzyl alcohol porphyrin.

The route towards accessing the new target porphyrin can be a daunting prospect, due to the complexities associated with porphyrin synthesis. However, the hydrolysis of the previously accessed carbomethoxyporphyrin 51, would be a convenient and simple approach to the synthesis of the benzyl alcohol porphyrin required. Overall, this provides a highly efficient system, through the use of carbomethoxyporphyrin 51 as a starting point for the synthesis of both nucleophilic and electrophilic porphyrin materials (Figure 2.10).



Figure 2.10 Routes to active electrophilic and nucleophilic porphyrins from carbomethoxyporphyrin 51.

The reduction of methyl ester porphyrin 51 with lithium aluminium hydride yielded free-base benzyl alcohol porphyrin 55. The distinctive benzylic CH2 peak singlet was seen in 1H NMR at 5.07 ppm, and the loss of carbonyl peak observed in both 13C NMR and IR, confirming the presence of the benzyl alcohol product.29 Free-base benzyl alcohol porphyrin 55 was treated with zinc acetate dihydrate to form zincated benzyl alcohol (Zn)55 (Scheme 2.13). Confirmation that zinc alcohol porphyrin (Zn)55 did not self-associate was obtained by comparing the UV absorption maxima of the free-base benzyl alcohol porphyrin 55 with the zincated variant (Zn)55 at 1×10-6 M, with no shift in wavelength and maxima observed at 418-419 cm-1.



Scheme 2.13 Reagents and conditions: a) LiAlH4 in THF, 0 ˚C, 0.5 h, then HCl b) Zn(OAc)2.2H2O in CHCl3, reflux, 1 h.
[bookmark: _Toc490552403][bookmark: _Toc490833951][bookmark: _Toc508276797]2.3.11. Ester dimer synthesis
The reaction of acid chloride 52 with benzyl alcohol porphyrin 55 resulted in the formation of ester porphyrin dimer 56 in a moderate 49% yield (Scheme 2.14i). The transformation from alcohol to ester was observed through the shift of the benzyl CH2 peak from 5.07 to 5.96 ppm in 1H NMR, and that two carbonyl groups was reduced to one in 13C NMR. Our attention then turned to accessing the target ester linked porphyrin dimer through the reaction of mixed anhydride porphyrin 54 with benzyl alcohol porphyrin 55, resulting in a positive 5% yield of ester dimer 56 after column chromatography. The low product yield of the uncatalysed reaction over a 24 hour timeframe describes an ideal situation for monitoring a self-replicating mechanism. Within self-replication studies, the template effect of the zincated porphyrins with chaperone ligands would lead to an enhancement of reaction rate, resulting in a corresponding increase in product yield. Therefore, in our system, any increase in rate or yield will be emphasized due to starting from a low initial product yield of the biomolecular reaction. With this positive result achieved, zinc was incorporated into ester dimer 56 to generate the zincated variant of the ester porphyrin (Zn)56 for the use in self-replicating studies (Scheme 2.14ii). With our two reactive species and control dimers accessed, our focus turned towards assessing the binding conditions required for achieving a successful chaperone-mediated self-replicating reaction.



Scheme 2.14 Synthesis of ester dimer 56 and zinc-centred ester porphyrin dimer (Zn)56, from i) carboxyporphyrin 39, or ii) mixed anhydride porphyrin 54. Reagents and conditions: a) SOCl2 in toluene, reflux, N2, 1 h; b) benzyl alcohol porphyrin 55 in DCM, Et3N (cat.), rt, N2, 0.5 h; c) benzyl alcohol porphyrin 55 in DCM, Et3N (cat.), rt, N2, 24 h; d) Zn(OAc)2.2H2O in CHCl3, reflux, 1 h.
[bookmark: _Toc490552404][bookmark: _Toc490833952][bookmark: _Toc508276798]2.3.12. UV titration binding studies
A series of UV binding studies was conducted to establish which ligands would be suitable to use as chaperones within the porphyrin templating system. It had been successfully demonstrated that pyridine moieties can be used as template motifs with zinc-centred porphyrins,7,30,31 leading to the selection of 4,4’-bipy as an appropriate ligand for self-replicating studies. Additionally, the non-aromatic ligand, DABCO, was investigated, due to the shorter distance between terminal binding nitrogens. It was envisaged that the formation of a chaperone-porphyrin duplex, with porphyrin fragments in such close proximity, may induce a steric barrier, encouraging subsequent duplex dissociation. The studies were also undertaken to determine whether or not cooperative binding between ester porphyrin dimer (Zn)56 and chaperone ligands was occurring. The association constant, Ka, was therefore calculated for each selected bidentate ligand along with its corresponding monodentate counterpart, providing ligand pairs of 4,4’-bipy and 4-phenylpyridine (4-PhPy), and DABCO and quinuclidine (ABCO).

A further three porphyrins were selected for use in binding studies. The labile zinc nitroporphyrin (Zn)32 was used to model the electrophilic anhydride (Zn)54 and nucleophilic alcohol (Zn)55. These results could be compared with those of ester dimer (Zn)56 in order to establish whether product dissociation from the template would be possible. Dissociation in self-replicating conditions would only be possible if the association of dimer (Zn)56 with chaperone ligands was not significantly higher than that of the reactive monomer, modelled by nitroporphyrin (Zn)32. The zincated amidoporphyrin dimer (Zn)53 was also studied as a comparison to the ester porphyrin dimer (Zn)56. This would indicate whether the non-linear geometry of ester dimer (Zn)56 had an effect on the binding. Finally, a flexible porphyrin dimer (Zn)57 was included in the study, with the aim of observing a highly cooperative system between porphyrin and bidentate ligand.

With a full set of zinc porphyrins and ligands assembled, the specific binding can be determined for the interaction between ligand and porphyrin through applying the non-linear regression model and equation displayed in Figure 2.11 to the raw UV data. The non-linear regression model links the ligand/receptor concentration and availability to their affinity for binding, through determination of the dissociation constant, Kd. The Kd value describes the ligand concentration needed to achieve a half-maximum binding at equilibrium. As the dissociation and association constants are inversely proportional (i.e. Kd = 1/Ka), the binding affinity can be readily determined once the Kd value is acquired. 



Figure 2.11 Non-linear regression model applied to determine porphyrin-ligand binding, where: Bmax = maximum specific binding/ receptor density (i.e. available zinc binding sites); Kd = ligand equilibrium dissociation constant

By applying the non-linear regression model to the different sets of ligands and porphyrins within this study, and accounting for the number of binding/receptor sites available, it should be possible to establish the level of cooperativity present for the association of ester dimer (Zn)56 and chaperone ligands. The results of the UV binding studies are highlighted in Table 2.3.


Table 2.3 Calculated association constants of the binding of porphyrins with bidentate and monodentate ligand pairs.

When observing the association of 4,4’-bipy relative to its monodentate variant, 4-phenylpridine, there is little enhancement in binding observed for either nitroporphyrin (Zn)32 or the dimeric porphyrins, amide (Zn)53 and ester (Zn)56. Comparing these results with those of the flexible dimer (Zn)57, a significant increase in association is observed for 4,4’-bipy relative to 4-phenylpyridine, suggesting highly cooperative binding for the flexible (Zn)57. Considering these results leads to the likely conclusion that the mode of binding for ester porphyrin dimer (Zn)56 with 4,4’-bipy is primarily non-cooperative, and that the increase in Ka can be partially attributed to the electronic difference between 4,4’-bipy and 4-phenylpyridine. However, low levels of cooperativity are likely to be present in the binding system, which is apparent when directly comparing the results of nitroporphyrin (Zn)32 with ester dimer porphyrin (Zn)56, as it is evident that the increase in binding is greater for dimer (Zn)56 than the nitro monomer (Zn)32.

By changing the ligand pair to DABCO and ABCO, a reduction in binding was observed for amide dimer (Zn)53 and ester dimer (Zn)56 with bidentate ligand DABCO relative to ABCO. No decrease in association was displayed with nitroporphyrin (Zn)32, which indicated that the dimeric porphyrin (Zn)53 and (Zn)56 aided to destabilise a porphyrin  duplex with DABCO. The shorter distance between binding sites of DABCO relative to 4,4’-bipy results in two porphyrin species being in a close proximity, which may be the cause of the reduced stability and lowering of the binding constant with amide (Zn)53 and ester (Zn)56 dimers. It was further demonstrated that while the flexible porphyrin dimer (Zn)57 resulted in cooperative binding, the level of cooperativity was significantly reduced using DABCO compared to the 4,4’-bipy ligand pair. Furthermore, when using the non-aromatic DABCO and ABCO ligands, the overall association between ligand and zinc porphyrin was raised due to the removal of conjugation in the cyclic ligands. This therefore resulted in an enhanced binding between ligand and porphyrin relative to the 4,4’-bipy ligand pair, which could assist in faster formation of a ternary complex in self-replicating studies. On the other hand, the higher level of association may also result in a more strongly bound template duplex, leading to lack of dissociation.

The overall result of the UV binding studies suggested that both 4,4’-bipy or DABCO could be a viable chaperone ligand for the ester porphyrin dimer (Zn)56 self-replicating system. A cooperative binding pathway towards duplex formation was not observed through the association of either ligand to the ester porphyrin dimer (Zn)56 (Figure 2.12), suggesting a self-replicating pathway could be achieved through the chaperone-mediated porphyrin system.



Figure 2.12 Binding titration curves for amidoporphyrin dimer (Zn)56 with chaperone ligand pairs, demonstrating similar binding affinities between the monodentate variant ligands with their corresponding bidentate counterparts.

The above results lead to the possibility of two likely outcomes for the mode of binding between dimer (Zn)56 with bidentate ligands 4,4’-bipy and DABCO. Either; association leads to a weakly-bound duplex due to unfavourable geometry (Kduplex), or; an extended polymeric chain is formed (Kpolymer) (Figure 2.13). A polymeric chain extension would eliminate any possibility of the porphyrin system exhibiting a self-replicating mechanism through a dimer templating reaction. It was therefore necessary to further examine the association between the bidentate ligands and zinc ester dimer (Zn)56, to ascertain if the desired weakly-bound duplex was formed.




Figure 2.13 Cartoon schematic describing the possible binding outcomes through the association of zinc ester porphyrin dimer (Zn)56 and bidentate ligands (4,4’-bipy and DABCO), resulting in either a weakly-bound duplex (Kduplex) or a supramolecular polymeric chain (Kpolymer).
[bookmark: _Toc490552405][bookmark: _Toc490833953][bookmark: _Toc508276799]2.3.13. Diffusion studies by DOSY NMR
The diffusion of a molecule in solution can be determined through DOSY NMR, whereby a molecule is ‘marked’ at a certain position in solution through running an experiment with an initial gradient strength. The diffusion in solution can be determined through the application of a secondary gradient strength, and the process repeated until a full range of gradient experiments has been run. This therefore ensures the relaxation time of each peak in the 1H NMR is accurately measured through the use of DOSY NMR, from which a diffusion coefficient D is calculated. Assuming the molecule is spherical, the Stokes-Einstein equation relates the diffusion coefficient to the size of the species being measured (Equation 2.1).32





Diffusion coefficient, 
k = Boltzmann constant			T = temperature				
η = viscosity of liquid				rs = hydrodynamic radius of sphere

Equation 2.1 Stokes-Einstein equation.

As the diffusion coefficient D is inversely proportional to the hydrodynamic radius rs of the species, it provides a means of determining the size of one species relative to that of another, ie:
 
  , 

This can be rearranged and simplified to determine the ratio of the diffusion coefficients and hydrodynamic radii of the species:



The technique of measuring the diffusion of species in solution by DOSY NMR was applied to the study of ester porphyrin dimer (Zn)56, for the purposes of determining the size of the complex formed with chaperone ligands 4,4’-bipy and DABCO. This was used to determine whether a supramolecular polymeric chain extension or the desired weakly stable duplex was formed, by comparing the rate of diffusion of complexed material to that of porphyrin alone. A larger polymer in solution would display a very slow diffusion rate, whereas a smaller complex would diffuse at a rate closer to that of the porphyrin alone.

A key assumption that was made for the viable use of DOSY NMR was that if supramolecular polymers and oligomers formed in solution, then they would be in equilibria with smaller complexes. This would likely result in both a complicated 1H NMR spectra with severe peak broadening, and additionally would provide a complex DOSY plot with a large range of diffusion rates. This would be significant in our experiments as the success of multi-pulse experiments such as DOSY depends on the relaxation times of the observed species. The implication of this is that large molecules (e.g. polymers, protein, etc.) have a long relaxation rate, which affects their ability to generate a well-defined NMR spectrum, particularly when gradient pulse is applied.33,34 In order to alleviate this issue, longer timescales for 1D diffusion experiments were applied, which was hoped to ensure that the movement of larger oligomeric species in solution would be seen through the 2D DOSY NMR experiments. Despite this, it is still possible that very large supramolecular polymers may form and would not be observed, though this is unlikely when considering the dynamics of the components in solution as the formation of a single large polymer would carry a heavy entropic cost. It was therefore considered viable that the use of diffusion NMR in this research would be able to identify whether small duplex-like complexes or dynamic oligomers are preferentially formed.

In order to understand the full effect of the ligand binding to porphyrin material, diffusion NMR experiments were set up with porphyrin at a concentration of 10-2 M, running with either no ligand, with 1 and 2 equivalents of ligand, or with an excess of ligand added. This ensured that a complete series of results was obtained, spanning the full range of potential binding outcomes. Analysis of the results indicated what type of complexes formed at a 1:1 ratio of porphyrin to ligand, which is a key focus as a 1:1 ratio is required for porphyrin self-replicating reaction studies. We anticipated that if a weak duplex was formed, a single rate of diffusion would not be observed, as the associated materials could rapidly associate and dissociate between smaller complexes and the unstable duplex. It would also be likely that multiple diffusion rates would be seen if supramolecular polymer chains were formed, due to varying chain lengths, however the diffusion of these larger complexes would be significantly reduced relative to porphyrin dimer alone or a porphyrin duplex. The results for experiments conducted for zinc ester porphyrin dimer (Zn)56 with 4,4’-bipy and DABCO are highlighted in Table 2.4.



Table 2.4 Diffusion coefficients and the relative size of complexed material calculated from the DOSY NMR of zinc ester porphyrin dimer (Zn)56 in CDCl3 by varying the number of equivalents of 4,4’-bipy or DABCO ligand added to the porphyrin solution, at 10-2 M. [*] Size assumed to be proportional to the diffusion coefficient and the size of (Zn)56.

The results from Table 2.4 show that the addition of 1 equivalent of 4,4’-bipy results in two diffusion rates (Figure 2.14), and the addition of a further equivalent of 4,4’-bipy sees this reduced to only a single rate of diffusion. The rate observed after the second addition of 4,4’-bipy was identical to the value when an excess of ligand was added to porphyrin dimer  (Zn)56, confirming complete saturation of porphyrin binding sites with two equivalents of 4,4’-bipy. As diffusion is inversely proportional to the hydrodynamic radius of the species being studied, this builds up a clear idea of the relative sizes of the complexes which are formed.









[image: ]Figure 2.14 Comparative DOSY spectra, highlighting the single rate of diffusion for dimer (Zn)56 alone (BLACK) against the two rates observed for dimer (Zn)56 binding 1 equivalent of 4,4’-bipy (BLUE). The spectrum shows a competing equilibria of interactions in solution, forming a range of small complexes with no large polymeric species seen

By studying the rates of diffusion in Table 2.4 and the DOSY NMR displayed in Figure 2.14, it is immediately evident that no large polymeric species were present, and that complex formation is dominated by species which are of the same approximate size, or double the size, of porphyrin dimer alone. This suggests that for 1:1 binding, rather than one dominant complex being formed, a competing equilibria of interactions are observed in solution, leading to the proposed complexation mixture displayed in Figure 2.15.




Figure 2.15 Proposed mixture of complexes formed as a result of adding 4,4’-bipy ligand to a solution of zinc ester porphyrin dimer (Zn)56 in CDCl3.

A similar conclusion was determined when viewing the DOSY NMR results in Table 2.4, for the complexation of DABCO and zinc ester porphyrin dimer (Zn)56. Near identical results were observed using DABCO as with 4,4’-bipy, which suggested that large polymeric species were again not present within the complex mixture obtained, and only smaller complexes, representing weakly-bound duplex species, were formed.

The results obtained through the binding studies of ester dimer (Zn)56 with both 4,4’-bipy and DABCO ligands were highly promising. The findings from the UV and DOSY NMR experiments suggested that a weakly-bound duplex was formed through the association of template and chaperone ligand due to sub-optimal binding, which pointed favourably towards duplex dissociation with self-replicating studies (Figure 2.16).



Figure 2.16 Extreme binding cartoon of a highly unstable duplex, formed with a strained geometry through the association of zinc ester porphyrin dimer (Zn)56 and DABCO ligand.
[bookmark: _Toc490552406][bookmark: _Toc490833954][bookmark: _Toc508276800]2.3.14. Templated dimer reactions
The combined results of the UV binding and diffusion studies by DOSY NMR prompted optimism for a successful replicating system involving the reaction of zinc mixed pivalic anhydride porphyrin (Zn)54 with zinc benzyl alcohol porphyrin (Zn)55. This therefore required the synthesis of zincated anhydride porphyrin (Zn)54. The attempted insertion of zinc centres directly into mixed pivalic anhydride porphyrin 54 resulted in hydrolysis and formation of zinc carboxyporphyrin (Zn)39. Therefore, zinc anhydride (Zn)54 was formed directly from zinc carboxyporphyrin (Zn)39, by reacting (Zn)54 carefully with trimethylacetyl chloride, N-ethylpiperidine and potassium carbonate under nitrogen (Scheme 2.15). The additional potassium carbonate aided to mop up any HCl produced as a by-product of the reaction, which has the potential to displace the zinc centres and convert back to free-base porphyrin.



Scheme 2.15 Reagents and conditions: a) Zn(OAc)2.2H2O in CHCl3, reflux, 1 h; b) trimethylacetyl chloride in DCM, N-ethylpiperidine (cat.), K2CO3, rt, 0.5 h.

With all zincated materials successfully accessed, initial control and subsequent templating reactions were investigated using either no ligand, or with chaperone ligands 4,4’-bipy and DABCO, respectively. To determine the effect of the bimolecular background mechanism, we first conducted the reaction between anhydride (Zn)54 and alcohol (Zn)55 using no ligand and by varying amounts of ester dimer (Zn)56 template added to the reaction. Unsurprisingly, each reaction resulted in the production of dimer at a yield of approximately 5% over 24 hours, displaying near identical results to those observed through the free-base porphyrin reactions of benzyl alcohol 55 and mixed anhydride 54. This confirmed that the template molecule (Zn)56 does not act to catalyse the reaction of its zincated feedstock, alcohol (Zn)55 and anhydride (Zn)54, when no chaperone ligand is present. 

We proceeded to investigate a series of templating reactions using 4,4’-bipy as the chaperone ligand. The reactions were monitored at 30 minute intervals for 2 hours, at which point we started to observe hydrolysis of zinc anhydride porphyrin (Zn)54 to zinc carboxyporphyrin (Zn)39 and after 24 hours, no anhydride (Zn)54 remained (Scheme 2.16).




Scheme 2.16 The reaction of zinc anhydride porphyrin (Zn)54 with zinc alcohol porphyrin (Zn)55 with 1 equivalent of 4,4’-bipy under various templating conditions, resulting in the formation of zinc ester porphyrin dimer (Zn)56, with no rate or yield enhancement observed.

Although it was not possible to accurately quantify the rate of consumption of zinc mixed anhydride porphyrin (Zn)54, the time frame of the reaction was in line with the non-templated free-base porphyrin reaction of anhydride 54 with benzyl alcohol 55. Furthermore, collecting fractions from column chromatography revealed a 5% increase in yield of ester dimer template (Zn)56, and an approximate 5% loss in mass of zinc benzyl alcohol porphyrin (Zn)55. Therefore, it is reasonable to propose that no rate or yield enhancement was exhibited through the attempted templated reaction of mixed anhydride (Zn)54 and benzyl alcohol (Zn)55 with 4,4’-bipy as a chaperone ligand. The procedure was repeated using DABCO, with the rationalisation that a stronger association of ligand to zinc centre may encourage ternary complex formation, leading to a template directed catalytic rate enhancement. Near identical results were obtained when using DABCO, again yielding a 5% increase in ester dimer (Zn)56 (Table 2.5). 




Table 2.5 Yields of zinc ester porphyrin dimer (Zn)56 after 24 hours from the reaction of zinc anhydride porphyrin (Zn)54 with zinc alcohol porphyrin (Zn)55 in the presence of different chaperone ligands and various templating conditions. [*Average yield determined (+/- 0.5%) through crude 1H NMR integration and mass of purified materials recovered].

The results displayed in Table 2.5 show that no enhancement in yield was observed through the templated reactions of benzyl alcohol (Zn)55 with anhydride (Zn)54, using either DABCO or 4,4’-bipy ligand. The reaction was monitored through TLC analysis of the mixture by visualizing the loss of starting materials over the course of the reaction. Overall, there was no observed enhancement in reaction rate, leading to the conclusion that no autocatalytic effect was involved in the formation of product. It was also evident that while the yield of the reaction did not increase, there was no decrease in product formation either and the reaction yield remained more or less consistent through all experiments. Therefore, although the template does not promote product formation, it also does not inhibit it. Although this is disappointing for the current study, it is encouraging for the pursuit of further chaperone mediated systems.

The low levels of reactivity between the nucleophilic and electrophilic porphyrin species, and the relatively high rate of hydrolysis of anhydride porphyrin (Zn)54, are the reasons for the lack of rate enhancement observed through these templating reactions. Furthermore, it is likely that an unfavourable geometry of the proposed ternary complex would be an additional inhibiting factor. Although it is probable that ternary complex formation can occur, it may not orient itself in a favourable geometry to allow the active sites of the reactive porphyrin anhydride (Zn)55 and alcohol (Zn)54 to get close enough to react (Figure 2.17). This would lead to a relatively weak ternary complex, capable of dissociation back to non-complexed components, potentially favouring the formation of a weakly-bound duplex.




Figure 2.17 Conformations of the ternary complex [(Zn)54.(Zn)55.(Zn)56.L2] (where L = chaperone ligand 4,4’-bipy or DABCO) showing that the reactive conformation is high in energy. NOTE: other ternary complexes are also possible – [(Zn)542.(Zn)56] and [(Zn)552.(Zn)56] – and these each have options for various rotational conformations.
Although formation of the duplex itself requires some geometric constraint in order for the association between ligand and ester porphyrin (Zn)56 to occur, equilibria may favour duplex formation over that of the ternary complex. This may be due to the weak levels of cooperativity favouring duplex formation, observed through UV measurements with 4,4’-bipy (Figure 2.18). In the case of DABCO, the generally strong association between porphyrin and ligand likely plays a significant factor in the stabilisation of the formed duplex. The ternary complex is therefore more likely to dissociate than the duplex as it is unfavourably positioned to lead to new bond formation through the reaction of feedstock. Furthermore, although duplex geometry is relatively unfavourable, its formation is strongly suggested through the observed small duplex sized complexes identified in diffusion NMR experiments. This situation would therefore remove the template from the reaction, leading to the standard biomolecular mechanism, which has been proposed.




Figure 2.18 Minor stabilization of zinc ester porphyrin dimer (Zn)56 and chaperone ligands 4,4’-bipy or DABCO (L) through an equilibria of duplex conformations.

[bookmark: _Toc490552407][bookmark: _Toc490833955][bookmark: _Toc508276801]2.4. Further Studies Towards Porphyrin Templated Synthesis and Self-Replication
[bookmark: _Toc490552408][bookmark: _Toc490833956][bookmark: _Toc508276802]2.4.1. Templating studies with zinc amidoporphyrin dimer
Following on from the self-replicating studies described in Chapter 2.3., further investigation into the applications of some of the porphyrin species accessed was conducted, with initial attention focused on amidoporphyrin dimer 53.  While it was evident that self-replication would not be possible through the use of amidoporphyrin dimer 53 due to the low level of nucleophilicity observed for aminoporphyrin 33, it was postulated that the zincated dimer (Zn)53 could be added to the reaction of zinc aminoporphyrin (Zn)33 with zinc anhydride porphyrin (Zn)54 in an attempt to achieve a template initiated reaction.

Before templating reactions were considered, it was important to ascertain if the reaction of an electron withdrawn amine would be possible with a mixed pivalic anhydride. Therefore, a model reaction was conducted by replacing porphyrin units of aminoporphyrn 33 and anhydride porphyrin 54 with electron withdrawing nitro groups. The reaction of p-nitrobenzoic acid with trimethylacetyl chloride and N-ethylpiperidine catalyst proceeded with 100% conversion, with no starting material remaining after 10 minutes (Scheme 2.17). The resulting para-nitrophenyl (pNP) mixed anhydride 58 intermediate was used in situ and 4-nitroaniline added. After 6 hours, no pNP anhydride 58 intermediate remained, leaving two products visible by TLC.



Scheme 2.17 Synthesis of minor product pNP trimethylacetamide 59a and major product pNP amide dimer 59b.

Separation by column chromatography, eluting with 20% petroleum ether in DCM, afforded the minor product pNP trimethylacetamide 59a as the first column fraction (17%), followed by the desired major product, pNP amide dimer 59b (39%). This therefore demonstrates that the reaction between aminoporphyrin 33 and anhydride porphyrin 54 had the potential for successful product formation; however it is likely that the porphyrin bulk structure was a significant factor that prevented a reaction from occurring. By templating amine (Zn)33 and anhydride (Zn)54 starting materials using amidoporphyrin dimer (Zn)53, it should force the reactive sites of the nucleophile and electrophile in close enough proximity in order to overcome any steric and electronic barriers present in the free-base porphyrin reaction. Furthermore, it was hoped that by templating the reaction, it would preferentially result in only the desired porphyrin amide product with no trimethylacetamide porphyrin formed due to the geometry, orientation and accessibility of the carbonyl site within the ternary complex (Figure 2.19). This would therefore only allow nucleophilic access to the porphyrin carbonyl.



Figure 2.19 Ternary complex demonstrating a lack of accessibility for amine nucleophile at the trimethylacetyl carbonyl.

A clear route to amidoporphyrn dimer 53 was established through the reaction of aminoporphyrin 33 with acid chloride porphyrin 52, and zinc centres subsequently incorporated to generate the target zinc amide template (Zn)53. UV binding titration studies had produced highly similar results with amide dimer (Zn)53 as with ester dimer (Zn)56. Furthermore, the binding with 4,4’-bipy was almost identical to the monomeric nitroporphyrin (Zn)32 (Table 2.6). The lack of cooperativity observed when binding zinc amidoporphyrin (Zn)53 to 4,4’-bipy and DABCO ligands determined that a strongly bound duplex was not formed.



Table 2.6 Calculated association constants of the binding of porphyrins with bidentate and monodentate ligand pairs.

Whilst it was clear that a strongly bound duplex was not formed, it was again important to understand if the relatively weak binding was attributed to a weak duplex complex, or a supramolecular polymer chain. Diffusion NMR was therefore performed using amidoporphyrin dimer (Zn)53 at a concentration of 10-2 M with 4,4’-bipy. DOSY experiments were conducted using porphyrin (Zn)53 with either no ligand, with 1 and 2 equivalents of ligand, or with an excess of ligand added (Table 2.7).



Table 2.7 Diffusion coefficients and the relative size of complexed material calculated from the DOSY NMR of zinc ester porphyrin dimer (Zn)53 in CDCl3 by varying the number of equivalents of 4,4’-bipy ligand added to the porphyrin solution, at 10-2 M. [*] Size assumed to be proportional to the diffusion coefficient and the size of (Zn)53.

The results from the DOSY NMR experiments of amidoporphyrin dimer (Zn)53 with 4,4’-bipy displayed no decrease in diffusion rate when either 1 or 2 eq. of 4,4’-bipy was added, which confirmed no supramolecular polymeric species were formed.  A slower diffusion was observed only when the porphyrin solution was saturated with excess ligand, at which point complexes formed at approximately two times the size of porphyrin alone. This was attributed to the preferential formation of small complexes at lower concentrations of 4,4’-bipy, with only one of the ligand binding sites being occupied through metal association with amidoporphyrin dimer (Zn)53. This was somewhat surprising, as it was expected that duplex formation for the linear dimeric porphyrin (Zn)53 would be favourable due to the positive alignment of porphyrin and ligand, which would put them in the correct geometry to form a duplex. It was theorised that this was a result of the relatively weak association enhancement observed when comparing the binding of both 4-phenylpyridine and 4,4’-bipy to amidoporphyrin (Zn)53 and the monomeric nitroporphyrin (Zn)32. The two porphyrins display a similar strength of association, which indicated that a cooperatively formed duplex would not be favourable until a significant increase in bidentate ligand is introduced (Scheme 2.18). This hypothesis fits well with the observed DOSY NMR results obtained, and these results, while unexpected, point towards the favourable formation of a ternary complex. The result of a stable ternary complex formation between bidentate ligand, amide dimer (Zn)53 and starting porphyrins, amine (Zn)33 and anhydride (Zn)54, will aid to promote a template initiated reaction, followed by duplex dissociation.




Scheme 2.18 Major complexes formed as a result of adding 4,4’-bipy ligand to a solution of zinc amidoporphyrin dimer (Zn)53 in CDCl3.

Before exploring template mediated studies, the reaction between aminoporphyrin (Zn)33 and anhydride porphyrin (Zn)54 was first performed with a stoichiometric amount of amide template dimer (Zn)53 only, and no ligand present. This experiment was conducted as a necessary background study to ensure that the zincated porphyrins would not affect the outcome of the free-base reaction. As expected, the reaction did not result in product formation and it was observed that no anhydride (Zn)54 remained after 24 hours, however all of the starting amine (Zn)33 and amide dimer (Zn)53 were retrieved after column chromatography with 2:1:1 petroleum ether/DCM/ethyl acetate. Changing the eluent to 5% MeOH in DCM led to the elution of carboxyporphyrin (Zn)39, the hydrolysis product of anhydride porphyrin (Zn)54. These results are identical to those observed through the free-base reaction of aminoporphyrin 3 with mixed anhydride porphyrin 54.

The reaction was then repeated with the addition of 1 eq. of ligand material, with reactions conducted using either 4,4’-bipy or DABCO (Scheme 2.19). In each case, the result was identical and no reaction was observed. This indicated that despite amide template (Zn)54 aiding to direct the active sites of nucleophilic amine (Zn)33 and anhydride (Zn)54 in close proximity, the reactivity of these species was not compatible to force the desired reaction to occur. Instead, the only porphyrins recovered from the mixture after 24 hours were amine (Zn)33 and amide template (Zn)53 starting materials, and the hydrolysed anhydride (Zn)54 product, carboxyporphyrin (Zn)39.



Scheme 2.19 The reaction of zinc anhydride porphyrin (Zn)54 with zinc aminoporphyrin (Zn)33 with 1 molar equivalent of ligand (4,4’-bipy or DABCO) and a stoichiometric amount of template (Zn)53), resulting in the hydrolysis of anhydride (Zn)54 to carboxyporphyrin (Zn)39 only.

It is evident that the above templated reaction does not proceed due to the inherent lack of nucleophile activity with amine (Zn)33. However, it had been demonstrated that the reaction of the more reactive benzyl alcohol porphyrin (Zn)55 with mixed anhydride porphyrin (Zn)54 led to the successful synthesis of ester porphyrin dimer (Zn)56. Self-replication was not deemed possible due to the formation of a constrained ternary complex. This was primarily attributed to the non-linear geometry of ester dimer (Zn)56, which forced the reactive sites of alcohol (Zn)55 and anhydride (Zn)54 in an unfavourable orientation for a templated reaction to occur. Therefore, it would be of interest to investigate the possibility of using the linear amidoporphyrin dimer (Zn)53 as the template for the reaction between alcohol (Zn)55 and anhydride (Zn)54. In this case, the ternary complex should be aligned favourably to ensure that the active sites of the reactive species are in a close proximity. The resulting unsymmetrical duplex would then readily dissociate to free the template (Zn)53 to bind with another pair of alcohol (Zn)55 and anhydride (Zn)54 starting materials, producing a catalytic template cycle (Figure 2.20).




Figure 2.20 Proposed templating system for the reaction of anhydride porphyrin (Zn)54 and benzyl alcohol (Zn)55 with amidoporphyrin (Zn)53 as the template and DABCO (or 4,4’-bipy) as the bidentate chaperone ligand.
This templating scheme outlines one of the potential applications for zinc-centred aminoporphyrin (Zn)53. The true templating capability of amidoporphyrin (Zn)53 is yet to be determined, however it is reasonable to postulate that based on the observed UV binding and diffusion NMR data that amide dimer (Zn)53 has the capacity to act as a catalytic template. A clear starting point for investigation would be through the system outlined in Figure 2.20, and studies towards this would aid to determine the viability of its use in templating reactions.

The generally simple synthesis and good yields displayed through all reaction stages leading to the relatively rigid amidoporphyrin dimer (Zn)53 make it a desirable target dimer for further supramolecular studies, including catalysis,35 molecular recognition of specific interations,36 and MOFs.37 Therefore, with a high quantity of amidoporphyrin dimer (Zn)53 in hand for future investigation, a large stock of aminoporphyrin 33, generated through its initial multigram synthesis from TPP 31, was no longer required for accessing free-base amidoporphyrin 53. It was desirable to investigate the potential applications of the valuable aminoporphyrin 33, with the aim of using it as a tool to develop alternative self-replicating systems.
[bookmark: _Toc490552409][bookmark: _Toc490833957][bookmark: _Toc508276803]2.4.2. Self-replication: Targeting a hydrazine porphyrin nucleophile
The studies conducted towards accessing amidoporphyrin dimer 53 involved the large scale synthesis of aminoporphyrin 33. It was revealed that the application of zincated amine (Zn)33 as a nucleophile was not suitable for self-replication or templating studies within the system design. However, it was envisaged that the large quantities of the aminoporphyrin 33 which had been accessed could be used as a precursor to a more active nucleophilie.

It had previously been observed, through binding studies zinc nitroporphyrin (Zn)32 with 4-nitroaniline, that amines conjugated into an electron withdrawing system are poor electron donors, which attributes to the low levels of reactivity observed. A simple way of immediately enhancing the reactivity of amine 33 would be by reducing the electron delocalisation at the nucleophilic site into the electron withdrawing porphyrin. As a multigram stock of aminoporphyrin 33 was in hand and could be accessed readily, it was hoped that it would be possible to utilise this as an intermediate species in order to access hydrazine porphyrin nucleophile 60 (Scheme 2.20). This would ensure that the terminal nitrogen would no longer be conjugated into the porphyrin system. In addition, the use of a hydrazine species has the potential to enhance nucleophilicity further through the α-effect, whereby placing a nucleophilic site directly adjacent to a heteroatom containing a lone pair of electrons aids in increasing nucleophilicity.38 However, the hydrazine α-nitrogen would still be conjugated within the porphyrin ring, which may in fact decrease it’s nucleophilicity, relative to a non-conjugated hydrazine. This could potentially be favourable for its use in a porphyrin replicating system, as a non-conjugated hydrazine may be too reactive and has the potential to self-associate with the porphyrin zinc core. With this in mind, UV binding studies of a model hydrazine were first investigated.



Scheme 2.20 Proposed reaction scheme for the conversion of amine to hydrazine.

To assess the compatibility of a hydrazine group as a suitable nucleophilic site, a model compound was accessed for use in binding studies in order to determine whether the nitrogen of the hydrazine would interact with the porphyrin metal centre. The model selected was methyl 4-hydrazinylbenzoate 61, which was accessed through the Sandmeyer reaction.39,40 Addition of sodium nitrite to an acidic solution of methyl 4-aminobenzoate generated the diazonium salt intermediate, which was immediately treated with tin (II) chloride  to generate the target methyl 4-hydrazinylbenzoate 61 (Scheme 2.21).41 



Scheme 2.21 Synthesis of methyl 4-hydrazinylbenzoate 61 from methyl 4-aminobenzoate.

Methyl 4-hydrazinylbenzoate 61 was accessed in an excellent yield of 96%, with NH2 singlet observed at 10.68 ppm and NH singlet at 9.05 ppm by 1H NMR. However, it was found that the model compound was completely insoluble in any solvent other than DMSO. Therefore, methyl 4-hydrazinylbenzoate 61could not be used for binding studies due to the highly polar nature of DMSO, which would interfere with the metal centre of nitroporphyrin (Zn)32 through solvent interaction. It was considered highly unlikely that the hydrazine group would affect the solubility of a mono-substituted porphyrin. Furthermore, the excellent yield and simplicity of the Sandmeyer reaction to generate the target model hydrazine 61 provided optimism for the facile access of hydrazine porphyrin 60 using analogous conditions. It was therefore decided to access hydrazine porphyrin 60, and determine if self-association occurred by comparing the UV spectra of free-base and zincated hydrazine porphyrins. If any shift in Soret band was observed upon metalation of hydrazine porphyrin 60, it would indicate that self-association had occurred. It had previously been demonstrated that aminoporphyrin 33 has a good level of stability in strong acidic conditions.11 Therefore, the reaction conditions of stirring amine 33 with sodium nitrite in concentrated HCl were considered viable, and the intermediate diazonium salt 62 targeted (Scheme 2.22).


Scheme 2.22 Attempted synthesis of porphyrin diazonium salt 62 from aminoporphyrin 33, recovering only TPP 31.

After 30 minutes, TLC analysis observed that no aminoporphyrin 33 starting material remained in the reaction mixture. It was revealed, however, that desired product formation had not occurred and instead amine 33 was converted to TPP 31, confirmed by 1H NMR. It is possible that diazonium salt 62 was produced by this reaction, followed by subsequent and rapid loss of nitrogen. Alternatively, the amine could become protonated in the strong acidic conditions generating ammonium porphyrin 33[+], resulting in subsequent bond cleavage through loss of ammonia. This seems a less likely possibility due to the known stability of aminoporphyrin 33 in strong acidic conditions; however the addition of sodium nitrite may aid to facilitate the cleavage of ammonia from the porphyrin (Figure 2.21). The mechanism was not investigated further as it was evident that the conditions used were not compatible for applications with aminoporphyrin 33. Instead, a different route to generate hydrazine porphyrin 60 under milder conditions was developed.





Figure 2.21 a) Route to cationic TPP 31[+] from diazonium salt; b) Route to cationic TPP 31[+] from protonated aminoporphyrin 33

An alternative approach to hydrazine synthesis from aromatic amines is through the direct nitration of the amine nitrogen, accessing a nitramine intermediate. The nitramine is subsequently converted to the desired hydrazine under reducing conditions. This offers a route to hydrazine compounds which may be conducted under much milder conditions than those offered via the Sandmeyer reaction. Nitramine formation through nitration of an amine substituent on an electron withdrawing aromatic species has previously been demonstrated with great success by Daszkiewicz.42 The mild nitrating conditions from the reported systems were highly desirable for application with aminoporphyrin 33, and were therefore used for the targeted synthesis of nitramine porphyrin 63. An acetic anhydride and nitric acid intermediate 64 was prepared by stirring the two starting materials at 0 ˚C for 15 minutes, and the resulting solution was added to stirring aminoporphyrin 33. The reaction was conducted at room temperature over 30 minutes under a variety of conditions in an attempt to achieve product formation, highlighted in Table 2.8.




Table 2.8 Attempted synthesis of nitramine porphyrin 63 from aminoporphyrin 33 under a variety of conditions. [a] Acetamide porphyrin 36 was recovered as the major product whilst a small amount of TPP 31 was formed; [b] Acetamide porphyrin 36 was recovered as the major product whilst meta substituted nitroporphyrin 65 was also formed; [c] Acetamide porphyrin 36 was recovered along with a small amount of unreacted aminoporphyrin 33 starting material.

It was observed that for reactions conducted in both nitromethane and DCM, aminoporphyrin 33 preferentially reacted with acetic anhydride over the active nitrating intermediate compound 64. Unsurprisingly, the amount of acetamide porphyrin 36 produced was greater when more equivalents of acetic anhydride were used. It was anticipated that a small amount of acetamide porphyrin 36 would be formed through the reaction, as the nucleophilic amine 33 has a choice of electrophilic centres in the intermediate species (Figure 2.22); however it was observed that none of the desired nitramine porphyrin 63 product was formed. As the concentration of nitic acid was increased, TPP 31 began to form along with acetylated porphyrin. This observation is comparable to the results obtained through the attempted synthesis of hydrazine porphyrin 60 via the Sandmeyer reaction, which was also performed in concentrated HCl. This provides further evidence towards the possibility that acid mediated bond cleavage may be occurring at some stage during these reactions.


Figure 2.22 The acetic anhydride and nitric acid based intermediate 64 has two electrophilic sites: either at the carbonyl and at the nitro group.

It was noted that the reaction of aminoporphyrin 33 in nitromethane with 1.5 equivalents of both acetic anhydride and nitric acid reagents (Table 2.8, Entry 3) yielded acetamide porphyrin 36 alongside meta substituted nitroporphyrin 65 (Figure 2.23). The meta nitroporphyrin 65 was isolated in low yield and its molecular weight determined as 660 g.mol-1, identical to para nitroporphyrin 32. The meta substitution of the nitro group was identified through a distinctive triplet, singlet and two doublet peaks in the 1H NMR spectra, with each corresponding to one proton. It is likely that a fast electrophilic substitution reaction occurred ortho to the amine, followed by loss of the amine group to yield meta nitroporphyrin 65.




Figure 2.23 Isolation of meta nitroporphyrin 65 through the reaction of aminoporphyrin 33 with nitrating intermediate 64 in nitromethane, confirmed by 1H NMR.

The synthesis of hydrazine porphyrin 60 had proved to be a highly time consuming and laborious venture and no further attempts to access this porphyrin were pursued. Furthermore, the unpredictable reaction outcomes prevented any definitive understanding of the mechanisms involved, with respect to all of the reactions conducted. It seemed reasonable to propose, however, that the use of strong acids, in conjunction with an active nucleophilic or electrophilic species, was not compatible for reactions involving aminoporphyrin 33. It was therefore decided to re-visit the synthesis of a benzylic nucleophile porphyrin, which strongly related to the structure and reactivity of hydrazine porphyrin 60. This led to the targeted synthesis of a benzylamine porphyrin.
[bookmark: _Toc490552410][bookmark: _Toc490833958][bookmark: _Toc508276804]2.4.3. Self-replication: Targeting a benzylamine porphyrin nucleophile
It has been demonstrated through model binding studies that benzylamine coordinates strongly to the zinc centre of nitroporphyrin (Zn)32 (Figure 2.24). Therefore, it seemed unlikely that a benzylamine porphyrin would be viable for use in a porphyrin self-replicating system, due to the potential issues involving association of the amine to zinc. However, previous studies of aminoporphyrin 33 and benzyl alcohol porphyrin 55 have demonstrated unexpected properties and lower levels of reactivity than generally anticipated. It was therefore possible that the binding of the benzylamine unit may have a considerably different effect when attached to a porphyrin scaffold, relative to the standard benzylamine compound, and may not lead to the self-association which was initially postulated. With this in mind, the pursuit of a benzylamine porphyrin would be of use by providing a more complete picture of porphyrin nucleophile reactivity, ranging from very poor (conjugated amine), low (benzyl alcohol) and higher (benzylamine).




Figure 2.24 Strong association of benzylamine to zinc nitroporphyrin (Zn)32.

The synthesis of ester porphyrin dimer 56 demonstrated that it was possible to achieve a successful reaction between benzyl alcohol porphyrin 55 and mixed anhydride porphyrin 54. It was hence assumed that a benzylamine porphyrin would be capable of reacting with anhydride porphyrin 54 with a higher yield and faster rate, leading to the targeted benzylamine porphyrin 66 (Figure 2.25).


Figure 2.25 Target benzylamine porphyrin 66.

Through the use of carboxyporphyrin 39, a convenient approach to accessing benzylamine porphyrin 66 was via conversion of the carboxylic acid 39 to acid chloride porphyrin 52. Acid chloride 52 was readily reacted with ammonia to form acid-amide porphyrin 67 as a precursor to the amine, accessed in excellent yield after column chromatography (Scheme 2.23).  cis- and trans- NH2 peaks were present in 1H NMR and the distinctive amide carbonyl stretch observed in the FTIR spectra at 1676 cm-1. The molecular weight of the porphyrin was also found at 658 g.mol-1, further confirming the successful access of acid-amide porphyrin 67.



Scheme 2.23 Synthesis of acid-amide porphyrin 67. Reagents and conditions: a) SOCl2 in toluene, reflux, N2, 1 h; b) 7 N NH3 in MeOH, DCM, 0 ˚C to rt, N2, 0.75 h.

Conversion of acid-amide porphyrin 67 to the target benzylamine porphyrin 66 was initially conducted under standard amide reduction conditions, through refluxing lithium aluminium hydride (LAH) in THF.43 After 2 hours, no acid-amide porphyrin 67 was observed via comparative TLC analysis, and the reaction stopped. However, upon inspection of the crude 1H NMR spectra, no additional benzyl peak was visible and the internal NH porphyrin protons in the region of -2.75 ppm had disappeared. Furthermore, the porphyrin aromatic peaks seen in the 1H NMR were broad and undefined. The combination of these observations led to the likely conclusion that reduction of acid-amide 67 had not occurred and instead, metal from the LAH reagent had been inserted into the porphyrin core. Studies by Burgers et al have demonstrated that alkali metals do not displace the internal NH protons at the porphyrin core, and instead sit above the plane of the porphyrin ring.44 This therefore eliminated the possibility of lithium incorporation and indicated that the metallated product obtained was aluminium acid-amide porphyrin (Al)67 (Scheme 2.24). A broad singlet peak at 3.76 ppm in the 1H NMR suggested that ligand coordination to the aluminium centre was from [OH]- ion, which would have been introduced through the reaction work up. Porphyrin metallation was confirmed by UV spectroscopy, with the observation that the four distinctive Q bands, present in all free-base porphyrins, had been reduced to only two Q bands. This is a result of metal insertion into porphyrin, with the loss of internal porphyrin hydrogens providing enhanced molecular symmetry.45


Scheme 2.24 Attempted reduction of acid-amide porphyrin 67 with LAH, resulting in the insertion of aluminium within the porphyrin core to generate (Al)67.

The insertion of aluminium into the porphyrin core resulted from the refluxing of LAH in the reaction mixture. Whilst low temperatures had previously led to the facile reduction of carboxyporphyrin 39 to benzyl alcohol porphyrin 55, additional heating is required to overcome the enhanced stability of acid amide 67. Despite this issue, it was envisaged that access to the target benzylamine 66 through reduction of acid-amide 67 with LAH could still be possible. By conducting the reaction using a large excess of LAH, reduction of amide to amine could occur, in addition to metalation of the porphyrin core. The metal centres would then be removed by washing with acid. Before commencing with the reaction, this hypothesis was tested using aluminium acid-amide porphyrin (Al)67 and washing with concentrated sulfuric acid in TFA, in an attempt to determine if the metal could be readily removed via the proposed technique.46–48 Combined 1H NMR, UV and mass spectroscopy results determined that the aluminium centres had not been removed through washing with acid, and suggested that more aggressive conditions were required. However, the refluxing of aluminium acid-amide porphyrin (Al)67 in H2SO4/TFA mixture overnight did not achieve de-metalation, and in both cases the porphyrin metal centres remained. Whilst the use of acid is an efficient technique for the removal of a range of metal ions from porphyrins, it was concluded that this was not the case for aluminium (III). This led to an alternative approach towards the reduction of acid-amide porphyrin 67.

The use of borane as an amide reducing agent has proved successful with crown ethers. Removal of the borane species from the crown ether intermediate is achieved by washing with dilute acid, readily displacing the borane at the nitrogen sites (Scheme 2.25).49 Due to the simple removal of borane from crown ethers, it was proposed that the procedure could be transferred to porphyrins.



Scheme 2.25 Conversion of diamide crown ether to the corresponding diamine through reduction with borane.

Synthesis was therefore performed through the addition of borane dimethyl sulfide in THF to acid-amide porphyrin 67, and the solution refluxed for 4 hours (Scheme 2.26). Over the course of the reaction, the solution changed colour from deep purple to muddy brown, which produced a potent and unpleasant smell once the reaction was stopped. The resulting residue was then washed with dilute HCl, followed by potassium hydroxide, affording a pale brown solution in DCM. TLC analysis of the DCM solution determined that no starting material remained, however the resulting product formed a black spot on the silica plate which did not move from the baseline, despite the use of highly polar solvent systems. It was evident that the conditions used in the attempted reduction of acid-amide 67 with borane had resulted in degradation of the porphyrin structure; with no evident porphyrin peaks displayed in 1H NMR, and loss of porphyrin Soret and Q bands in the UV spectra. Once the solvent had been removed from the reaction product, a light brown powder with a strong smell was afforded, with no evidence of the expected distinctive purple crystals of a porphyrin. As the 1H NMR had provided no useful information to aid in identification of the reaction product, no further exploration into this reaction was conducted.


Scheme 2.26 Attempted reduction of acid-amide porphyrin 67 to benzylamine porphyrin 66 using borane.

A final attempt towards benzylamine porphyrin 66 was investigated, through the functionalisation of benzyl alcohol porphyrin 55. Accessing the target benzylamine 66 would be achieved through conversion of benzyl alcohol 55 to a benzyl tosylate porphyrin 68 (Figure 2.26). Introduction of an ammonia source to the tosyl porphyrin 68 should lead to a favourable nucleophilic substitution reaction, with the amine functionality readily displacing the sulfonate leaving group.


Figure 2.26 Target benzyl tosylate porphyrin 68.

The conversion of benzyl alcohol 55 to the corresponding tosyl porphyrin 68 was conducted with tosyl chloride and triethylamine base, and after 3 hours no starting material was visible by TLC. Column chromatography, eluting with 100% DCM, allowed access to only a small quantity of porphyrin crystals, with large amounts of a black residue remaining at the top of the column. It was surprising to observe through 1H NMR analysis, that the spectra of the starting material and product were near identical, with no additional aromatic peaks and only a slight shift in benzyl peak observed (product, δ = 4.95 ppm; benzyl alcohol porphyrin 55, δ = 5.06 ppm). It was only when combining the information obtained from 1H NMR with the mass spectroscopy results (MALDI-TOF m/z = 663), that the identity of the porphyrin product was determined to be benzyl chloride porphyrin 69 (Scheme 2.27). This unexpected result led to the repetition of the reaction; however the only porphyrin product retrieved was again benzyl chloride 69, albeit in a lower yield of 1% (1 mg).  


Scheme 2.27 Attempted synthesis of benzyl tosylate porphyrin 68 from benzyl alcohol porphyrin 55, resulting in the formation of benzyl chloride porphyrin 69 only.

The formation of benzyl chloride porphyrin 69 as the only porphyrin based reaction product is not fully understood, with only several milligrams obtained from two separate 100 mg reactions of benzyl alcohol porphyrin 55. A potential mechanism would involve nucleophilic attack of benzyl alcohol porphyrin 55 on tosyl chloride, resulting in a loss of chloride ion and formation of a cationic porphyrin intermediate. It appears that the only possible way that benzyl chloride porphyrin 69 could then form would be through the attack of chloride ion at the benzylic site, followed by loss of the stable tosyl alcohol leaving group (Scheme 2.28). Presumably in order for the proposed mechanism to occur, destabilisation of the porphyrin cation is enhanced through the strong porphyrin electron withdrawing effect. This combined with the cationic charge at the oxygen site, will result in a highly electron deficient benzylic carbon, which would be susceptible to nucleophilic attack. 




Scheme 2.28 Potential mechanism leading to the formation of benzyl chloride porphyrin 69 through the reaction of benzyl alcohol porphyrin 59 with tosyl chloride.

Although the target tosylate porphyrin 68 was not formed, it was hoped that the benzyl chloride porphyrin 69 would be suitable for use instead. Therefore, the small quantity of benzyl chloride 69 was reacted with excess 7N ammonia; however, no benzylamine porphyrin 66 was formed, instead revealing confusing 1H NMR and mass spectra results, displaying multiple porphyrin fragments. This led to no further investigations into the synthesis of benzylamine porphyrin 66 being undertaken, although alternative pathways towards the target amine 66 were considered plausible.

A desirable route to benzylamine porphyrin 66 would require the use of a 4-(nitromethyl)benzaldehyde 70 as a fundamental starting material towards porphyrin synthesis (Figure 2.27). Targeting nitromethyl aldehyde 70 was contemplated, however the process required to access only small quantities of the desired product was laborious, time consuming and heavily wasteful of resources and materials.50 Therefore, no further attempts to access benzylamine porphyrin 66 were pursued.



Figure 2.27 4-(nitromethyl)benzaldehyde 70 may provide a potential route to benzylamine porphyrin 66.

At this stage, thoughts were turning away from the simple nucleophilic substitution reaction based self-replicating reaction. Amongst the studies which have been conducted and documented in the literature, the use of click chemistry reactions has proved a versatile route to a self-replicating mechanism operating successfully in a system. Therefore, initial investigations into click chemistry reactions, for use in a self-replicating porphyrin system, were pursued.
[bookmark: _Toc490552411][bookmark: _Toc490833959][bookmark: _Toc508276805]2.4.4. Click chemistry in a self-replicating system
Click chemistry describes a subset of reactions that are notable for their generally high reaction yields and lack of unwanted side products. These clearly offer major advantages for the synthetic chemist, and the useful attributes of these reactions have led to their application within a variety of fields in the chemistry community. This ranges from routes to natural products,51 to polymer synthesis and design,52 and materials science,53 amongst a vast array of other potential uses.

In terms of self-replicating reactions, the principal features of click chemistry reactions are very appealing. This is particularly the case when considering the clean reactions typically observed through click chemistry, as it is desirable that a self-replicating reaction would achieve high product yield with no side product formation and product inhibition.

The investigation into click chemistry reactions as an approach towards accessing efficient self-replicating systems was initiated by Wang and Sutherland.54 Their efforts resulted in a [4+2] Diels-Alder cycloaddition as the template forming step of a self-replicating system, resulting in high exponential growth of product formation (Scheme 2.29). An increased preference for the ternary complex over the template duplex was present in the system, due to the conformational freedom of the ternary complex relative to the restrained duplex. Furthermore, although it was not stated in the submitted article, it is highly likely that strain in bond angle of the template within the duplex will have led to its subsequent dissociation. This is due to the change in geometry which occurs as a result of the cycloaddition reaction, leading to a less stable duplex.



Scheme 2.29 [4+2] Diels-Alder cycloaddition reaction results in exponential product growth through a self-replicating mechanism.

Further research into the incorporation of cycloaddition click reactions in self-replicating systems has been extensively studied by the Philp group. In addition to exploring a variety of [1,3] dipolar cycloaddition reactions,55–57 significant effort was focused towards on the Diels-Alder reaction between maleimides and furans.58–61 The group generated a catalogue of dienes and dienophiles, and varied aspects of their structural morphology to determine what effect this had on the ability of a system to function through a self-replicating mechanism (Figure 2.28).



Figure 2.28 Summarised profile of the investigation into the structural effects of on the ability of a variety of malemide and furan systems to undergo an efficient self-replicating reaction. The kinetic behaviour of each diastereoisomer is labelled as follows: - = no recognition-mediated reaction observed; AB = Reaction predominantly occurs through a reactive AB binary complex; SR = Reaction predominantly occurs through an autocatalytic mechanism.

The observed outcome was that while the systems were very closely related, subtle differences had significant effects on a reaction pathway. As stated by Philp, this highlights that it is extremely difficult to predict the effect of predetermined dynamic behaviour in these systems. The results obtained demonstrated that there is no clear correlation between what will lead to a self-replicating mechanism or towards an alternative pathway. It was, however, evident that the successful self-replicators in Philp’s set of systems were mainly generated from a furan with the substituent at the 3-position. Due to the lack of true predictability, this may not necessarily be the case for alternative systems with differing recognition sites. Therefore, while substitution pattern seems to be a significant factor in Philp’s self-replicators, it does not necessarily mean that the same results will be obtained from a different system design. With this in mind, it would be worthwhile investigating the outcome of the 2- and 3- substituted furan within alternative systems in order to gain more clarity. 

When considering the results obtained from the investigations by Philp and co-workers, the selection of a suitable click chemistry reaction for the use in a porphyrin system relies on several factors. Firstly, it would be ideal to utilise the pre-synthesised porphyrin species which have been accessed in large quantities and with optimised reactions, primarily either aminoporphyrin 33 or carbomethoxyporphyrin 51. This would minimise time required to optimise and scale up alternative porphyrin synthesis reactions. The reactive groups themselves must also be considered, as the reaction should not involve any charged or highly polar species. This is due to the necessary inclusion of bidentate chaperone ligands in the porphyrin system, and introduction of charged or polar fragments therefore adds the potential aspect of competition for co-ordination sites. It is therefore likely that the use of a [1,3] dipolar cycloaddition reaction is not a viable option for the system design. It would also be ideal for the reaction to generate a rigid and geometrically constrained dimer structure relative to the conformational freedom of the preceding ternary complex, leading to dissociation of the template duplex. Based on the research which has been previously conducted, some of which is mentioned above, it is evident that the system requirements can likely be obtained from a Diels-Alder reaction.
[bookmark: _Toc490552412][bookmark: _Toc490833960][bookmark: _Toc508276806]2.4.5. Porphyrin self-replication through a [4+2] Diels-Alder cycloaddition
The [4+2] Diels-Alder cycloaddition reaction leads to the formation of a new 6-membered ring, resulting in geometric change in the product formed relative to the feedstock materials.62,63 By exploiting this function within a self-replicating reaction, it is possible to design a system that will readily form a ternary complex whose stability and conformational freedom will be far greater than that of the corresponding product duplex, resulting in destabilisation and subsequent duplex dissociation.

For the incorporation within a porphyrin system, it would be desirable for the reactive starting materials to have minimal flexibility and low levels of orientational freedom, in order to minimise the possibility of unwanted [A.B] complex formation. This can be readily achieved through the use of cyclised diene and dienophile active sites, resulting in endo or exo isomer product formation (Figure 2.29). While it is not the primary objective to achieve selectivity of the isomers in the system, it would be interesting to observe if a self-replicating mechanism lead to the enhancement of one isomer over the other. This would, in turn, shed light on the preferred ternary complex conformation, hopefully providing further insight on how to design a successful replicating system.




Figure 2.29 General Diels-Alder mechanism for reaction of furan with maleimide, displaying the possible endo- and exo- stereochemical product outcomes.

In order for a Diels-Alder reaction to proceed successfully, the selection of diene and dienophile is crucial. This is primarily a result of the effect of other substituents which surround the active sites.63,64 A maleimide was chosen as the dienophile fragment, with the two carbonyl groups providing a strong electron withdrawing effect. An N-substituted pyrrole was selected as a suitable diene, due to the weakly electron donating ability of the nitrogen, enhancing the nucleophilic ability. As a further advantage, in both cases, it was envisaged that the diene and dienophile could be accessed directly through aminoporphyrin 33. The extreme case of charged species, shown in Figure 2.30, highlights the reason for selection of the reactive species.



Figure 2.30 Stabilisation of extreme charged species, with the diene positive charge stabilised on the hetrocyclic nitrogen, and the dienophile stabilised through negative charge on either of the carbonyl oxygens.

The synthesis of maleimide porphyrin 71 dienophile was initially conducted using maleic anhydride and aminoporphyrin 33 in DMF solvent.65 The reddish purple solution was stirred under nitrogen at room temperature for 16 hours, followed by the addition of acetic anhydride and the reaction maintained at reflux for a further 8 hours. Distillation and column chromatography, eluting with DCM, resulted in target maleimide porphyrin 71, with one carbonyl peak at 169.7 ppm in 13C NMR, and a singlet at 7.04 ppm in the 1H NMR, corresponding to two protons, confirming the isolation of the symmetrical maleimide moiety. However, while this approach was able to access the desired maleimide porphyrin 71, it was only able to generate the target porphyrin in disappointing and varying yields, ranging from 10-24%. Furthermore, a major side product of the reaction was acetamide porphyrin 36, which formed in a high yield (~ 50%) as a result of the necessary addition of acetic anhydride, which is used as an activating agent to aid the ring closing reaction (Scheme 2.30).



Scheme 2.30 Mechanism of maleic anhydride reaction with aminoporphyrin 33 to generate target maleimide porphyrin 71.

The low yield of product formed prompted the pursuit of alternative conditions, which could provide higher and more consistent yields. Therefore, the solvent was changed to acetic acid and no acetic anhydride added, which resulted in a significantly higher yield of 75% after silica column chromatography (Scheme 2.31). Furthermore, no acetamide porphyrin 36 was formed as a result of the milder reaction conditions used, and the poor electrophilic capacity of acetic acid. The mechanism involved in this case differs from the addition of acetic anhydride, as enhancement of carbonyl reactivity is achieved through coordination of the acidic proton of acetic acid to the carbonyl group, enhancing the electrophilicity at the carbonyl site.
.



Scheme 2.31 Simplified synthesis and purification of maleimide porphyrin 71 from aminoporphyrin 33 in high yield and with minimal acetamide porphyrin 36 side-product.

Attention was then focused towards accessing the selected pyrrolic porphyrin 72 diene through the Clauson-Kaas pyrrole synthesis reaction.66,67 Aminoporphyrin 33 and 2,5-dimethoxy THF were dissolved in acetic acid and stirred at reflux for 18 hours. Distillation of the solvent and purification by column chromatography resulted in an inseparable mixture of several porphyrins, including the target pyrrolic porphyrin 72. This was clearly observed through 1H NMR with multiple internal NH peaks seen in the -2.75 ppm region of the spectrum. It was suspected that the reaction might not have fully gone to completion and that the other porphyrins formed would likely be a due to a partial reaction between the amine and 2,5-dimethoxy THF. This was backed up by mass spectroscopy results, which provided 2 primary peaks (MALDI-TOF m/z = 679.4, 729.4) corresponding to the target compound and a key intermediate 73 (Scheme 2.32). It was hoped that the reaction could be forced to completion through maintaining the reagents at reflux for a longer duration; however repetition of the reaction for 36 hours saw analogous results with the formation of multiple inseparable porphyrin fragments.





Scheme 2.32 Reaction of aminoporphyrin 33 with dimethoxy THF, resulting in the formation of the inseparable pair of porphyrins: target pyrrole 72 and intermediate 73.

Due to the complication in purification of pyrrolic porphyrin 72, it was decided to target an alternative diene through a simple reaction with only one possible product formed. This would therefore eliminate any difficulties in isolating the desired product, without risk of contamination from side products or an incomplete reaction. This led to the targeting of a furan motif as the active diene component, which was primarily selected due to the many successful self-replicating systems which have been studied through the use of furans.68,69,6 Therefore, the reaction of the commercially available 2-furoyl chloride with aminoporphyrin 33 was conducted in anhydrous and inert conditions to give the target furan diene 74 in a good 80% yield (Scheme 2.33). The incorporation of the 3-subsituted furan motif onto the porphyrin unit was also considered for future investigation, in order to assess any potential differences between the position of the substituent and a successful replicating system.



Scheme 2.33 Synthesis of target furan porphyrin 74 from aminoporphyrin 33.

The synthesis of the Diels-Alder product of the reaction between diene 74 and dienophile 71 was then targeted by stirring the feedstock materials in chloroform in a variety of temperature, ranging from ambient conditions to reflux (Scheme 2.34). It was disappointing to discover that in all cases, no reaction occurred after maintaining the stirring solution for several days. The starting materials were subsequently recovered via column chromatography with no loss of mass of either porphyrin, indicating that the selected diene 74 and dienophile 71 are not compatible as a suitable pair of Diels-Alder reagents. 




Scheme 2.34 Attempted reaction between porphyrins 71 and 74 in CDCl3 at various temperatures, resulting only in the recovery of starting materials in all scenarios.

It was postulated that the lack of reactivity in the system could be due to the high electron withdrawing effect of the porphyrin. While this is positive with respect to the maleimide dienophile 71, due to lowering the energy of the LUMO π orbitals, the opposite is true for the furan diene 74. With respect to furan diene 74, it is advantageous to raise the energy of the HOMO orbitals by incorporating an electron donating group in order to achieve suitable orbital overlap between the HOMO of the diene and LUMO of the dienophile, to ensure a reaction will occur. Therefore, the inclusion of the amide group, which is conjugated to the furan ring of porphyrin diene 74, may be the reason for the observed lack of reactivity between diene 74 and dienophile 71, due to the electron withdrawing effect of the carbonyl reducing the electron density in the diene π orbitals. (Figure 2.31)


Figure 2.31 Strong electron withdrawing effect from diene 74 reduces electron density in amide carbonyl, resulting in enhanced electron donation from the conjugated furan. This lowers the energy of the diene HOMO p-orbitals and results in poor HOMO/LUMO overlap.

To understand if the porphyrin was having an effect of the reactivity of the furan, the reaction was investigated using a model nitrophenyl furan diene 75. The inclusion of the nitro group in the para position to the furan diene would suitably model the electron withdrawing effect from the porphyrin ring in porphyrin diene 74. Model nitrophenyl furan 75 was readily accessed under analogous conditions to furan porphyrin 74 in a 78% yield after column chromatography (Scheme 2.35). When model furan 75 was introduced to maleimide porphyrin, however, no reaction was observed. This was an informative and useful discovery as it indicated that the conjugation was clearly having a negative effect on the reactivity of the diene, and it would therefore be necessary to take this into consideration when designing an alternative diene species in future.


Scheme 2.35 Synthesis of model nitrophenyl furan diene 75. Subsequent reaction attempts between model dinene 75 with maleimide porphyrin 71 resulted in recovery of starting materials only.

[bookmark: _Toc490833961][bookmark: _Toc508276807][bookmark: _Toc490552413]2.5. Conclusions
[bookmark: _Toc490833962][bookmark: _Toc508276808]2.5.1. Findings and outcome of study
The pursuit of a self-replicating porphyrin system led to the synthesis and exploration of two zinc porphyrin dimers, amidoporphyrin dimer (Zn)53 and ester porphyrin dimer (Zn)56. While both porphyrins were synthesised through use of the highly reactive acid chloride porphyrin electrophile 52, the ester porphyrin dimer (Zn)56 was also accessed from the mixed pivalic anhydride porphyrin 54 (Scheme 2.36). This is an interesting finding in itself and could be highly advantageous for reactions requiring a stable electrophile with high levels of reactivity and purity, where the use of acid chloride porphyrin 52 would not be suitable. The binding studies undertaken with ester dimer (Zn)56 with monodentate and bidentate ligands suggested the formation of a weakly-bound duplex. Unfortunately, the template directed reactions did not induce a self-replicating mechanism, which suggests that ternary complex formation is considerably less favourable than that of the duplex. This was an unexpected finding when observing the association constants obtained through UV binding titrations. However, this can be rationalised by considering the unfavourable orientation of reactive sites in a ternary complex compared to duplex formation, which can be stabilised by the formation of a fully bound duplex in equilibria with a geometrically unstrained complex. Although the systems explored in this area of research did not lead to self-replication, it has provided valuable insight into the design requirements for future successful porphyrin replicators.



[bookmark: _Toc490833963]Scheme 2.36 Synthetic routes to porphyrin dimers (Zn)53 and (Zn)56.

In addition to the primary conclusions described above, there are several aspects of the research conducted within this project that should be considered in greater detail. Firstly, the design of the porphyrin system used through the primary studies of this research differs significantly to the previous self-replicating porphyrin designed within the Crossley group.7 Whilst the addition of porphyrin caps in Crossley’s system was determined to be sterically unfavourable in relation to formation of a self-replicating template, a suitable capped-template does remove the issue of supramolecular polymer formation through multi-directional binding, although rotation remains a potential issue. An alternative to caps may be to add a bulky group at the opposing phenyl group to the porphyrin active site, ensuring that rotational freedom is restricted; however, problems regarding a choice of binding directionality would still be present. An ideal scenario would be to design a system with complete directional and rotational control, which may include the incorporation of porphyrin caps in addition to a steric blocking group or secondary recognition motif (Figure 2.32). These considerations are significant when analysing the techniques used within this study to assess the formation of supramolecular polymers.






Figure 2.32 Porphyrin dimers for use as potential templates in self-replicating studies: a) A fully unhindered porphyrin (such as the ones used in this project) offers a large range of options for ternary complex formation, in addition to issues with supramolecular polymer formation; b) Crossley’s capped porphyrins prevent directional binding at opposing porphyrin faces, meaning only rotation freedom within a ternary complex may be problematic; c) A sterically hindered dimer prevents rotation within a ternary complex, however binding can still occur on either face of the porphyrin; d) A capped and hindered dimer prevents binding on opposing faces and does not allow for any rotation within a ternary complex, aligning reactive components perfectly for a self-replicating pathway.

The diffusion NMR experiments definitively confirm that no short chain polymers or oligomeric structures are formed in the sample solutions analysed, however, DOSY is limited by relaxation timescales. Therefore it is possible that large polymers may be a component in the equilibria porphyrin/ligand binding equilibria but are unseen due to the limitations of the technique, and no short-chain oligomers are formed at all. In order to gain a clearer understanding of the complex equilibria composition, further investigations could be conducted in order to visually observe the size of the complexes, e.g. through dynamic light scattering (DLS). This would provide a more conclusive proof that polymers are not formed as part of the porphyrin/ligand solution.

The binding investigations were thoroughly examined through UV titrations, however there is a significant difference in concentrations between these experiments (10-6 M porphyrin) and the NMR experiments and self-replicating studies (10-2 M porphyrin). It would therefore be sensible to conduct both binding and self-replicating experiments over a range of concentrations. In the context of binding studies, this could be readily achieved by conducting NMR and fluorescence titrations in the same manner as UV binding was studied. By utilising these additional techniques, it would indicate what effect concentration has on the porphyrin/ligand binding, with NMR studies being conducted at higher concentrations (~10-2 M) and fluorescence at lower concentrations (~10-9 M). This would likely impact the self-replication study itself, as understanding the ideal conditions to ensure replication is favourable is a critical aspect of achieving autocatalysis. If the concentration is too high, then supramolecular polymers may preferentially form due to the greater probability of a porphyrin binding to any free ligand. So in addition to conducting binding studies over a range of concentrations, initial self-replicating experiments could also be examined over a range of different concentrations. These points are certainly worthwhile considering as the investigation into achieving a porphyrin self-replicating system is developed.
[bookmark: _Toc508276809]2.5.2. Future work
In the context of the system studied within this research, several options for achieving self-replication remain to be explored. One possibility would be to change one of the substituents on the phenyl ring from the para to the meta position, giving the resulting porphyrin duplex a different geometry. This has the benefit of leading to a potentially more stable ternary complex, although it is possible that this could be detrimental, as it also affords a stronger duplex, with the further increased probability of [A.B] complex formation (Figure 2.33). The modification of substituent positions, however, is relatively trivial, now that the clear path to monofunctionalised porphyrin has been established through this research. Therefore investigations into this would be reasonably simple and provide useful information regarding complex stability if this idea were to be investigated. 




Figure 2.33 a) Formation of a more stable duplex due to the substitution of the benzyl alcohol in the meta position affording less steric crowding when the active sites are in close proximity (NOTE: duplex will maintain a similar geometry, leading to increased stability and less chance of dissociation); b) unwanted [A.B] complex formation is more likely with benzyl alcohol unit in the meta position.

An alternative to altering the substituent position would be to increase the reactivity of the active sites, whilst maintaining the general structural conformation of the feedstock and dimer materials, which may be a valid approach to alleviating the issue of poor reactivity. This was approached through the pursuit of hydrazine porphyrin 60 and benzylamine porphyrin 66 (Figure 2.34), although neither of the targeted porphyrins were successfully accessed.


Figure 2.34 Hydrazine porphyrin 60 and benzylamine porphyrin 66.

With this in mind, routes to a variety of functionalised benzyl porphyrins are currently under consideration with the view to focusing the next stages of study on systems of this nature. This could be achieved simply by tailoring the nucleophile to a more active species, although this would still maintain the issue of a large and bulky anhydride porphyrin (Zn)54 electrophile, which has additionally been shown to degrade over time. Therefore, modification of the electrophile would also be desirable. A prime example of this would be through the thiol-ene52 or thiol-yne70 radical reaction (Scheme 2.37), with a convenient route to benzyl thiol porphyrin possible from benzyl alcohol 55. The potential advantage of the thiol-yne reaction, over the thiol-ene, would be the greater level of rigidity in structure due to reduction of an alkyne to alkene, opposed to alkene to alkyl.




Scheme 2.37 Potential target systems, incorporating thiol click chemistry to generate a) thiol-ene and b) thiol-yne products.

It is envisaged that once self-replication has been established, the investigation into chemical evolution within a porphyrin system may be conducted. This would incorporate competition in the system. Combining the two ideas of changing the reactivity and geometries in a pool of porphyrin materials would be a very useful way of exploring dynamic replication further. For example, if utilising a thiol click chemistry approach, a catalogue of porphyrins with linkers that differ in length, position and/or substitution patterns could be assembled. Whilst all porphyrin partners will be able to react, the self-replication product should dominate. A simple test of determining what effect a self-replicating mechanism has on the dynamic system would be achieved simply by removing either the zinc centres from the porphyrins, or removal of the chaperone ligands from the mixture (Figure 2.35). This could be further examined by having a mixture of free-base and zincated porphyrin starting materials present, which should again amplify the self-replication product.



Figure 2.35 A dynamic library of porphyrin materials can be accessed, leading to a system which is capable of amplifying the self-replication product under suitable conditions.

A final approach to self-replication with porphyrins that was explored within this research was the use of a Diels-Alder reaction, although time constraints only allowed for preliminary investigations into this. The key findings that were drawn determined that while the dienophile maleimide porphyrin 71 would be a suitable candidate for the Diels-Alder reaction (Figure 2.36), the diene furan porphyrin 74 was not compatible due to conjugation of the furan with amide bond, resulting in a strong electron withdrawing effect. In order to raise the energy of the diene HOMO orbitals, it is highly likely that a non-conjugated furan would need to be targeted.



Figure 2.36 Porphyrins, dienophile maleimide 71 and diene furan 74, previously accessed within this research.

Based on the findings obtained through the studies into porphyrin Diels-Alder reactions and self-replication studies, future work into accessing a suitable diene for use in a porphyrin based self-replicating Diels-Alder reaction could be reached from several different pathways, based on the materials accessed in these studies alone. One approach involves use of the aminoporphyrin 33 as a nucleophile, while targeting a suitable furan electrophile. The low levels of nucleophilicity previously observed using amine 33 suggests that this route would require a highly reactive electrophilic furan species in order to achieve the desired coupling reaction. Philp has previously demonstrated the ease of access of highly electrophilic 2- and 3- substituted furans, from their corresponding stable starting materials, which react well with conjugated amines.60,71 This approach is a viable option for accessing a non-conjugated amidofuran porphyrin diene (Scheme 2.38). Furthermore, the porphyrin Diels-Alder pair would correspond with successful self-replicators achieved by Philp, albeit with a vastly different recognition motif.58



Scheme 2.38 i) Route to a viable amidofuran porphyrin diene for Diels-Alder reactions; ii) and iii) Reagents and conditions for accessing acid-halide furans outlined by Philp et. al.60,71

An alternative to the use of aminoporphyrin 33 as a weak nucleophile could be carboxyporphyrin 39, which can be converted to the highly electrophilic acid chloride porphyrin. Subsequent introduction of a desired furyl alcohol nucleophile would provide the target diene through a simple acid chloride substitution reaction (Scheme 2.39). This approach to accessing porphyrin species has proved highly successful within this project, notably for the synthesis of amidoporphyrin dimer 53 and ester porphyrin dimer 56, and would be worth considering.




Scheme 2.39 A route to non-conjugated furan substituted porphyrins utilising a simple substitution reaction with acid chloride porphyrin 52, previously demonstrated with various nucleophiles.

Both of the above suggestions have the potential of forming a suitable porphyrin diene which would be compatible for use in the cycloaddition reaction with dienophile maleimide porphyrin 71. This would have a realistic chance of operating via a self-replicating mechanism, based on the results observed through research previously conducted in the area of cycloaddition-based replication.54,56,72 The research and ideas for continuation of the studies detailed within this Chapter describe a fraction of the potential for future research into porphyrin based replicating systems. The option for further exploration into replication utilising porphyrins is truly vast, with an extensive array of other molecular scaffolds available which are yet to be investigated. This makes the prospect of new discovery, and understanding in replication and the evolutionary process, an exciting and achievable reality.

[bookmark: _Toc490833964][bookmark: _Toc508276810][bookmark: _Toc490552435]2.6. Experimental
[bookmark: _Toc490833965][bookmark: _Toc508276811]2.6.1. General Considerations 
All reactions were conducted in oven-dried glassware under ambient conditions, with solvents distilled through the Grubbs drying system, unless otherwise stated. All reagents were used as supplied or purified using standard laboratory techniques according to the methods published in “Purification of Laboratory Chemicals” by Perrin, Armarego and Perrin (Pergamon Press, 1966).

Thin layer chromatography (TLC) was performed on aluminium backed plates pre-coated with silica (0.2 mm, Merck DC-alufolien Kieselgel 60 F254) or aluminium oxide (0.2 mm, Fluka DC-alufolien Aluminiumoxid 06408) which were developed using standard visualising agents: Ultraviolet light, potassium permanganate, or visually (for porphyrin compounds). Flash chromatography was performed on silica gel (Geduran Silica Gel 60 43-60) or aluminium oxide (Acros aluminium oxide, basic, Brockmann I 50-200). 

1H NMR spectra were recorded on a Bruker AV3HD-400 (400 MHz), supported by an Aspect 3000 data system. Chemical shifts are reported in ppm from trimethylsilane, with the residual protic solvent resonance as the internal standard (δ: CHCl3, 7.27 ppm; d6-DMSO, 2.50 ppm). 13C NMR spectra were recorded on a Bruker AV3HD-400 (100.6 MHz) with complete proton decoupling. Chemical shifts are reported in ppm from trimethylsilane with the solvent as the internal reference (δ: CDCl3, 77.0 ppm; d6-DMSO, 39.5 ppm). 19F NMR spectra were recorded on a Bruker AV3HD-400 (376.5 MHz). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet, br = broad, m = multiplet), coupling constant (Hz) and integration. The NMR spectra were analysed using Topspin 3.0 NMR software. DOSY and diffusion NMR experiments were run using a Bruker Avance III 400 (400 MHz) spectrometer, supported by an Aspect 3000 data system. Diffusion NMR experiments were performed, and the results analysed, using TopSpin 2.0 Version 2.0.0.

Infrared (IR) spectra were recorded on a Perkin Elmer Paragon 100 FTIR spectrophotometer, with νmax in cm-1. Samples were recorded as thin films from a DCM solution using sodium chloride plate, unless otherwise stated, and spectra analysed with Spectrum100 software. Bands are characterised as broad (br), strong (s), medium (m) or weak (w).

Mass spectra were performed on a MicroMass LCT, operating in Electrospray Ionisation (ES), Electron Ionisation (EI) or Matrix Assisted Laser Desorption Ionisation (MALDI).

The ultraviolet (UV) absorbance was recorded on an Analytik Jena AG Specord s600 UV/Vis Spectrometer and analysed using its attached Software (WinASPECT). GraphPad Prism 6 and 7 software was used to process the UV data generated.
[bookmark: _Toc490552436][bookmark: _Toc490833966][bookmark: _Toc508276812]2.6.2. Synthetic Procedures
[bookmark: _Toc490552437]
General procedure 1: Insertion of zinc into porphyrin
Free-base porphyrin (1 eq.) was dissolved in chloroform and stirred. Zinc acetate dihydrate (2 eq. per porphyrin ring) was added and the solution heated to reflux for 1 hour. The solution was washed with water, the organic layers collected, dried with magnesium sulfate and filtered with DCM. Upon removal of solvent, the title zinc porphyrin was obtained as a purple solid.

Synthesis of 5,10,15,20-tetraphenylporphyrin (TPP) 3110




Freshly distilled pyrrole (22.21 mL, 320 mmol) and benzaldehyde (32.63 mL, 320 mmol) were added to refluxing propionic acid (1200 mL) and the reaction maintained under reflux for 30 minutes. Upon cooling to room temperature the solid porphyrin was filtered from the reaction and washed with methanol to yield TPP 31 as a purple solid (11.12 g, 23%).

1H NMR (400 MHz, CDCl3): δ 8.88 (s, 8H), 8.28 (dd, 8H, J = 7.5 Hz, 2.0 Hz), 7.83-7.77 (m, 12H), -2.71 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 142.2, 134.6, 131.2, 127.8, 126.7, 120.2; ES-MS: m/z [MH+] expected for C44H31N4: 615, found: 615; FTIR (cm-1): 3322 (w), 3060 (m), 1597 (m), 1444 (m); UV absorbance (DCM) λ (nm): 417 (Soret), 514, 548, 589, 645 (Q bands); m.p. > 300 ˚C

Synthesis of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin 3211




TPP 31 (10 g, 16.27 mmol) was dissolved in TFA (100 mL) to which sodium nitrite (1.80 g, 26.03 mmol) was added. The reaction mixture was stirred for 2.75 minutes at room temperature then poured onto water (500 mL). The porphyrin material was partitioned into DCM and the organic layers combined and washed with saturated sodium hydrogen carbonate, before being dried over magnesium sulfate. The crude product was purified by silica gel column (2 batches of 5 g) eluting with 1:1 DCM/petroleum ether. Unreacted TPP 31 (4.615 g) was recovered first followed by nitroporphyrin 32 as a purple solid (4.04 g, 38%).

1H NMR (400 MHz, CDCl3) δ 8.92 (d, 2H, J = 5.0 Hz), 8.89 (s, 4H), 8.77 (d, 2H, J = 5.0 Hz), 8.67 (d, 2H, J = 8.5 Hz), 8.43 (d, 2H, J = 8.5 Hz), 8.24 (dd, 6H, J = 8.0 Hz, 1.0 Hz)), 7.84-7.76 (m, 9H), -2.77 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 149.3, 147.1, 141.9, 141.9, 135.2, 134.6, 127.9, 126.8, 121.9, 121.1, 120.7, 116.6; ES-MS: m/z [MH+] expected for C44H30N5O2: 660, found: 660; FTIR (cm-1): 3303 (w), 3025 (s), 1519 (m), 1446 (m), 1350 (s), 1267 (s); UV absorbance (DCM) λ (nm): 419 (Soret), 515 550, 590, 646 (Q bands); m.p. > 300 ˚C

Synthesis of zinc 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin (Zn)32




Following general procedure 1, nitroporphyrin 32 (0.10 g, 0.15 mmol) and zinc acetate dihydrate (0.13 g, 0.61 mmol) were refluxed in chloroform (20 mL) to yield zinc nitroporphyrin (Zn)32 as a purple solid (0.11 g, 99%).

1H NMR (400 MHz, CDCl3) δ 9.02 (d, 2H, J = 4.5 Hz), 8.99 (s, 4H), 8.87 (d, 2H, J = 4.5 Hz), 8.66 (d, 2H, J = 8.5 Hz), 8.43 (d, 2H, J = 8.5 Hz), 8.25 (dd, 6H, J = 7.5 Hz, 1.0 Hz), 7.84-7.76 (m, 9H); 13C NMR (100.6 MHz, CDCl3) δ 150.6, 150.4, 150.3, 150.0, 149.1, 147.6, 142.6, 135.0, 134.4, 132.7, 132.4, 132.4, 132.3, 131.0, 127.7, 126.7, 122.0, 121.7 (×2), 117.7; ES-MS: m/z [MH+] expected for C44H27N5O2Zn: 722, found: 722; FTIR (cm-1): 3401 (br m), 3047 (w), 2919 (w), 1497 (w), 1596 (m), 1340 (m), 1191 (w), 1002.7 (m); UV absorbance (DCM) λ (nm): 419 (Soret) 549, 587 (Q bands); m.p. > 300 ˚C



Synthesis of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin 3311




Nitroporphyrin 32 (3.2 g, 4.85 mmol) was dissolved in 35% HCl (150 mL). To this was added tin (II) chloride (anhydrous) (2.76 g, 14.55 mmol), and the reaction mixture stirred under nitrogen for 1 hour at 65 ˚C. Upon cooling, DCM and water was added and the solution neutralized with ammonium hydroxide solution. The porphyrin material was extracted with DCM washes and filtered through Celite to aid separation, before the organic layers were combined and dried over magnesium sulfate. The crude product was purified by alumina column eluting with 10% petroleum ether in DCM to yield aminoporphyrin 33 as a purple solid (3.05 g, 79%).

1H NMR (400 MHz, CDCl3) δ 8.98 (d, 2H, J = 5.0 Hz), 8.88 (br s, 6H), 8.26 (dd, 6H, J = 8.0 Hz, 1.5 Hz), 8.03 (d, 2H, J = 8.0 Hz), 7.83-7.75 (m, 9H), 7.08 (d, 2H, J = 8.0 Hz), 4.03 (s, 2H), -2.72 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 146.0, 142.3, 142.3, 135.7, 134.6, 132.4, 127.7, 126.7, 120.9, 120.0, 119.8, 113.5; ES-MS: m/z [MH+] expected for C44H32N5: 630, found: 630; FTIR (cm-1): 3299 (br w), 3057 (m), 1592 (w), 1425 (m), 1266 (s); UV absorbance (DCM) λ (nm): 420 (Soret), 518, 554, 593, 649 (Q bands); m.p. > 300 ˚C



Synthesis of zinc 5-(4-aminophenyl)-10,15,20-triphenylporphyrin (Zn)33




Following general procedure 1, aminoporphyrin 33 (3.00 g, 4.76 mmol) and zinc acetate dihydrate (4.18 g, 19.06 mmol) were refluxed in chloroform (100 mL) to yield zinc aminoporphyrin (Zn)33 as a purple solid (3.30 g, 90%).

1H NMR (400 MHz, d6-DMSO) δ 8.92 (d, 2H, J = 4.5 Hz), 8.75 (m, 6H), 8.18 (m, 6H), 7.84 (d, 2H, J = 8.5 Hz), 7.83-7.78 (m, 9H), 6.98 (d, 2H, J = 8.5 Hz), 5.49 (s, 2H); 13C NMR (100.6 MHz, d6-DMSO) δ 150.6, 149.7 (× 2), 149.5, 148.6, 143.3 (× 2), 135.7, 134.6, 132.5, 132.0, 131.8, 131.6, 130.4, 127.9, 127.1, 122.5, 120.5, 120.2; MALDI-MS: m/z expected for C44H29N5Zn: 691, found: 691; FTIR (cm-1): 3250 (br w), 2926 (s), 1543 (m), 1466 (m), 1263 (w); UV absorbance (DCM) λ (nm): 421 (Soret), 549, 588 (Q bands); m.p. > 300 ˚C

Synthesis of N-acetoxysuccinimide 34




Acetic anhydride (2.46 mL, 26.07 mmol) was added to N-hydroxysuccinimide (1.00 g, 8.69 mmol) and the solution stirred under nitrogen at room temperature. After 16 h, the resulting solid was isolated by filtration and washed with hexane to yield N-acetoxysuccinimide 34 as a white solid (0.901 g, 66%).

1H NMR (400 MHz, CDCl3) δ 2.86 (d, 4H, J = 3.5 Hz), 2.36 (s, 3H); 13C NMR (100.6 MHz, CDCl3) δ 169.1, 165.6, 25.6, 17.6; EI-MS: m/z expected for C6H7NO4: 157, found: 157; FTIR (cm-1): 3231 (br w), 2944 (m), 1800 (m), 1756 (s), 1435 (w), 1385 (m), 1223 (m); m.p. 131-133 °C

Synthesis of pentafluorophenyl acetate 35




Acetic anhydride (0.77 mL, 8.15 mmol) was added to pentafluorophenol (0.5 g, 2.72 mmol) and the solution stirred under nitrogen at room temperature. After 16 h, the remaining acetic anhydride was removed by distillation under reduced pressure, forming a solid upon cooling to room temperature. The crude solid was purified by column chromatography, eluting with DCM/ petroleum ether (3:1), to yield pentafluorphenyl acetate 35 as a white powder (0.38 g, 62%).

1H NMR (400 MHz, CDCl3) δ 2.43 (3H, s); 13C NMR (100.6 MHz, CDCl3) δ 166.6, 141.1 (d, J = 251 Hz), 139.3 (d, J = 255), 138.2 (d, J = 256 Hz), 125.0, 19.9; 19F NMR (376.5 MHz, CDCl3) δ -152.8 (d, J = 18 Hz), -158.1 (t, J = 22 Hz), -162.4 (t, J = 19 Hz); EI-MS: m/z expected for C8H3F5O2: 226, found: 226; FTIR (cm-1): 3057 (m), 2988 (m), 1796 (m), 1525 (s), 1432 (w), 1357 (w), 1269 (s); m.p. 28°C



Synthesis of 5-(4-phenylacetamide)-10,15,20-triphenylporphyrin 36




Method 1 (Table 2.2: Entry 4, pp 2.15): To a stirring solution of aminoporphyrin 33 (0.10 g, 0.16 mmol) in DCM (anhydrous) (50 mL) was added acetic anhydride (17 μL, 0.17 mmol), followed by triethylamine (22 μL, 0.16 mmol), and the reaction maintained at room temperature under nitrogen. After 3 hours, the reaction was stopped and the organic phase washed with water, followed by saturated sodium chloride solution and dried with magnesium sulfate and filtered. The crude product was washed thoroughly with methanol and dried in vacuo to yield acetamideporphyrin 36 as a purple solid (81 mg, 76%). Method 2 (Table 2.2: Entry 5, pp 2.15): To a stirring solution of aminoporphyrin 33 (0.10 g, 0.16 mmol) in DCM (anhydrous) (50 mL) was added acetyl chloride (12 μL, 0.17 mmol), followed by triethylamine (22 μL, 0.16 mmol), and the reaction maintained at room temperature under nitrogen. After 30 minutes, the reaction was stopped and the organic phase washed with water, followed by saturated sodium chloride solution and dried with magnesium sulfate and filtered. The crude product was purified by column chromatography eluting with 1% methanol in DCM to yield acetamideporphyrin 36 as a purple solid (58 mg, 54%).

1H NMR (400 MHz, CDCl3) δ 8.87 (m, 8H), 8.24 (dd, 6H, J = 7.5 Hz, 1.5 Hz), 8.20 (d, 2H, J = 8.0 Hz), 7.92 (d, 2H, J = 8.0 Hz), 7.81-7.75 (m, 9H), 7.51 (s, 1H), 2.39 (s, 3H), -2.75 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 168.6, 142.2, 138.1, 137.5, 135.1 (× 2), 131.2, 134.6, 127.7, 126.7, 120.2, 118.0, 24.8; ES-MS: m/z [MH+] expected for C46H34N5O: 672, found: 672; FTIR (cm-1): 3323, 3055, 2968, 1669, 1596, 1520, 1474, 1351, 967; UV absorbance (DCM) λ (nm): 418 (Soret), 515, 552, 590, 648 (Q bands); m.p. > 300 ˚C
Synthesis of 5-phenyldipyrromethane (5-PhDPM) 3715




Benzaldehyde (4.80 mL, 47.20 mmol) and pyrrole (20.10 mL, 289.00 mmol), were added to a round-bottom flask, protected from the light by aluminium foil, and the solution stirred under nitrogen for 5 minutes. TFA (0.2 mL, 2.60 mmol) was added to the mixture and the reaction stirred at room temperature for 30 minutes, before quenching with triethylamine (5 mL). Ethyl acetate was added and the organic layer washed with water, then dried with magnesium sulfate. The resulting crude oil was purified by bulb-to-bulb distillation to afford a thick orange oil, which crystallised slowly. The product was recrystallized twice from ethanol, yielding 5-PhDPM 37 as a pale yellow solid (2.74 g, 26%).

1H NMR (400 MHz, CDCl3) δ 7.92 (br s, 2H), 7.38-7.30 (m, 5H), 6.72 (m, 2H), 6.20 (q, 2H, J = 3.0 Hz), 5.96-5.94 (m, 2H), 5.50 (s, 1H); 13C NMR (100.6 MHz, CDCl3) δ 143.4, 132.6, 128.7, 128.5, 127.0, 117.4, 108.4, 107.3, 44.0; ES-MS: m/z [MH+] expected for C15H15N2: 223, found: 223; FTIR  (cm-1): 2936 (m), 1515 (m), 1249 (s); m.p. 101−103 °C

Synthesis of methyl 4-acetyl-5-oxohexanoate (ME-dione) 4022




To a stirring solution of methyl acrylate (72.50 mL, 800.00 mmol) and acetylacetone (82.15 mL, 800.00 mmol) was added potassium carbonate (1.1 g, 8.00 mmol).  The resulting mixture was heated at reflux for 3 hours before being cooled to room temperature and filtered through Celite. The filtrate distilled under reduced pressure to remove remaining starting material, yielding ME-dione 40 as an orange oil mixture of diketone/enol tautomers [3:2, 1H NMR] (135.94 g, 91%).

1H NMR (400 MHz, CDCl3) [Diketone] δ 3.74 (t, 1H, J = 7.0 Hz), 3.68 (s, 3H), 2.32 (t, 2H, J = 7.5 Hz), 2.21 (s, 6H), 2.16-2.14 (m, 2H); [Enol] δ 3.69 (s, 3H), 2.62-2.58 (m, 2H), 2.43-2.39 (m, 2H), 2.16 (s, 6H); 13C NMR (100.6 MHz, CDCl3) δ 203.1, 194.3, 173.2 (× 2), 109.0, 67.3, 53.2, 35.4, 31.8, 30.1, 23.5, 23.3; ES-MS: m/z [MH+] expected for C9H15O4: 187, found: 187; FTIR (cm-1): 3392 (br w), 2952 (m), 1752 (s), 1697 (s), 1583 (m), 1443 (m), 1375 (m), 1230 (m)

Synthesis of 3-hexylpentane-2,4-dione 4122




To a stirring solution of 1-iodohexane (140.00 g, 948.20 mmol) and acetylacetone (116.80 mL, 1137.83 mmol) in acetone (200 mL) was added potassium carbonate (131.05 g, 948.20 mmol).  The resulting mixture was heated at reflux for 20 h. The reaction mixture was cooled to room temperature, filtered, washed with acetone and the solvent removed in vacuo, repeating the procedure until all potassium carbonate was removed from the oil. The crude oil was distilled under reduced pressure to remove unreacted starting material, yielding hexyldione 41 as a pale yellow oil mixture of diketone/enol tautomers [7:2, 1H NMR] (102.39 g, 59%). 

1H NMR (400 MHz, CDCl3) [Diketone] δ 3.60 (t, 1H, J = 7.5 Hz), 2.16 (s, 6H), 1.83 (q, 2H, J = 8.0 Hz), 1.42-1.16 (m, 8H), 0.91-0.85 (m, 3H); [Enol] δ 2.19 (t, 2H, J = 7.0 Hz), 2.12 (s, 6H), 1.42-1.16 (m, 8H), 0.91-0.85 (m, 3H); 13C NMR (100.6 MHz, CDCl3) δ 204.5, 190.9, 172.3, 110.6, 69.0, 31.6, 31.5, 30.6, 29.3, 29.1, 29.0, 28.3, 27.6, 27.5, 25.6, 22.8, 22.6, 14.0 (× 2); ES-MS: m/z [MH+] expected for C11H21O2: 185, found: 185; FTIR (cm-1): 3412 (br w), 2960 (s), 2932 (s), 1700 (s), 1588 (m), 1425 (w), 1363 (s), 1219 (w)

Synthesis of benzyl-2,3-dione-2-oxime-butanoate 4222




To an ice-cold solution of benzyl acetoacetate (18 g, 93.60 mmol) in acetic acid (50 mL), a solution of sodium nitrite (7.75 g, 112.30 mmol) in water (20 mL) was added dropwise over a period of 30 minutes, at such a rate that the temperature did not rise above 10 ˚C. The solution was then allowed to warm to room temperature and stirred for 16 hours. Additional water (500 mL) was added and the solution basified with sodium nitrite. The solution was extracted with ethyl acetate, dried with magnesium sulfate and filtered before volatiles were removed in vacuo to yield oxime 42 as a honey yellow solid (18.4 g, 89 %).

1H NMR (400 MHz, CDCl3) δ 10.14 (br s, 1H), 7.43-7.33 (m, 5H), 5.37 (s, 2H), 2.40 (s, 3H); 13C NMR (100.6 MHz, CDCl3) δ 193.9, 161.6, 150.9, 134.5, 128.5, 128.3, 67.9, 25.4; ES-MS: m/z [M-] expected for C11H10NO4: 220, found: 220; FTIR (cm-1): 3325 (br m), 3069 (m), 2885 (w), 1747 (s), 1690 (s), 1457 (m), 1316 (s), 1235 (s); m.p. 79-80 °C



Synthesis of benzyl 4-2'-methoxycarbonylethyl-3,5,dimethylpyrrole-2-carboxylate (ME-pyrrole) 4322



In a 3 neck round bottom flask, sodium acetate (71.83 g, 875.98 mmol) was added to a stirring solution of ME-dione 40 (135.94 g, mmol) in acetic acid (200 mL). Zinc dust (95.47 g, 1460.01 mmol) and a solution of oxime 42 (161.48 g, 875.98 mmol) in acetic acid (100 mL) were then carefully added simultaneously, maintaining a temperature of 60 ˚C or less. The solution was maintained at 60 ˚C for 2 hours, before diluting with water (500 mL) and stirring continued for 1 hour at 60 ˚C. The suspension was poured over ice and stirred for 2 hours to yield a yellow precipitate. The crude solid was separated by filtration, and subsequently dissolved in DCM. The solution was filtered to remove zinc dust residue, the filtrate collected and solvent removed in vacuo. The yellow solid was re-precipitated from methanol at 0 ˚C, filtered, and washed with cold methanol to yield ME-pyrrole 43 as an off white solid (78.60 g, 34%).

1H NMR (400 MHz, CDCl3) δ 8.67 (s, 1H), 7.45-7.33 (m, 5H), 5.31 (s, 2H), 3.68 (s, 3H), 2.72 (t, 2H, J = 8.0 Hz), 2.44 (t, 2H, J = 7.5 Hz), 2.31 (s, 3H), 2.23 (s, 3H); 13C NMR (100.6 MHz, CDCl3) δ 174, 161, 137, 130, 129, 128 (× 3), 120, 117, 65, 52, 35, 20, 11 (× 2); ES-MS: m/z [MH+] expected for C18H22NO4: 316, found: 316; FTIR (cm-1): 3315 (br m), 3015 (w), 2957 (m), 1740 (s), 1665 (s), 1503 (m), 1441 (s), 1269 (s); m.p. 99-100 °C



Synthesis of benzyl 4-hexyl-3,5,dimethylpyrrole-2-carboxylate 4422




In a 3 neck round bottom flask, sodium acetate (53.45 g, 650.89 mmol) was added to a stirring solution of hexyldione 41 (100.00 g, 543.24 mmol) in acetic acid (200 mL). Zinc dust (106.57 g, 1629.72 mmol) and a solution of oxime 42 (131.41 g, 543.24 mmol) in acetic acid (100 mL) were then carefully added simultaneously, maintaining a temperature of 60 ˚C or less. The solution was maintained at 60 ˚C for 2 hours, before diluting with water (500 mL) and stirring continued for 1 hour at 60 ˚C. The suspension was poured over ice and stirred for 2 hours to yield a yellow precipitate. The crude solid was separated by filtration, and subsequently dissolved in DCM. The solution was filtered to remove zinc dust residue, the filtrate collected and solvent removed in vacuo. The yellow solid was re-precipitated from methanol at 0 ˚C, filtered, and washed with cold methanol to yield hexylpyrrole 44 as a pale yellow solid (57.74 g, 34%).

1H NMR (400 MHz, CDCl3) δ 8.52 (s, 1H), 7.45-7.34 (m, 5H), 5.31 (s, 2H), 2.36 (t, 2H, J = 7.5 Hz), 2.30 (s, 3H), 2.20 (s, 3H), 1.42 (quin, 2H, J = 7.5 Hz), 1.30 (m, 6H), 0.90 (t, 3H, J = 7.0 Hz); 13C NMR (100.6 MHz, CDCl3) δ 161.5, 136.7, 130.0, 128.5, 128.1, 128.0, 127.7, 122.6, 116.3, 65.4, 31.8, 30.9, 29.2, 24.0, 22.7, 14.1, 11.5, 10.8; ES-MS: m/z [MH+] expected for C20H28NO2: 314, found: 314; FTIR (cm-1): 3319 (br m), 3060 (w), 2961 (m), 1668 (s), 1503 (m), 1440 (s), 1378 (w), 1269 (s); m.p. 132-134 °C



Synthesis of benzyl 5-acetoxymethyl-4-2'-methoxycarbonylethyl-3-methylpyrrole-2-carboxylate (α-ME-pyrrole) 4522




To a solution of ME-pyrrole 43 (78.60 g, 249.24 mmol) in acetic acid (300 mL) was added lead tetraacetate (113.60 g, 274.16 mmol), and the mixture was stirred at room temperature for 16 hours. Acetic acid was removed by vacuum distillation and acetone was added to the resulting solid. White solid lead diacetate was removed by filtration and the volatiles in the resulting filtrate removed until 100 mL of acetone remained. The solution was cooled to 0 ˚C to achieve precipitation and the solid was filtered and washed with cold methanol to yield α-ME-pyrrole 45 as a sticky white solid (70.79 g, 76%).

1H NMR (400 MHz, CDCl3) δ 9.07 (s, 1H), 7.45-7.33 (m, 5H), 5.32 (s, 2H), 5.07 (s, 2H), 3.68 (s, 3H), 2.80 (t, 2H, J = 8.0 Hz), 2.48 (t, 2H, J = 7.0 Hz), 2.31 (s, 3H), 2.09 (s, 3H); 13C NMR (100.6 MHz, CDCl3) δ 173.2, 171.6, 161.0, 136.3, 128.7, 128.6, 128.2, 127.7, 126.6, 123.0, 119.1, 65.8, 56.9, 51.6, 35.1, 20.9, 19.2, 10.4; ES-MS: m/z [MH+] expected for C20H24NO6: 375, found: 375; FTIR   (cm-1): 3434 (br w), 3056 (m), 2988 (m), 1737 (m), 1700 (m), 1437 (w), 1370 (w),1266 (s); m.p. 110-112 °C



Synthesis of benzyl 5-acetoxymethyl-4-hexyl-3-methylpyrrole-2-carboxylate (α-hexylpyrrole) 4622




To a solution of hexylpyrrole 44 (55.00 g, 175.78 mmol) in acetic acid (200 mL) was added lead tetraacetate (79.99 g, 193.03 mmol), and the mixture was stirred at room temperature for 16 hours. Acetic acid was removed by vacuum distillation and acetone was added to the resulting solid. White solid lead diacetate was removed by filtration and the volatiles in the resulting filtrate removed until 100 mL of acetone remained. The solution was cooled to 0 ˚C to achieve precipitation and the solid was filtered and washed with cold methanol to yield α-hexylpyrrole 46 as a pale yellow solid (20.04 g, 31%).

1H NMR (400 MHz, CDCl3) δ 9.07 (s 1H), 7.45-7.35 (m, 5H), 5.33 (s, 2H), 5.03 (s, 2H), 2.44 (t, 2H, J = 8.0 Hz), 2.30 (s, 3H), 2.08 (s, 3H), 1.45 (quin, 2H, J = 8.0 Hz), 1.35-1.27 (m, 6H), 0.90 (t, 3H, J = 7.0 Hz); 13C NMR (100.6 MHz, CDCl3) δ 171.6, 161.2, 136.4, 128.7, 128.6, 128.2, 127.2, 126.8, 125.2, 118.9, 65.7, 57.0, 31.7, 31.3, 29.1, 23.9, 22.7, 20.9, 14.1, 10.5; ES-MS: m/z [MH+] expected for C22H30NO4: 372, found: 372; FTIR (cm-1): 3309 (br m), 3045 (w), 2960 (m), 1706 (s), 1665 (s), 1503 (w), 1456 (m), 1381 (m), 1244 (s); m.p. 117-119 °C



Synthesis of dibenzyl 3,3' - di - (2 - methoxycarbonylethyl) - 4,4' - dimethyldipyrromethane - 5,5' -dicarboxylate (ME-DPM) 4722




A solution of stirring α-ME-pyrrole 45 (70.00 g, 187.47 mmol) in methanol (200 mL) and HCl (2 mL) was refluxed for 2 hours. Solid precipitate formed upon cooling to room temperature, which was filtered and washed with cold methanol to yield ME-DPM 47 as a white powder solid (35.04 g, 30%).

1H NMR (400 MHz, CDCl3) δ 9.30 (s, 2H), 7.39-7.30 (m, 10H), 5.26 (s, 4H), 3.98 (s, 2H), 3.61 (s, 6H), 2.79 (t, 4H, J = 7.0 Hz), 2.52 (t, 4H, J = 7.5 Hz), 2.31 (s, 6H); 13C NMR (100.6 MHz, CDCl3) δ 174, 161, 136, 131, 128 (× 3), 127, 120, 118, 66, 52, 34, 22, 19, 11; ES-MS: m/z [MH+] expected for C35H39N2O8: 615, found: 615; FTIR (cm-1): 3312 (br m), 3031 (w), 2954 (m), 1737 (s), 1687 (s), 1503 (m), 1441 (s), 1248 (s); m.p. 96-97 °C

Synthesis of dibenzyl 3,3'-dihexyl-4,4'-dimethyldipyrromethane-5,5'-dicarboxylate (hexyl-DPM) 4822




A solution of stirring α-hexylpyrrole 46 (18.00 g, 48.46 mmol) in methanol (100 mL) and HCl (1 mL) was refluxed for 2 hours. Solid precipitate formed upon cooling to room temperature, which was filtered and washed with cold methanol to yield hexyl-DPM 48 as a white powder solid (6.82 g, 46%).

1H NMR (400 MHz, CDCl3) δ 8.85 (s, 2H), 7.39-7.30 (m, 10H), 5.26 (s, 4H), 3.83 (s, 2H), 2.37 (t, 4H, J = 8.0 Hz), 2.29 (s, 6H), 1.39 (quin, 4H, J = 7.0 Hz), 1.29 (m, 12H), 0.89 (t, 6H, J = 7.0 Hz); 13C NMR (100.6 MHz, CDCl3) δ 161.6, 136.4, 129.7, 128.5, 128.0, 127.9, 127.7, 123.0, 117.5, 65.6, 31.8, 31.0, 29.3, 24.2, 23.2, 22.7, 14.1, 10.8; ES-MS: m/z [MH+] expected for C39H51N2O4: 611, found: 611; FTIR (cm-1): 3315 (br m), 3015 (w), 2932 (s), 1653 (s), 1500 (m), 1450 (s), 1272 (s); m.p. 132-134 °C

Synthesis of 5-​(4-​carbomethoxypheny​l)​-​10,​15,​20-​triphenylporphyrin 51




Method 1: Freshly distilled pyrrole (6.64 mL, 67.01 mmol), benzaldehyde (6.13 mL, 58.63 mmol) and 4-carbomethoxybenzaldehyde (2.75 g, 16.75 mmol) were added to refluxing propionic acid (500 mL) and the reaction maintained under reflux for 2 hours. The dark mixture was cooled to 0 ˚C, methanol (50 mL) added, and the solid porphyrin precipitate filtered and washed with ice cold methanol. The crude solid was purified by column chromatography eluting with 10% petroleum ether in DCM, yielding TPP 31 as the first fraction (0.12 g), followed by carbomethoxyporphyrin 51 as a purple solid (0.45 g, 4%). Method 2: Freshly distilled pyrrole (6.64 mL, 67.01 mmol), benzaldehyde (6.13 mL, 58.63 mmol) and 4-carbomethoxybenzaldehyde (2.75 g, 16.75 mmol) were added to refluxing propionic acid (500 mL) and the reaction maintained under reflux for 2 hours. Propionic acid was then removed by distillation under reduced pressure to yield a black tar. The crude tar was dissolved in minimal 10% petroleum ether in DCM and loaded onto a silica column, eluting with 10% petroleum ether in DCM, recovering pure TPP 31 (1.07 g) followed by impure porphyrin 51. The impure product was further purified by column chromatography eluting with 10% petroleum ether in DCM to yield carbomethoxyporphyrin 51 as a purple solid (1.60 g, 14%).

1H NMR (400 MHz, CDCl3) δ 8.88 (m, 6H), 8.81 (d, 2H, J = 5.0 Hz), 8.47 (d, 2H, J = 8.5 Hz), 8.33 (d, 2H, J = 8.5 Hz), 8.24 (dd, 6H, J = 8.0 Hz, 2.0 Hz), 7.82-7.76 (m, 9H), 4.14 (s, 3H), -2.75 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 167.4, 147.1, 142.1 (× 2), 134.6 (× 2), 131.3, 129.6, 128.0, 127.8, 126.8, 120.6, 120.4, 118.6, 52.4; ES-MS: m/z expected for C43H32N4O2: 672, found: 672; FTIR (cm-1): 3403 (w), 3062 (w), 2916 (w), 1725 (s), 1562 (m), 1445 (m), 1315 (w), 1281 (s); UV absorbance (DCM) λ (nm): 418 (Soret), 515, 548, 589, 645 (Q bands); m.p. > 300 °C

Synthesis of 5-​(4-​carboxypheny​l)​-​10,​15,​20-​triphenylporphyrin 39




Carbomethoxyporphyrin 51 (1.60 g, 2.37 mmol) was dissolved in THF (100 mL), to which a solution of potassium hydroxide (2 M, 100 mL) was added and the reaction mixture stirred at reflux for 16 hours. THF was removed in vacuo and the aqueous solution acidified with concentrated HCl until pH2. DCM was then added and the organic layer extracted and neutralised with saturated sodium hydrogen carbonate. The organic layer was recovered, dried over magnesium sulfate and filtered to yield carboxyporphyrin 39 as a purple solid (1.52 g, 97%).

1H NMR (400 MHz, CDCl3) δ 8.91 (d, 2H, J = 4.5 Hz), 8.88 (s, 4H), 8.83 (d, 2H, J = 5.0 Hz), 8.54 (d, 2H, J = 8.0 Hz), 8.38 (d, 2H, J = 8.5 Hz), 8.25 (dd, 6H, J = 8.0 Hz, 1.5 Hz), 7.82-7.76 (m, 9H), -2.76 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 172.2, 141.9, 134.5, 130.6, 128.5, 128.1, 127.7, 126.7, 120.5, 120.3, 118.7; ES-MS (MH+): m/z [MH+] expected for C45H31N4O2: 659, found: 659; FTIR (cm-1): 3309 (w), 3053 (w), 2922 (s), 1715 (m), 1559 (w), 1469 (m), 1266 (m); UV absorbance (DCM) λ (nm): 418 Soret), 515, 550, 588, 646 (Q bands); m.p. > 300 °C

Synthesis of zinc 5-​(4-​carboxypheny​l)​-​10,​15,​20-​triphenylporphyrin (Zn)39




Following general procedure 1, carboxyporphyrin 39 (0.30 g, 0.76 mmol) and zinc acetate dihydrate (0.67 g, 3.03 mmol) were refluxed in chloroform (20 mL) to yield zinc carboxyporphyrin (Zn)39 as a purple solid (0.32 g, 97%).

1H NMR (400 MHz, CDCl3) δ 8.97 (br s, 8H), 8.55 (br s, 2H), 8.35 (br s, 2H), 8.29-8.16 (m, 6H), 7.83-7.70 (m, 9H); 13C NMR (100.6 MHz, CDCl3) δ 171.4, 150.1, 150.0 (×2), 149.5, 147.7, 143.2, 134.4, 131.8, 131.7, 131.6, 131.2, 128.5, 127.8, 127.2, 126.3, 120.8, 120.7, 119.4; MALDI-MS: m/z expected for C45H28N4O2Zn: 720, found: 720; FTIR (cm-1): 3213 (br s), 2920 (m), 1684), 1605 (m), 1423 (m), 1290 (m); UV absorbance (DCM) λ (nm): 419 (Soret), 549, 585 (Q bands); m.p. > 300 °C
Synthesis of 4-(10,15,20-triphenylporphyrin)-N-(4-(10,15,20-triphenylporphyrin) phenyl)benzamide (amidoporphyrin dimer) 53




To a stirring solution of carboxyporphyrin 39 (0.50 g, 0.76 mmol) in toluene (20 mL) was added thionyl chloride (0.69 mL, 9.47 mmol), and the mixture heated to reflux under nitrogen. After 1 hour the solvent was removed and the resulting green acid chloride porphyrin 52 dissolved in DCM (20 mL). The solution was stirred under nitrogen at room temperature and aminoporphyrin 33 (0.43 g, 0.68 mmol) was added, followed by triethylamine (0.11 mL, 0.76 mmol). The reaction was stirred for 30 mins, after which time water was added and the organic layer extracted, dried over magnesium sulfate and filtered. The crude solid was purified by column chromatography eluting with 2:1:1 petroleum ether/DCM/ethyl acetate to yield amidoporphyrin dimer 53 as a purple solid (0.63 g, 73%).

1H NMR (400 MHz, CDCl3) δ 9.00 (d, 2H, J = 4.5 Hz), 8.97 (m, 14H), 8.53 (s, 1H), 8.50 (m, 4H), 8.36 (d, d, 2H, J = 8.5 Hz), 8.28-8.23 (m, 14H), 7.84-7.77 (m, 18H), -2.70 (s, 4 H); 13C NMR (100.6 MHz, CDCl3) δ 169.3, 146.1 (×2), 142.1, 142.0, 134.7, 134.6, 132.6, 131.3, 131.2, 128.0, 127.8 (×2), 126.7, 125.7, 120.6, 120.4, 118.4; MALDI-MS: m/z expected for C89H59N9O: 1269, found: 1269; FTIR (cm-1):  3316 (w), 3059 (w), 3021 (w), 2360 (w), 1722 (m), 1598 (m), 1473 (m), 1397 (w), 1275 (m); UV absorbance (DCM) λ (nm): 420 (Soret), 514, 549, 589, 646 (Q bands); m.p. > 300 ˚C

Synthesis of zinc 4-(10,15,20-triphenylporphyrin)-N-(4-(10,15,20-triphenylporphyrin)phenyl)benzamide (zinc amidoporphyrin dimer) (Zn)53




Following general procedure 1, amidoporphyrin dimer 53 (0.50 g, 0.39 mmol) and zinc acetate dihydrate (0.68 g, 3.09 mmol) were refluxed in chloroform (20 mL) to yield zinc amidoporphyrin dimer (Zn)53 (0.52 g, 96%).

1H NMR (400 MHz, CDCl3) δ 9.10 (d, 2H, J = 4.5 Hz), 9.06-8.98 (m, 14H), 8.51 (s, 1H), 8.47 (d, 2H, J = 8.0 Hz), 8.38 (d, 2H, J = 8.0 Hz), 8.34 (d, 2H, J = 8.5 Hz), 8.29-8.25 (m, 12H), 8.16 (d, 2H, J = 8.5 Hz), 7.83-7.76 (m, 18H); 13C NMR (100.6 MHz, CDCl3) δ 169.2, 150.0, 149.5, 149.4, 143.3, 143.2, 134.9, 134.5, 131.9, 131.7, 131.6, 131.1, 128.7, 128.5, 127.5, 127.2 (×2), 126.3, 120.7, 120.6, 118.9, 118.4; MALDI-MS: m/z expected for C89H55N9OZn2: 1393, found: 1393; FTIR (cm-1): 3440 (w), 3056 (w), 3025 (w), 2925 (w), 1660 (m), 1596 (s), 1486 (s), 1339 (s), 1205 (m); UV absorbance (DCM) λ (nm): 422 (Soret) 548, 589 (Q bands); m.p. > 300 ˚C



Synthesis of trimethylacetyl 5-​(4-​carboxypheny​l)​-​10,​15,​20-​triphenylporphyrin anhydride 54




Carboxyporphyrin 39 (0.35 g, 0.53 mmol) and trimethyl acetylchloride (72 μL, 0.58 mmol) were stirred in a 2 neck round bottom flask in DCM (anhydrous) (50 mL) under nitrogen. 1-ethylpiperidine (73 μL, 0.53 mmol) was injected by syringe and the solution maintained under nitrogen at room temperature for 30 minutes. The organic phase was then washed with water and saturated sodium chloride, dried over magnesium sulfate and filtered. The crude solid was purified by column chromatography eluting with DCM to yield anhydride porphyrin 54 as a purple solid (0.16 g, 42%).

1H NMR (400 MHz, CDCl3) δ 8.91-8.86 (m, 6H), 8.80 (d, 2H, J = 5.0 Hz), 8.47 (d, 2H, J = 8.0 Hz), 8.38 (d, 2H, J = 8.5 Hz), 8.24 (dd, 6H, J = 7.5 Hz, 1.5 Hz), 7.82-7.76 (m, 9H), 1.52 (s, 9H), -2.76 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 173.9, 162.8, 148.7, 142.0, 134.9, 131.5, 128.7, 127.8, 126.7, 120.7, 120.5, 117.9, 29.7, 26.8; ES-MS (MH+): m/z [MH+] expected for C50H38N4O3: 743, found: 743; FTIR (cm-1): 3412 (br s), 3063 (w), 2926 (m) 2863 (m), 1750 (s), 1697 (s), 1457 (m), 1313 (w), 1266 (m); UV absorbance (DCM) λ (nm): 419 (Soret), 515, 5489, 591, 650 (Q bands); m.p. > 300 ˚C



Synthesis of zinc trimethylacetyl 5-​(4-​carboxypheny​l)​-​10,​15,​20-​triphenylporphyrin anhydride (Zn)54




Zinc carboxyporphyrin (Zn)39 (0.30 g, 0.42 mmol), potassium carbonate (63 mg, 0.46 mmol) and trimethylacetyl chloride (55 μL, 0.46 mmol) were stirred in a 2 neck round bottom flask in DCM (20 mL) under nitrogen. 1-ethylpiperidine (52 μL, 0.46 mmol) was added by syringe and the solution maintained under nitrogen at room temperature for 30 minutes. The organic phase was then washed with water and saturated sodium chloride, dried over magnesium sulfate and filtered. The crude solid was purified by column chromatography eluting with DCM to yield zinc anhydride porphyrin (Zn)54 as a purple solid (0.21 g, 63%).

1H NMR (400 MHz, CDCl3) δ 9.02 (d, 2H, J = 4.5 Hz), 9.00 (s, 4H), 8.92 (d, 2H, J = 4.5 Hz), 8.48 (d, 2H, J = 8.5 Hz), 8.40 (d, 2H, J = 8.5 Hz), 8.26 (dd, 6H, J = 7.5 Hz, 1.5 Hz), 7.83-7.76 (m, 9H), 1.54 (s, 9H); 13C NMR (100.6 MHz, CDCl3) δ 174.0, 162.9, 149.4, 142.6, 134.8, 131.4, 128.9, 127.6, 126.6, 121.8, 121.5, 119.0, 30.9, 26.8; MALDI-MS: m/z expected for C50H36N4O3Zn: 804, found: 804; HRMS (MALDI): m/z expected for C50H36N4O3Zn: 804.2079, found: 804.2032; FTIR (cm-1): 3316 (w), 3056 (w), 2973 (w), 1802 (s), 1742 (m), 1604 (m), 1473 (m), 1241 (m); UV absorbance (DCM) λ (nm): 420 (Soret) 547, 587 (Q bands); m.p. > 300 ˚C



Synthesis of 5-​(4-​phenylmethanol)​-​10,​15,​20-​triphenylporphyrin 55




To an ice cold solution of carbomethoxyporphyrin 51 (1.00 g, 1.48 mmol) in THF (anhydrous) (20 mL) was added lithium aluminium anhydride (0.23 g, 5.94 mmol), and the stirring solution maintained at 0 ˚C. After 30 minutes, the reaction was quenched with dilute HCl and filtered, and the organic solvent removed in vacuo. The resulting green slurry was then dissolved in DCM and washed with dilute HCl, followed by NaHCO3, then dried with MgSO4. The crude solid was purified by column chromatography eluting with 2% methanol in DCM to yield benzyl alcohol porphyrin 55 as a purple solid (0.65 g, 69%).

1H NMR (400 MHz, CDCl3) δ 8.89 (s, 8H), 8.27-8.23 (m, 8H), 7.82-7.75 (m, 11H), 5.07 (d, 2H, J = 5.0 Hz), -2.72 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 142.2, 141.6, 140.3, 134.8, 134.6, 131.1, 127.7, 126.7, 125.3, 120.2 (× 2), 119.8, 65.4; ES-MS: m/z [MH+] expected for C45H32N4O: 645, found: 645; FTIR (cm-1): 3318.6 (w), 3052 (w), 3028 (w), 1597 (w), 1472 (m), 1350 (m), 1177 (w); UV absorbance (DCM) λ (nm): 418 (Soret), 514, 550, 591, 648 (Q bands); m.p. > 300 ˚C



Synthesis of zinc 5-​(4-​phenylmethanol)​-​10,​15,​20-​triphenylporphyrin (Zn)55




Following general procedure 1, benzyl alcohol porphyrin 55 (0.15 g, 0.23 mmol) and zinc acetate dihydrate (0.20 g, 0.93 mmol) were refluxed in chloroform (20 mL) to yield zinc benzyl alcohol porphyrin (Zn)55 (0.16 g, 99%).

1H NMR (400 MHz, CDCl3) δ 8.98-8.94 (m, 8H), 8.24 (dd, 6H, J = 7.5 Hz, 1.5 Hz), 8.22 (d, 2H, J = 8.0 Hz), 7.81-7.71 (m, 9H), 7.68 (d, 2H, J = 8.0 Hz), 4.94 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 142.8, 142.2, 139.9, 134.6, 134.4, 132.0, 131.9, 129.6, 127.5, 127.1, 126.6, 125.1, 121.2, 120.7, 65.3; ES-MS: m/z expected for C45H30N4OZn 706, found: 706; FTIR (cm-1): 3536 (w), 3056 (w), 3018 (w), 2918 (w), 1595 (m), 1484 (m), 1338 (m), 1261 (m); UV absorbance (DCM) λ (nm): 419 (Soret), 547, 585 (Q bands); m.p. > 300 ˚C



Synthesis of 4-(10,15,20-triphenylporphyrin)benzyl-4-(10,15,20-triphenylporphyrin) benzoate (ester porphyrin dimer) 56



Method 1: To a stirring solution of carboxyporphyrin 39 (0.20 g, 0.30 mmol) in toluene (10 mL) was added thionyl chloride (0.28 mL, 3.79 mmol), and the mixture heated to reflux under nitrogen. After 1 hour, the solvent was removed and the resulting green acid chloride porphyrin 52 dissolved in DCM (10 mL). The solution was stirred under nitrogen at room temperature and benzyl alcohol porphyrin 55 (0.18 g, 0.27 mmol) was added, followed by trimethylamine (42 μL, 0.30 mmol). The reaction was stirred for 30 mins, after which time water was added and the organic layer extracted, dried over magnesium sulfate and filtered. The crude solid was purified by column chromatography eluting with DCM to yield ester porphyrin dimer 56 as a purple solid (0.17 g, 49%). Method 2: To a stirring solution of mixed pivalic anhydride porphyrin 54 (0.20 g, 0.27 mmol) and benzyl alcohol porphyrin 55 (0.18 g, 0.27 mmol) in DCM (10 mL) was added triethylamine (38 μL, 0.27 mmol). The solution was stirred under nitrogen for 24 hours after which time no anhydride porphyrin 54 remained. The solution was washed with saturated sodium hydrogen carbonate and dried with magnesium sulfate. The crude solid was purified by column chromatography eluting with DCM to yield ester porphyrin dimer 56 as a purple solid (17 mg, 5%).

1H NMR (400 MHz, CDCl3) δ 8.98 (d, 2H, J = 4.5 Hz), 8.96-8.88 (m, 14H), 8.70 (d, 2H, J = 8.0 Hz), 8.45 (d, 2H, J = 8.0 Hz), 8.37 (d, 2H, J = 8.0 Hz), 8.29-8.25 (m, 12H), 8.02 (d, 2H, J = 8.0 Hz), 7.84-7.77 (m, 18H), 5.96 (s, 2H), -2.70 (s, 4H); 13C NMR (100.6 MHz, CDCl3) δ 167.0, 147.4, 142.3, 142.2, 142.1, 135.6, 134.9, 134.8, 134.6, 131.2, 129.6, 128.3, 127.8 (× 2), 126.7 (× 2), 120.6, 120.5, 120.3 (× 2), 119.5, 118.5, 67.1; MALDI-MS: m/z expected for C90H60N8O2: 1285, found: 1285; HRMS (MALDI): m/z expected for C90H60N8O2: 1284.4839, found: 1284.4867; FTIR (cm-1): 3053 (w), 3028 (w), 2953 (w), 1722 (s), 1587 (m), 1487 (m), 1339 (m), 1266 (m), 1070 (m); UV absorbance (DCM) λ (nm): 419 (Soret), 515, 548, 589, 646 (Q bands); m.p. > 300 ˚C

Synthesis of zinc 4-(10,15,20-triphenylporphyrin)benzyl-4-(10,15,20-triphenylporphyrin) benzoate (zinc ester porphyrin dimer) (Zn)56




Following general procedure 1, ester porphyrin dimer 56 (0.20 g, 0.16 mmol) and zinc acetate dihydrate (0.27 g, 1.25 mmol) were refluxed in chloroform (20 mL) to yield zinc ester porphyrin dimer (Zn)56 as a purple solid (0.21 g, 94%)

1H NMR (400 MHz, CDCl3) δ 9.06 (d, 2H, J = 4.5 Hz), 9.03-8.96 (m, 14H), 8.55 (d, 2H, J = 8.0 Hz), 8.41 (d, 2H, J = 8.0 Hz), 8.35 (d, 2H, J = 8.0 Hz), 8.29-8.24 (m, 12H), 7.95 (d, 2H, J = 8.0 Hz), 7.82-7.75 (m, 18H), 5.80 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 167.0, 150.3, 149.6, 142.7, 142.7, 134.7, 134.6, 134.4, 132.4, 132.1 (× 2), 132.0, 131.6, 129.6, 128.1, 127.6, 127.5, 126.6, 126.5, 121.4, 121.3, 67.0; ES-MS: m/z expected for C90H56N8O2Zn2: 1412, found: 1412; HRMS (ES): m/z expected for C90H56N8O2Zn2: 1412.3131, found: 1412.3103; FTIR (cm-1): 3052 (w), 2920 (m), 2849 (w), 1691 (m), 1597 (m), 1486 (m), 1340 (m), 1273 (m), 1002 (s); UV absorbance (DCM) λ (nm): 420 (Soret), 547, 585 (Q bands); m.p. > 300 ˚C



Synthesis of N1,N4-bis(4-(10,15,20-triphenylporphyrin)phenyl)succinamide (flexible porphyrin dimer) 57



Aminoporphyrin 33 (1.50 g, 2.38 mmol) was added to a 2-neck flask and stirred in DCM (75 mL) under nitrogen. To the stirring solution was added succinyl chloride (0.11 mL, 0.95 mmol), followed by trimethylamine (0.27 mL, 1.91 mmol), and the reaction maintained at room temperature for 2 hours. The organic phase was then washed with saturated sodium hydrogen carbonate, water and saturated sodium chloride and dried over magnesium sulfate. The crude solid was purified by column chromatography, first eluting with 100% DCM, recovering unreacted aminoporphyrin 33 (0.10 g) and reaction by-products, followed by elution with 2% methanol in DCM to yield flexible porphyrin dimer 57 as a purple solid (0.59 g, 46%).

1H NMR (400 MHz, CDCl3) δ 8.91 (d, 4H, J = 5.0 Hz), 8.87-8.84 (m, 12H), 8.35 (s, 2H), 8.26-8.20 (m, 16H), 8.03 (d, 4H, J = 8.5 Hz), 7.81-7.72 (m, 18H), 3.14 (s, 4H), -2.76 (s, 4H); 13C NMR (100.6 MHz, CDCl3) δ 170.9, 142.1, 137.6 (×2), 137.2, 135.2, 134.5, 130.9, 127.7, 126.7, 120.2, 118.2, 33.0; MALDI-MS: m/z expected for C92H64N10O2: 1340, found: 1340;  FTIR (cm-1): 3318 (m), 3024 (w), 2925 (w), 2849 (w), 1705 (m), 1596 (m), 1473 (m), 1340 (m), 1215 (m), 1070 (m); UV absorbance (DCM) λ (nm): 419 (Soret), 516, 550, 592, 647 (Q bands); m.p. > 300 ˚C

Synthesis of zinc N1,N4-bis(4-(10,15,20-triphenylporphyrin)phenyl)succinamide (zinc flexible porphyrin dimer) (Zn)57



Following general procedure 1, flexible porphyrin dimer 57 (0.58 g, 0.44 mmol) and zinc acetate dihydrate (0.77 g, 3.52 mmol) were refluxed in chloroform (50 mL) to yield zinc flexible porphyrin dimer (Zn)57 (0.21 g, 94%).

1H NMR (400 MHz, CDCl3) δ 9.00 (d, 4H, J = 4.5 Hz), 8.98-8.94 (m, 12H), 8.27-8.19 (m, 16H), 8.13 (s, 2H), 7.84 (d, 4H, J = 8.5 Hz), 7.80-7.71 (m, 18H), 2.81 (s, 4H); 13C NMR (100.6 MHz, 10%MeOD/CDCl3) δ 170.5, 150.1, 150.0, 143.3, 140.4, 134.9, 134.5, 134.1, 131.6, 131.5, 127.2, 127.1, 126.3, 118.3, 33.2; MALDI-MS: m/z expected for C92H60N10O2Zn2: 1468, found: 1468; FTIR (cm-1): 3301 (br m), 3107 (w), 3059 (w), 2928 (w), 1665 (m), 1596 (s), 1485 (m), 1340 (s), 1204 (m), 1002 (s); UV absorbance (DCM) λ (nm): 420 (Soret), 548, 588 (Q bands); m.p. > 300 ˚C

Synthesis of methyl 4-hydrazinylbenzoate 6141




Methyl 4-aminobenzoate (1.00 g, 6.62 mmol) was added to HCl (25 mL) and stirred at 0 ˚C in an ice bath. Sodium nitrite (0.46 g, 6.62 mmol) in water (10 mL) was added to the stirring solution at 0 ˚C over 30 minutes, following which the mixture was removed from ice and stirred at room temperature. After 90 minutes, the temperature was lowered to 0 ˚C and tin (II) chloride (2.38 g, 19.85 mmol) in HCl (50 mL) was added dropwise. The mixture was brought to room temperature and stirred for 2 hours, over which time a white precipitate formed. The solid precipitate was filtered and washed thoroughly with diethyl ether to yield methyl 4-hydrazinylbenzoate 61 as a white powder solid (1.05 g, 96%).

1H NMR (400 MHz, d6-DMSO) δ 10.68 (s, 2H), 9.05 (s, 1H), 7.86 (d, 2H, J = 8.5 Hz), 7.04 (d, 2H, J = 8.5 Hz), 3.80 (s, 3H); 13C NMR (100.6 MHz, d6-DMSO) δ 166.4, 150.3, 130.9, 121.9, 119.9, 113.6, 52.2; ES-MS: m/z [MH+] expected for C8H11N2O2: 167, found: 167; FTIR (Nujol mull, cm-1): 3234 (s), 3032 (m), 2997 (m), 1731 (s), 1591 (m), 1440 (w), 1381 (s), 1294 (s); m.p. 107-108 °C

Synthesis of 5-​(4-​amidopheny​l)​-​10,​15,​20-​triphenylporphyrin (acid–amide porphyrin) 67




To a stirring solution of carboxyporphyrin 39 (0.50 g, 0.76 mmol) in toluene (anhydrous) (20 mL) was added thionyl chloride (0.69 mL, 9.47 mmol), and the mixture heated to reflux under nitrogen. After 1 hour the solvent was removed and the resulting green acid chloride porphyrin 52 dissolved in dry DCM (20 mL). The solution was stirred under nitrogen at 0 ˚C in an ice bath and 7 N NH3 in methanol (0.25 mL, 11.37 mmol) was added. The reaction was raised to room temperature and stirred for 30 minutes, after which time water was added and the organic layer extracted, dried over magnesium sulfate and filtered. The crude solid was purified by column chromatography eluting with DCM followed by 2:1 DCM/methanol to yield acid-amide porphyrin 67 as a purple solid (0.40 g, 81%).

1H NMR (400 MHz, CDCl3) δ 8.90-8.87 (m, 6H), 8.81 (d, 2H, J = 5.0 Hz), 8.33 (d, 2H, J = 8.5 Hz), 8.24 (dd, 6H, J = 7.5 Hz, 1.5 Hz), 8.21 (d, 2H, J = 8.0 Hz), 7.82-7.75 (m, 9H), 6.36 and 5.80 (s, 2H), -2.75 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 169.3, 146.1, 142.1, 142.0, 134.7, 134.6, 132.6, 131.2, 127.8, 126.7, 125.7, 120.6, 120.4, 118.4; ES-MS: m/z [MH+] expected for C45H31N5O: 658, found: 658; FTIR (cm-1): 3320 (br m), 3046 (w), 2928 (m) 2853 (m), 1676 (s), 1452 (w), 1402 (m), 1271 (s); UV absorbance (DCM) λ (nm): 418 (Soret), 514, 550, 589, 646 (Q bands); m.p. > 300 ˚C

Synthesis of 5-​(4-​pheny​lmaleimide)​-​10,​15,​20-​triphenylporphyrin 71




Method 1: To a stirring solution of aminoporphyrin 33 (0.20 g, 0.32 mmol) in DMF (anhydrous) (15 mL) was added maleic anhydride (47 μg, 0.48 mmol) and the resulting solution stirred at reflux under nitrogen. After 18 hours, acetic anhydride (0.12 mL, 1.27 mmol) was added and the reaction maintained at reflux for 8 hours. The solvent was then removed by vacuum distillation and the purple solid dissolved in DCM, washed with water, dried and filtered. The crude solid was purified by column chromatography eluting with DCM to yield maleimide porphyrin 71 as a purple solid (47 mg, 21%). Method 2: To a stirring solution of aminoporphyrin 33  (0.20 g, 0.32 mmol) in acetic acid (15 mL) was added maleic anhydride (47 mg, 0.48 mmol) and the resulting solution stirred at room temperature under nitrogen. After 18 hours the bright green mixture was heated to reflux, changing to a dark green solution and maintained for 8 hours. The solvent was then removed by vacuum distillation and the purple solid dissolved in DCM, washed with saturated sodium hydrogen carbonate solution followed by water, then dried and filtered. The crude solid was purified by column chromatography eluting with DCM to yield maleimide porphyrin 71 as a purple solid (0.17 g, 75%).

1H NMR (400 MHz, CDCl3) δ 8.91 (d, 2H, J = 4.5 Hz), 8.88 (s, 6H), 8.35 (d, 2H, J = 7.5 Hz), 8.25 (dd, 6H, J = 7.0 Hz, 1.5 Hz), 7.84-7.76 (m, 11H), 7.04 (s, 2H), -2.75 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 169.7, 142.1, 141.8, 135.1, 134.6, 134.4, 131.2, 131.1, 127.8, 126.8, 126.7, 124.0, 120.4, 120.3, 118.7; ES-MS: m/z [MH+] expected for C48H31N5O2: 710, found: 710; FTIR (cm-1): 3601 (br m), 3062 (w), 2982 (m), 2893 (w), 1682 (s), 1421 (m), 1397 (m), 1210 (m); UV absorbance (DCM) λ (nm): 418 (Soret), 514, 548, 589, 645 (Q bands); m.p. > 300 ˚C

Synthesis of 5-​(4-​phenyl amidofuran)​-​10,​15,​20-​triphenylporphyrin 74




To a stirring solution of aminoporphyrin 33 (0.50 g, 0.79 mmol) in dry DCM under nitrogen at room temperature was added 2-furoyl chloride (86 μL, 0.87 mmol) followed by triethylamine (0.11 mL, 0.79 mmol). The reaction was stirred for 30 minutes and quenched with water, the organic phase extracted and washed with saturated sodium hydrogen carbonate, dried with magnesium sulfate and filtered. The crude solid was purified by column chromatography eluting with DCM to yield furan porphyrin 74 as a purple solid (0.46 g, 79%).

1H NMR (400 MHz, CDCl3) δ 8.92 (d, 2H, J = 5.0 Hz), 8.90-8.87 (m, 6H), 8.47 (s, 1H), 8.26-8.23 (m, 8H), 8.08 (d, 2H, J = 8.5 Hz), 7.81-7.75 (m, 9H), 7.65 (dd, 1H, J = 2.0 Hz, 1.0 Hz), 7.41 (dd, 1H, J = 3.5 Hz, 1.0 Hz), 6.69 (dd, 1H, J = 3.5 Hz, 2.0 Hz), -2.74 (s, 2H); 13C NMR (100.6 MHz, CDCl3) δ 156.4, 147.9, 144.4, 142.2, 138.4, 137.2, 135.3, 134.6, 131.1, 127.8, 126.8, 120.2, 119.5, 118.2, 115.7, 112.9; ES-MS: m/z [MH+] expected for C49H33N5O2: 724, found: 724; FTIR (cm-1): 3301 (br m), 3112 (m), 2924 (m), 1662 (s), 1597 (s), 1534 (m), 1452 (s), 1382 (m), 1291 (m); UV absorbance (DCM) λ (nm): 419 (Soret), 515, 549, 589, 645 (Q bands); m.p. > 300 ˚C

Synthesis of 4-(nitrophenyl)furan-2-amide 75




To a stirring solution of 4-nitroaniline (0.50 g, 3.62 mmol) in DCM (anhydrous) (20 mL) under nitrogen at room temperature was added 2-furoyl chloride (0.36 mL, 3.62 mmol) followed by triethylamine (0.51 mL, 3.62 mmol). The reaction was stirred for 30 minutes and quenched with water, the organic phase extracted and washed with saturated sodium hydrogen carbonate, dried with magnesium sulfate and filtered. The crude solid was purified by column chromatography eluting with 2% methanol in DCM to yield nitrofuran 75 as a pale yellow solid (0.63 g, 76%).

1H NMR (400 MHz, CDCl3) δ 8.37 (s, 1H), 8.29 (d, 2H, J = 9.0 Hz), 7.87 (d, 2H, J = 9.0 Hz), 7.59 (dd, 1H, J = 1.5 Hz, 0.5 Hz), 7.35 (dd, 1H, J = 3.5 Hz, 0.5 Hz), 6.64 (dd, 1H, J = 3.5 Hz, 2.0 Hz); 13C NMR (100.6 MHz, CDCl3) δ 156.0, 146.9, 144.9, 143.7, 143.3, 125.3, 119.2, 116.7, 113.1; ES-MS: m/z [M-] expected for C11H8N2O4: 231, found: 231; FTIR (cm-1): 3497 (br w), 3351 (m), 3080 (w), 2927 (w), 1654 (s), 1602 (m), 1507 (s), 1412 (m), 1372 (s), 1240 (m); m.p. 206-209 ˚C
[bookmark: _Toc490552439][bookmark: _Toc490833967][bookmark: _Toc508276813]2.6.3. Self-replication and templating studies
[bookmark: _Toc490552440]General procedure 2: Self-replicating and templating reactions
Porphyrin materials and chaperone ligands were added to a 2 neck round bottom flask, the solid material flushed with nitrogen and dissolved in DCM (anhydrous), followed by the addition of triethylamine. The stirring solution was maintained at room temperature under a nitrogen atmosphere. Experiments were monitored by TLC every 30 mins for first 2 hours, then every hour up to 6 h. The stirring solution was analysed once more by TLC after 12 h to give a qualitative analysis of the reaction composition and the reaction stopped after 24 h, when it was determined that no anhydride porphyrin (Zn)54 remained. 1H NMR of the crude material in CDCl3 determined ratios of porphyrin product formed relative to the starting materials (accounting for any template added at reaction initiation). Silica column chromatography enabled access to porphyrin product and the recovery of unreacted starting materials. The porphyrin material was dried thoroughly in vacuo and accurate yields calculated, and the growth of product relative to the loss of starting material determined, providing a yield for the target porphyrin product. These results were consistent with those obtained from crude 1H NMR.

[bookmark: _Toc490552441]Zinc ester porphyrin dimer (Zn)56 (uncatalysed)
Following general procedure 2, zinc mixed pivalic anhydride porphyrin (Zn)54 (0.1 g, 0.12 mmol), zinc benzyl alcohol porphyrin (Zn)55 (88 mg, 0.12 mmol) and ligand (i no ligand; ii 4,4’-bipy: 39 mg, 0.25 mmol; iii DABCO: 28 mg, 0.25 mmol) were dissolved in DCM (10 mL) with triethylamine (17 μL, 0.12 mmol). Column chromatography eluting with DCM afforded zinc ester dimer (Zn)56 as the first fraction, followed by benzyl alcohol (Zn)55. [Yield (Zn)56: i, ii, iii =  9 mg, 5%]

[bookmark: _Toc490552442]

Zinc ester porphyrin dimer (Zn)56 (10% template)
Following general procedure 2, zinc mixed pivalic anhydride porphyrin (Zn)54 (0.1 g, 0.12 mmol), zinc benzyl alcohol porphyrin (Zn)55 (88 mg, 0.12 mmol), zinc ester porphyrin dimer (Zn)56 template (17 mg, 0.01 mmol) and ligand (i no ligand; ii 4,4’-bipy: 39 mg, 0.25 mmol; iii DABCO: 28 mg, 0.25 mmol) were dissolved in DCM (10 mL) with triethylamine (17 μL, 0.12 mmol). Column chromatography eluting with DCM afforded zinc ester dimer (Zn)56 as the first fraction, followed by benzyl alcohol (Zn)55. [Yield (Zn)56: i = 10 mg, 6%; ii = 7 mg, 4%; iii = 5 mg, 3%]

[bookmark: _Toc490552443]Zinc ester porphyrin dimer (Zn)56 (100% template)
Following general procedure 2, zinc mixed pivalic anhydride porphyrin (Zn)54 (0.1 g, 0.12 mmol), zinc benzyl alcohol porphyrin (Zn)55 (88 mg, 0.12 mmol), zinc ester porphyrin dimer (Zn)56 template (0.17 g, 0.12 mmol) and ligand (i no ligand; ii 4,4’-bipy: 39 mg, 0.25 mmol; iii DABCO: 28 mg, 0.25 mmol) were dissolved in DCM (10 mL) with triethylamine (17 μL, 0.12 mmol). Column chromatography eluting with DCM afforded zinc ester dimer (Zn)56 as the first fraction, followed by benzyl alcohol (Zn)55. [Yield (Zn)56: i = 9 mg, 5%; ii = 5 mg, 3%; iii = 9 mg, 5%]

[bookmark: _Toc490552444]Zinc amidoporphyrin dimer (Zn)53 (100% template)
Following general procedure 2, zinc mixed pivalic anhydride porphyrin (Zn)54 (0.1 g, 0.12 mmol), zinc aminoporphyrin (Zn)33 (86 mg, 0.12 mmol), zinc amidoporphyrin dimer (Zn)53 template (0.17 g, 0.12 mmol) and ligand (i no ligand; ii 4,4’-bipy: 39 mg, 0.25 mmol; iii DABCO: 28 mg, 0.25 mmol) were dissolved in DCM (10 mL) with triethylamine (17 μL, 0.12 mmol). Column chromatography eluting with 2:1:1 petroleum ether/DCM/ethyl acetate afforded zinc amidoporphyrin dimer (Zn)53 as the first fraction, followed by aminoporphyrin (Zn)33. [Yield (Zn)53: i, ii, iii = 0%]
[bookmark: _Toc490552445][bookmark: _Toc490833968][bookmark: _Toc508276814]2.6.4. Diffusion studies by DOSY NMR
[bookmark: _Toc490552446]General procedure 3: Preparation of porphyrin and ligand materials for DOSY NMR
A solution of zinc porphyrin in CDCl3 (1 × 10-2 M) [Px] was prepared, and 0.6 mL of [Px] added to an NMR tube. The binding ligand solution [L] was made by adding ligand to 0.1 mL of [Px] (1 M). Ligand solution [L] was added to [Px] in the NMR to achieve binding ratios of: i 1:1 porphyrin/ligand ([L]: 6 μl, 1 × 10-2 M); ii 1:2 porphyrin/ligand ([L]: 12 μl, 2 × 10-2 M); iii excess ligand to porphyrin ([L]: 60 μl, 1 × 10-1 M).

Zinc amidoporphyrin dimer (Zn)53 solution [P(Zn)53]: zinc amidoporphyrin dimer (Zn)53 (11 mg, 7.51 × 10-3 mmol) in CDCl3 (0.75 mL).
Zinc ester porphyrin dimer (Zn)56 solution [P(Zn)56]: zinc ester porphyrin dimer (Zn)56 (11 mg, 7.51 × 10-3 mmol) in CDCl3 (0.75 mL).
Ligand solutions [L]: 4,4’-bipy (16 mg, 0.1 mmol); DABCO (11 mg, 0.1 mmol); in [Px] solution (0.1 mL).
[bookmark: _Toc490833969][bookmark: _Toc508276815]2.6.5. UV binding titration studies
General procedure 4: Preparation of porphyrin and ligand materials for UV binding analysis
For UV titrations, a stock solution of metallated porphyrin in DCM (1 × 10-6 M) [Pz] was prepared, and 1.5 mL of [Pz] added to a Helma quartz cuvette. The binding ligands (1 × 10-3 M/binding site), made in a stock solution in [Pz], were added in aliquots (10 μL) via glass syringe to the cuvette, and UV spectra run after each addition, up to 30 additions.
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Chapter 3 - Assemblies and interactions of porphyrin dimers with polydentate ligands
[bookmark: _Toc490552415][bookmark: _Toc490833972][bookmark: _Toc507504560][bookmark: _Toc508276818]3.1. Introduction

Many natural processes within living systems occur due to the non-covalent assembly of either one or several species. Nature has evolved in such a way that many of these processes are fundamental to the existence of organic and biological life.1–3 Scientists in multiple disciplines of study have long been studying these assemblies and attempting to use the principles of natural systems to design assembled structures based on non-covalent interactions, for use in a range of applied studies, e.g. drug delivery,4–6 bioactivity,7,8 and photochemistry,9,10 or for the development of scientific understanding such as self-replication,11,12 and information transfer.13 A fundamental principle behind the assembly of molecules involves the requirement for a compatible recognition motif. For this, the use of metallated porphyrins in complex assembly offers the opportunity to utilise the strong binding between a porphyrin metal centre coordinating with a lone-pair donor ligand (Figure 3.1).14



Figure 3.1 Association between the nitrogen lone pair of a pyridine ligand motif with the metal centre of a metalloporphyrin scaffold.

The study of porphyrin interactions in the formation of assembled structures has provided a fascinating area of study, with a versatile range of applications.15–17 Porphyrin assemblies with internal cavities have been explored by Sanders and co-workers, leading to the formation of an array of cyclic porphyrins (Figure 3.2).18,19 Cyclic porphyrin synthesis through Glaser-coupling led to highly defined rigid structures with a pre-organised binding pocket.20,21 Binding with suitable pyridyl based ligands demonstrated an increase in binding for the cyclic structures, relative to that of ring opened oligomeric species, confirming the pre-organised binding of the rigid cyclic porphyrins structure. These systems have been subsequently studied for their use as mimics in enzyme binding and catalysis.22–24



Figure 3.2 Sanders’ dimeric (left) and trimeric (right) rigid cyclic porphyrin structures, displaying strong association to pyridyl ligands of a ‘suitable fit’ in the central binding pocket through preorganisation.

Further study into cyclic porphyrin synthesis has produce cyclic porphyrins of differing sizes and geometries, providing an array of porphyrin based-cavities. Porphyrin trimers have been accessed with cavities large enough to accommodate large ligands, whilst maintaining the high levels of binding seen with the smaller trimeric structures (Figure 3.3a).25 While Sanders reported the synthesis of a tetrameric porphyrin cycle, it had a notably reduced rigidity, relative to the cyclic porphyrin trimers.21 This was attributed to a less well-defined structure, resulting in a reduction in pre-organisation and a less specific binding cavity, enabling binding to a wide variety of guests, albeit with lower binding affinity. An interesting approach to circumventing this issue was demonstrated by Slone and Hupp, through the formation of a tetrameric zinc porphyrin-rhenium complex, providing a cavity the correct size to fit a tetrapyridylporphyrin (TPyP) through pre-organised binding (Figure 3.3b).26





Figure 3.3 a) Porphyrin trimer strongly associated with pyridyl ligand within its large binding cavity; b) TPyP binding at the central cavity of a tetrameric porphyrin-rhenium complex.
Porphyrin donor-acceptor systems have been studied for applications in light-harvesting due to their well-defined structure and multichromophore arrays.27–32 Hunter described the hydrogen-bonded system, shown in Figure 3.4, comprising of a complexed porphyrin donor D arrangement, with a zinc dimeric porphyrin linked by a naphthalenediimide electron acceptor group A-1.33 Initial studies determined that the complex stability was far greater than simple zinc porphyrin, with a Ka value in the region of 108 M-1, which is consistent with previous studies of a self-assembled porphyrin dimer-complex, of which the system design was based.34 The porphyrin complex [D.A-1] was compared with a structurally analogous system [D.A-2], replacing the naphthalenediimide with a terephthaloyl diamide A-2, which is incapable of electron transfer. Relative to the diamide system [D.A-2], the diimide system [D.A-1] displayed significant quenching of the porphyrin emission, which was ascribed to the efficient intramolecular electron transfer from the porphyrin singlet state to the naphthalenediimide (Figure 3.4).




Figure 3.4 Porphyrin complex [D.A-1] demonstrates efficient electron transfer relative to [D.A-2], which displays no quenching of porphyrin emission.

Advancements into the study of supramolecular electron transfer devices have led to fullerene C60 being incorporated as a highly efficient electron acceptor within artificial light harvesting assemblies. This has produced a vast array of fullerene-porphyrin and fullerene-phthalocyanine based photo induced transfer systems.35 Recent work by D’Souza has led to the development of a mixed zinc porphyrin-zinc phthalocyanine-fullerene complex, resulting in a long-lived charge separated state of 100 ns (Figure 3.5).36 This was attributed to the complementary absorption of the porphyrin and phthalocyanine units, providing a pathway for charge separation from singlet excited zinc porphyrin to the coordinated fullerene, followed by a hole-shift process to the zinc phthalocyanine. This provided the first demonstration of a complementary system, which had previously not been achieved due to competitive energy and electron transfer properties within porphyrin-phthalocyanine-fullerene assemblies.




Figure 3.5 A mixed zinc porphyrin-zinc phthalocyanine-fullerene light harvesting complex achieves an efficient and long lived charge separated state in a complementary system.

The photophysical properties of porphyrins have further been explored as photosensitisers in photodynamic therapy (PDT) applications.37 Phillips and co-workers developed a promising catalogue of porphyrin oligomers, containing 1, 2, 4 and 8 porphyrin units (Figure 3.6).38 Multiphoton excitation of all oligomers resulted in triplet state energy levels capable of generating singlet oxygen, whilst the dimeric porphyrin displayed the greatest quantum yield for singlet oxygen. This aids to demonstrate the necessity for developing simple pathways to dimeric porphyrins which can be readily functionalised.




Figure 3.6 A small catalogue of porphyrin oligomers of chain length n for use in PDT, with dimer (n = 2) achieving the greatest quantum yield for singlet oxygen production.

Further to the above applications of porphyrins, linear porphyrin dimers and oligomers have the potential to act as templates for the catalysis of reactions, 39,40 or modulate polymeric chain growth. 41,42 The synthesis of these structures can be complex, and the pathway towards them often involves arduous and lengthy procedures to generate the desired product in a relatively low yield. 43–46,20 Therefore, the strategy of utilising simple chemistry to access mono-functionalised porphyrins in order to provide facile access to porphyrin structures is highly desirable.

[bookmark: _Toc490552417][bookmark: _Toc490833973][bookmark: _Toc507504561][bookmark: _Toc508276819]3.2. Aims and objectives

The investigation into the binding and assemblies formed through the interactions of porphyrin dimers with ligands has provided a range of applications over multiple fields, however, the ability to access dimeric porphyrins can be arduous, time-consuming and low yielding. For the investigation into assemblies of rigid porphyrin dimeric species, a simplified and versatile approach to the target porphyrin is desirable. Previous studies have led to a minimal step synthesis of a highly rigid porphyrin dimer, linked by a diphenylpyromellitimide bridge,47 however low yields and arduous purification could reduce the viability of this approach to access the rigid porphyrin dimer 76. It has been demonstrated that simple nucleophilic substitution reactions between mono-substituted tetraphenylporphyins offer a convenient synthetic pathway to porphyrin dimer.48 A significant advantage of this approach is the relative ease of modification of either the nucleophilic or electrophilic component, providing a scalable route to an array of possible dimers.

We wished to investigate the ease of access of a fully rigid porphyrin dimer (Zn)76 (Figure 3.7a) against our amidoporphyrin dimer (Zn)53 (Figure 3.7b), accessed through an SNAr reaction. This enables the determination of whether the synthetic procedure for accessing amidoporphyrin dimer (Zn)53 is a convenient alternative to current approaches, and would enable further exploration into the some of the potential applications of this porphyrin dimer.



Figure 3.7 a) Zinc rigid porphyrin dimer (Zn)76, and; b) zinc amidoporphyrin dimer (Zn)53.

Once the zinc rigid porphyrin (Zn)76 and zinc amidoporphyrin (Zn)53 dimers are both accessed, the binding properties of the porphyrin dimers can be conducted with a variety of pyridyl ligands. The ligands were selected based on size, geometry and number of binding sites. By making the direct comparison between the fully rigid dimer (Zn)76 and our amidoporphyrin dimer (Zn)53, it should be possible to gain a clearer picture of the structural properties and rigidity of amidoporphyrin dimer (Zn)53. Two possible scenarios of porphyrin assembly with trigonal pyridyl ligands were postulated, with the resulting complexes forming either supramolecular polymeric assemblies or a structurally well-defined hexamer (Figure 3.8). Complex assemblies of porphyrin dimers in a hexameric macroring have been reported previously, through porphyrin-porphyrin interactions.49 These species mimic the structurally similar natural light-harvesting complexes, and offer potential applications as photosynthetic models. Therefore, it is aimed to explore the binding of porphyrin dimers with linear and non-linear pyridyl ligands through the combination of UV titration experiments and diffusion by DOSY NMR, to determine the structures of the complex assemblies formed.




Figure 3.8 Possible complex assembly between zinc rigid porphyrin dimer (Zn)76 and trigonal pyridyl ligand resulting in a hexameric structure.
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[bookmark: _Toc490833975][bookmark: _Toc507504563][bookmark: _Toc508276821]3.3.1. Zinc rigid porphyrin dimer synthesis
Overall, a fully rigid dimer was targeted for comparing the ease of access and binding between the rigid porphyrin dimer (Zn)76 with amidoporphyrin dimer (Zn)53. Therefore, an important aspect of this involves the initial synthesis of the rigid porphyrin dimer 76. These reactions have previously been conducted on a small scale with low yields, and are associated with complicated and arduous purification.

Synthesis of the rigid dimeric porphyrin 76 species required the previously accessed mono-substituted aminoporphyrin 33 as a starting reagent. This was initially reacted in a 2:1 ratio with pyromellitic dianhydride on a 100 mg scale, with an excess of acetic anhydride added as an activating agent to promote the ring closure (Scheme 3.1). Upon completion of reaction, the crude material was purified through column chromatography, initially eluting with 2% MeOH in DCM to provide a large quantity of the major and unwanted side-product, acetamide porphyrin 36. Only after increasing the polarity to 5% MeOH in DCM did the target rigid dimer 76 move from the baseline of the column, affording 5 mg of impure product along with small amounts of the ring opened porphyrin dimer, eluting with a similar Rf to the rigid porphyrin dimer. A second column was performed, running with slightly less polar 4% MeOH in DCM, which afforded pure rigid dimer 76 in a poor 1% overall yield. Analysis by 1H NMR was unable to provide structural information for the identity of the porphyrin, and confirmation of the product was only achieved through mass spectrometry [MALDI-TOF m/z =1440].




Scheme 3.1 Synthesis of rigid porphyrin dimer 76: the dimer is formed as the minor reaction product, while the major product is acetamide porphyrin 36.

Once it had been determined that the product had formed, the reaction was repeated in an attempt to improve the yield and to build up a stock of the dimer in order to conduct more in depth analysis. Despite the relatively simple synthetic procedure, the reaction of aminoporphyrin 33 with pyromellitic dianhydride led to the generation of acetamide porphyrin 36 as the primary product. This remained consistent for all reactions for when using an excess, stoichiometric, and even catalytic amount of the activating acetic anhydride. After performing the reaction nine times under the same set of conditions, 15 mg of rigid porphyrin dimer 76 was collected.

A solution of rigid porphyrin dimer 76 (1 × 10-2 M) was prepared in order to provide a clear 1H NMR spectra of the compound, however it was found that the porphyrin was only weakly soluble in the NMR solvent (CDCl3) at these concentrations. This led to a 1H NMR spectrum with broad and non-specific curved peaks, providing little structural information to the identity of the porphyrin accessed other than the proton count (calculated as H = 60, based on integration of internal NH protons = 4, at -2.73 ppm). The low levels of solubility were attributed to aggregation of the porphyrin through aromatic stacking.

It was hoped that the stacking and aggregation of the rigid porphyrin 76 could be circumvented by the addition of zinc centres, and the use of either a more polar solvent or by addition of a coordinating ligand. This should prevent the weak intermolecular interactions between porphyrins from occurring by acting as a physical ‘spacer’, leading to an increased distance between porphyrin units in solution. Insertion of zinc centres into the rigid dimer was readily achieved through refluxing the free-base porphyrin with zinc acetate dihydrate in chloroform, yielding zinc rigid porphyrin dimer (Zn)76. 1H NMR was subsequently conducted for porphyrin alone and porphyrin with 1 eq. pyridine ligand, solvated using either CDCl3 or 2% MeOD in CDCl3. A small increase in solubility was observed when using the more polar solvent of 2% MeOD in CDCl3, resulting in some peak sharpening, although definitive characterisation was not obtained due to broad and undefined peaks in the spectra. Surprisingly, the addition of pyridine did not affect the solubility of the porphyrin in either CDCl3 or 2% MeOD in CDCl3, providing similar weak and undefined spectra as when porphyrin alone was used. This suggested high levels of aggregation between porphyrins, requiring strong binding ligands to break the interaction.

The disappointing results from the 1H NMR spectra indicated that the rigid dimer would not be suitable for conducting binding studies at strong concentrations, and that the planned diffusion by DOSY NMR experiments would unlikely provide useful results due to uncertainties in porphyrin concentration. Despite this, it was hoped that it would be possible to investigate the binding interaction of zinc rigid dimer with pyridyl ligands at much lower concentrations through UV titration studies, which would assist in understanding the binding properties of both the rigid dimer and the amidoporphyrin dimer, upon comparison of results.
[bookmark: _Toc490552419][bookmark: _Toc490833976][bookmark: _Toc507504564][bookmark: _Toc508276822]3.3.2. Amidoporphyrin dimer synthesis
As previously described, the target zinc amidoporphyrin (Zn)53 was accessed through the coupling reaction between aminoporphyrin 32,50 and acid chloride porphyrin 52,48 followed by the simple insertion of zinc centres, affording the amide dimer (Zn)53 in a 73% yield (Scheme 3.2). The zinc porphyrin dimer (Zn)53 is clearly identifiable by NMR with its NH peak singlet seen at 8.51 ppm. 



Scheme 3.2 Synthesis of zinc amidoporphyrin (Zn)53. Reagents and conditions: i) SOCl2 in toluene, reflux, N2, 2 h; ii) DCM, Et3N (cat.), rt, N2, 0.5 h; iii) Zn(OAc)2.2H2O in CHCl3, reflux, 1 h.

[bookmark: _Toc490833977][bookmark: _Toc507504565][bookmark: _Toc508276823][bookmark: _Toc490552420]3.4. Ligand selection and synthesis

With both the amide porphyrin (Zn)53 and rigid dimer porphyrin (Zn)76 accessed, we wished to explore the nature of the dimeric porphyrin binding properties by varying the geometry and number of ligand binding sites available for association with the porphyrin zinc centres. With this in mind, we therefore sought to investigate the interaction and assemblies of amidoporphyrin (Zn)53 and rigid porphyrin (Zn)76 dimers with both linear and non-linear polydentate pyridyl ligands.
The use of pyridyl ligands for binding metallated porphyrins has led to a versatile range of applications.51,20,19 We had previously demonstrated that a linear bipyridyl ligand does not display cooperativity with a non-linear ester porphyrin dimer (Chapter 2, pp 2.35-2.37). The resulting association between ligand and ester porphyrin formed weakly bound duplexes, determined through a combination of UV titrations and diffusion NMR.48 We therefore applied these techniques towards investigating the binding outcome of amide (Zn)53 and rigid (Zn)76 porphyrin dimers with pyridyl ligands.

The trigonal ligands selected for the study were bidentate 4'-​phenyl-​4,​2':6',​4''-​terpyridine (Py2Py) 77 (Scheme 3.3a), and tridentate 2,4,6-Tris(4-pyridyl)triazine hexahydrate (TPT) 78 (Scheme 3.3b). This was based on the ease of access of both ligands, and their known compatibility in the study of zinc porphyrin supramolecular assemblies.21,52,53 The use of Py2Py 77 and TPT 78 allows us to determine whether the addition/removal of functionality at one of the terminal aromatic sites of the trigonal pyridyl ligand would affect the binding outcome with porphyrin. Furthermore, two linear pyridyl ligands, 4-phenylpyridine (4-PhPy) and 4,4’-bipyridine (4,4’-bipy), were also chosen. Comparing the effects of binding of all four ligands would enable us to establish the effect of including an additional binding site and altering the ligand geometry.





Scheme 3.3 a) Synthesis of Py2Py 77. Reagents and conditions: i) BF3-O(Et)2, 100 ˚C, 6 h; ii) AcOH, NH4CO2Me, 100 ˚C, 8 h; iii) 0.1 M HCl, rt; b) Synthesis of TPT 78 (NOTE: TPT 78 is formed as a hexahydrate, coordinated to six water molecules).

[bookmark: _Toc507504566][bookmark: _Toc508276824]3.5. UV binding studies

In addition to the amide (Zn)53 and rigid (Zn)76 porphyrin dimers of interest, a further two zinc porphyrins, TPP monomer (Zn)31 and flexible porphyrin dimer (Zn)57,  were included in the binding study. The monomeric TPP (Zn)31 was used to determine if any enhancement in binding was observed between ligand and dimers (Zn)53 and (Zn)76, resulting from the addition of a second zinc centre in the porphyrin dimer. Further to this, the flexible dimer (Zn)57 was included as a control for a highly cooperative binding system between porphyrin and ligand, which would enable us to establish the extent of cooperativity present for the association of amide (Zn)53 or rigid (Zn)76 dimer and bidentate pyridyl ligand. The results of the porphyrin UV binding studies with linear 4-PhPy and 4,4’-bipy, and trigonal Py2Py 77 and TPT 78, are highlighted in Table 3.1.



Table 3.1 Calculated association constants of the binding of porphyrins with pyridyl ligands.

The observed association between porphyrin with 4,4’-bipy and 4-PhPy showed no significant enhancement for binding amide (Zn)53 and rigid dimer (Zn)76, relative to TPP (Zn)31. A more significant increase in Ka was seen when 4,4’-bipy was titrated into a solution of flexible dimer (Zn)57, demonstrating a cooperative system, and suggesting that there is no major cooperative effect for amidoporphyrin (Zn)53 or rigid porphyrin (Zn)76 with 4,4’-bipy. This was somewhat surprising, as it was anticipated that cooperative duplex formation with the linear semi-rigid amidoporphyrin dimer (Zn)53 and fully rigid porphyrin dimer (Zn)76 would be favourable, and a small enhancement in binding was observed, this does not correspond to a pre-organised and fully cooperative system. An explanation for the lower than expected binding in the rigid dimer (Zn)76 may result from its aggregation in solution, which requires additional energy to overcome these interactions, consequentially having a detrimental impact on the binding association with ligand. Despite this, if cooperative binding were to occur, it would result in greater increase in association than displayed in table 3.1b. Therefore, the binding results suggest that duplex formation is not favourable between rigid dimer (Zn)76 and 4,4’-bipy at low concentrations. It was proposed that amidoporphyrin (Zn)53 has similar structural properties to the rigid dimer, due to its relatively linear geometry.  This seemed the case based on the binding outcome with 4,4’-bipy, however examining the binding with the trigonal Py2Py 77 ligand would provide more conclusive evidence. 

When UV titrations were conducted for porphyrins using Py2Py 77, a notable, yet minor, increase in binding was observed, relative to both 4-PhPy and 4,4’-bipy, with amidoporphyrin (Zn)53 and rigid porphyrin (Zn)76, however, this did not demonstrate a fully cooperative assembly. This suggests that amide (Zn)53 and rigid dimer (Zn)76 both display similar structural properties in terms of rigidity and linearity. If amidoporphyrin (Zn)53 were capable of breaking its linear formation to form a ‘curved’ [A.B] complex structure that was compatible with Py2Py 77, a significantly higher association would be observed, when compared to the binding of rigid dimer (Zn)76 with Py2Py 77 (Figure 3.9a). Conversely, high cooperativity was observed for flexible dimer (Zn)57 with Py2Py 77 due to [A.B] complex formation (Figure 3.9b). 



Figure 3.9 a) Unfavourable [A.B] complex formation between amidoporphyrin (Zn)53 and Py2Py 77 is not observed based on UV binding data; b) Complexes formed through binding of zinc flexible dimer (Zn)6 with i) 4-PhPy, resulting in simple monomeric binding, and; ii) Py2Py, resulting in [A.B] complex formation; c) Size calculated from diffusion constant, determined by DOSY NMR in CDCl3 (1 × 10-2 M).

UV titration analysis enabled the direct comparison between amidoporphyrin dimer (Zn)53 and  rigid porphyrin dimer (Zn)76, which demonstrated near identical binding for both porphyrins with 4,4’-bipy and Py2Py 77. This suggested that the amide (Zn)53 maintains a rigid geometry, similar to that of the rigid porphyrin (Zn)76, albeit with an amide ‘step’ making it not ‘perfectly linear’. The binding titrations conducted for amide (Zn)53 and rigid dimer (Zn)76 with Py2Py 77 saw a small and non-cooperative increase in binding. Comparing these results against flexible dimer (Zn)57 binding bipyridyl ligands led to two primary outcomes: the first being the possibility of forming a hexamer complex between three Py2Py 77 ligands and three amidoporphyrin (Zn)53/rigid porphyrin (Zn)76 molecules. The alternative possibility is through the formation of a linear polymeric chain (Scheme 3.4).




Scheme 3.4 Cartoon representation of the likely binding outcomes based on the Ka values for the association of zinc amidoporphyrin (Zn)53 with Py2Py 77 ligand, resulting in either a hexamer complex or a linear supramolecular polymer chain.
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The findings from the UV analysis for TPT 78 with porphyrin were near identical to those obtained using Py2Py 77. Due to the structural similarity between TPT 78 and Py2Py 77, it was considered likely that a linear polymer or hexameric complex would be the primary structures formed in solution; however, the presence of a third binding site in TPT 78 provides the option for three separate porphyrin molecules to coordinate to one single ligand, creating a branch point. These chains have the potential to grow and elongate with further branch points, forming a supramolecular hyperbranched polymer (HBP) structure, leading to two primary structures considered for the complexation of amidoporphyrin (Zn)53 with TPT 78 (Scheme 3.5).



Scheme 3.5 Cartoon representation of the likely binding outcomes through the association of zinc amidoporphyrin (Zn)53 with TPT 78 ligand, resulting in either a hexamer complex or a hyperbranched supramolecular polymer.

[bookmark: _Toc507504567][bookmark: _Toc508276825]3.7. Diffusion NMR studies

The use of diffusion NMR as a technique to investigate the structure of the porphyrin/ligand complexes requires an accurate and high quality NMR spectra in order to extract and calculate accurate diffusion data. Due to the low quality and poorly resolved 1H NMR spectra obtained for rigid dimer (Zn)76, further investigation into its complexation via diffusion NMR was not possible, and further investigations into the self-assembled structures involving rigid dimer (Zn)76 were not pursued.

In order to identify the self-assembled structure resulting from the complexation between amidoporphyrin (Zn)53 and trigonal pyridyl ligands Py2Py 77 and TPT 78, diffusion NMR experiments were conducted on the porphyrin in CDCl3 (1 × 10-2 M) with and without ligand. It was anticipated that if hexamers formed, a proportional decrease in rate of diffusion would be observed, relative to porphyrin alone, leading to a smaller diffusion coefficient. Alternatively, a much larger supramolecular polymer would diffuse significantly slower in solution than either porphyrin alone or the hexamer, and therefore the rate of diffusion would be reduced considerably. It was also of interest to further probe the binding of 4,4’-bipy with the amide dimer (Zn)53 due to the low levels of binding observed through UV studies, which indicated duplex formation would be unfavourable. At the end of the experiment, an excess amount of ligand, equal to approximately 5 eq., was added to assess the effect of saturating the porphyrin binding sites. The results for the experiments conducted using amidoporphyrin (Zn)53 with 4,4’-bipy, Py2Py 77 and TPT 78 are highlighted in Table 3.2.




Table 3.2 Diffusion coefficients and the relative size of complexed material calculated from the DOSY NMR of zinc amidoporphyrin dimer (Zn)53 in CDCl3 (1 × 10-2 M), determined by comparing the diffusion of porphyrin alone against porphyrin with 1 eq., 2 eq. and excess ligand. [*] Size assumed to be proportional to the diffusion coefficient and the size of (Zn)53.

The 1:1 binding of amidoporphyirn (Zn)53 with 4,4’-bipy displayed no decrease in rate of diffusion, indicating the preferential formation of small complexes, with only one of the ligand binding sites coordinated to amide (Zn)53 (Table 3.2a). A slower diffusion rate was observed only when the porphyrin solution was saturated with excess 4,4’-bipy ligand, forming complexes approximately two times the size of porphyrin alone. Whilst it was unexpected that duplex formation was not favourable at low concentrations of 4,4’-bipy, these results correspond with the associations observed through UV titrations. More significantly, the above results provided an additional reference comparison against the DOSY NMR of amidoporphyrin (Zn)53 with Py2Py 77. Further comparing the porphyrin-ligand complex [(Zn)53.77] against that of the flexible dimer (Zn)57 with Py2Py 77 (Figure 3.9b, pp 3.22) confirmed that [A.B] complexes with a shorter hydrodynamic radius were not formed with the amide dimer (Zn)53.

The outcome of the diffusion experiments with Py2Py 77 revealed a decrease in diffusion rate relating to complex formation of approximately three times the size of amidoporphyrin (Zn)53 alone. This strongly suggests that polymeric assemblies are not formed, and that a hexameric complex is the dominant species in solution. The UV data highlighted an increase in Ka between amidoporphyrin (Zn)53 with Py2Py 77, which results from the initial slow assembly of a small linear oligomeric chain species l-[(Zn)533.773], K1-5, followed by the rapid and cooperative closing of the ring structure r-[(Zn)533.773], K6 (Scheme 3.6). Further to this, the addition of excess ligand to the porphyrin solution saw no dissociation of the assembled complex. This indicates that a strongly bound complex, ie the hexamer assembly, has formed, as the relative increase in ligand concentration would encourage dissociation of a less stable complex. The stability within the hexamer complex results from the favourable and highly cooperative binding at K6. Therefore, the combination of the UV and DOSY NMR results indicate hexamer formation between amidoporphyrin (Zn)53 and Py2Py 77. Unfortunately, whilst it was desirable to obtain crystallographic evidence of the complex, a quality co-crystalline sample for use in X-ray was unable to be achieved.







Scheme 3.6 Equilibria between aminoporphyrin (Zn)53 and Py2Py 77 in CDCl3 (1 × 10-2 M). Cartoon schematic describing the slow association of three amidoporphyrin (Zn)53 components with three Py2Py 77 ligands in a linear chain l-[(Zn)533.773] (K1-5), and the fast ring closing step to form hexamer complex r-[(Zn)533.773] (K6). [*] Rotation is favourable with respect to formation of the binding conformer and subsequent complexation, however it is unfavourable with respect to sterics.

The DOSY NMR spectra for aminoporphyrin (Zn)53 with TPT 78, displayed in Figure 3.10, and NMR data obtained enabled us to determine the relative size of the resulting assembly. The complex formed was calculated to be approximately three times that of the porphyrin alone, indicating the preferential formation of hexamer r-[(Zn)533.783]. This outcome is analogous to the binding of Py2Py 77 with amidoporphyrin (Zn)53, both in terms of UV data and DOSY NMR results. Whilst it is not necessarily a surprising result, due to the matching geometries of the ligands, it was pleasing to note that there was no evidence of any larger polymeric structures forming. This demonstrates that the inclusion of functionality has no effect on the structure of the complex formed between porphyrin dimer (Zn)53 and a pyridyl ligand of trigonal geometry.
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Figure 3.10 DOSY NMR spectra displaying the (log)diffusion of a) amidoporphyrin (Zn)53 binding TPT (1:1) and b) amidoporphyrin (Zn)53 (no ligand). The spectra clearly demonstrates the slower rate of diffusion observed for the [(Zn)53.TPT] complex a) relative to (Zn)53 alone b).

[bookmark: _Toc490833983][bookmark: _Toc507504568][bookmark: _Toc508276826][bookmark: _Toc490552423]3.8. Conclusions and future work

The overall findings led to the conclusion that amidoporphyrin dimer (Zn)53 is both a more synthetically attainable molecule than the rigid dimer (Zn)76, and has a greater versatility in supramolecular applications. This was evident through the strong aggregation observed for the rigid dimer through 1H NMR and precipitation in solution, which is a likely factor as to why low yields of product are formed and purification is time consuming and arduous. The UV binding results of the amide (Zn)53 and rigid (Zn)76 dimers suggested that the porphyrins form similar complexes with the ligands utilised in the studies. This in turn indicated that the amide (Zn)53 would likely be suitable alternative for the rigid dimer (Zn)76, for applications when a linear porphyrin is required.

Investigations into the binding of semi-rigid zinc amidoporphyrin (Zn)53 with trigonal pyridyl ligands revealed the preferential formation of hexameric complexes in solution. This is due to a dynamic cooperative binding induced in the final stages of assembly. Despite the cooperativity in the cyclisation step of the hexamer, the overall binding was only slightly higher than with the monodentate 4-PhPy ligand binding. Whilst the increase in association seems low for a cooperative interaction, there are additional highly specific requirements for preorganisation in order to form the hexamer, which would involve five individual non-covalent bonds to form, K1-5, prior to the final cyclisation step, K6 (Scheme 3.6, pp 3.28). Furthermore, the geometry and orientation of all interactions must all be aligned to favour cyclic hexamer formation, which requires additional entropic energy expenditure to overcome the steric crowding of placing the large porphyrin units in closer proximity. The combination of these factors, therefore, significantly limits the binding prior to cyclisation, leading to a cooperative association in K6 which is masked by specific preorganisational requirements.

The primary alternative to forming a hexamer complex would have been the formation of small complexes in solution, capable of chain extending to generate supramolecular polymers. Conversely to the binding affinity of hexamer formation, supramolecular polymer binding would be expected to be reduced, relative to monodentate 4-PhPy ligand binding. This is due to the incomplete interactions at the polymer terminus, which reduces the effective concentration of pyridine (Scheme 3.7a). This would be particularly apparent in the formation of hyperbranched polymers (HBPs) through interactions between amidoporphyrin (Zn)53 and TPT 78, due to imperfect branching resulting in a high concentration of unbound pyridyl units (Scheme 3.7b). Results of diffusion NMR determined that complexes of three times the size of porphyrin alone were formed between amidoporphyrin (Zn)53 and Py2Py 77 and TPT 78, indicating the preferential formation of hexameric supramolecular assemblies. 


Scheme 3.7 Cartoon representation of the unobserved binding outcomes through the association of zinc amidoporphyrin (Zn)53 with: a) Py2Py 77 ligand or TPT 78 ligand, resulting in a linear supramolecular polymer chain; b) TPT 78 ligand, resulting in a supramolecular hyperbranched polymer (HBP). Polymer formation results in an effective reduction in pyridine concentration, resulting in a lower Ka, which was not observed in this study.

Despite these strong indications for hexamer formation, it can only be concluded that no short chain polymers and oligomers are formed at concentration of 10-2 M, as DOSY techniques may not be able to see much larger supramolecular assemblies. This is a similar outcome to that described in Chapter 2, and suggests that additional testing would be beneficial in assessing the validity of the above conclusions. Ideally, re-crystallisation would be conducted to achieve a crystal sample of high quality that could be analysed via X-Ray crystallography; however, all attempts to afford a suitable crystal were unsuccessful. An alternative to crystallography could be through the use of dynamic light scattering (DLS), which would indicate if any larger polymeric species, undetected through DOSY, may be present in the equilibria. Binding studies could also be performed at different concentrations (i.e. 10-2 M NMR, 10-9 M fluorescence) to assess the affect this has on the assemblies formed. The addition of these experiments to the investigative analysis that has already been conducted in this work would aid in confirming the favourable assembly of the proposed supramolecular hexamer.

The formation of the hexameric complex between amidoporphyrin (Zn)53 and TPT 78 demonstrates that the inclusion of functionality does not impact the structure of the assembled complex (Figure 3.11). This leads to the option of the hexamer acting as a host-guest binding cavity. It has been postulated that the assembled structure could coordinate cationically charged or H-bond donor species, ideally with a high level of specificity and selectivity. Rough modelling has estimated an approximate diameter of the central cavity to be in the region of 10-13 Å, however more accurate modelling would be necessary before exploring this further. Following this, the development of alternative trigonal bipyridyl ligands of varying functionality could be targeted, in order to form hexameric complexes with a tailored internal binding cavity. Due to the photophysical and electronic properties of porphyrins, these types of assembly have the potential to act as sensors, electron transfer systems and even catalysts, through utilising the central binding pocket.




Figure 3.11 Complex assembly between amidoporphyrin (Zn)53 and TPT 78, resulting in the hexamer complex r-[(Zn)533.783] with an internal functionalised cavity.

[bookmark: _Toc490833984][bookmark: _Toc507504569][bookmark: _Toc508276827]3.9. Experimental
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[bookmark: _Toc490833986][bookmark: _Toc507504571]See Chapter 2 (Section 2.6.1., pp 2.95)
[bookmark: _Toc508276829]3.9.2. Synthetic Procedures
For the following procedures, see Chapter 2 (Section 2.6.2.):

pp 2.97	General procedure 1: Insertion of zinc into porphyrin 
pp 2.97	Synthesis of 5,10,15,20-tetraphenylporphyrin (TPP) 3154
pp 2.98	Synthesis of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin 3250
pp 2.100	Synthesis of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin 3350
pp 2.112	Synthesis of 5-​(4-​carbomethoxypheny​l)​-​10,​15,​20-​triphenylporphyrin 		51
pp 2.113	Synthesis of 5-​(4-​carboxypheny​l)​-​10,​15,​20-​triphenylporphyrin 39 
pp 2.115	Synthesis of 4-(10,15,20-triphenylporphyrin)-N-(4-(10,15,20-triphenyl 		porphyrin)phenyl)benzamide (amidoporphyrin dimer) 53 
pp 2.116	Synthesis of zinc 4-(10,15,20-triphenylporphyrin)-N-(4-(10,15,20-tri-		phenylporphyrin)phenyl)benzamide (zinc amidoporphyrin dimer) kn;k; 		(Zn)53 
pp 2.121	Synthesis of N1,N4-bis(4-(10,15,20-triphenylporphyrin)phenyl) ikninninin 	succinamide (flexible porphyrin dimer) 57
pp 2.122	Synthesis of zinc N1,N4-bis(4-(10,15,20-triphenylporphyrin)phenyl) 		succinamide (zinc flexible porphyrin dimer) (Zn)57

Synthesis of zinc 5,10,15,20-tetraphenylporphyrin (Zn)31



Following general procedure 1, TPP 31 (0.5 g, 0.81 mmol) and zinc acetate dihydrate (0.71 g, 3.25 mmol) were refluxed in chloroform (50 mL) to yield zinc TPP (Zn)31 as a purple solid (0.55 g, 99%).

1H NMR (400 MHz, CDCl3) δ 8.97 (s, 8H), 8.26 (dd, 8H, J = 7.5 Hz, J = 2.0 Hz), 7.81-7.76 (m, 12H); 13C NMR (100.6 MHz, CDCl3) δ 150.3, 142.8, 134.5, 132.0, 127.6, 126.6, 121.2; MALDI-MS: m/z expected for C44H28N4Zn: 676, found: 676; FTIR (cm-1): 2926 (s), 1597 (m), 1441 (s); UV absorbance (DCM) λ (nm): 419 (Soret), 547, 585 (Q bands); m.p. > 300 ˚C

Synthesis of 4'-Phenyl-4,2':6',4"-terpyridyl (Py2Py) 7721




Boron trifluoride-diethyl etherate (16.66 mL, 135 mmol) was added dropwise to benzaldehyde (2.54 mL, 25 mmol) and 4-acetylpyridine (5.97 mL, 54 mmol), and the mixture stirred at 100 ◦C for 6 h. Acetic acid (25 mL) and ammonium acetate (20.00 g, 259 mmol) were then added and the solution maintained at 100 ◦C for a further 16 h, forming a dark brown mixture. The crude mixture was dissolved in HCl (0.1 M, 500 mL), then neutralised to pH 9 with sodium hydroxide, forming a dull yellow solution. The crude product was extracted from the aqueous mixture with chloroform, and the solvent removed in vacuo producing a dark brown tar, which yielded a pale yellow powder when washed with methanol. The crude material was columned through silica gel, eluting with 5% methanol in ethyl acetate to yield pure Py2Py 77 as pale yellow powder solid (0.12 g, 1.5%). [NOTE: The remaining Py2Py 77 and its isomer were collected as a mixture as the second column fraction].

1H NMR (400 MHz, CDCl3): δ 8.82 (d, 4H, J = 6.0 Hz), 8.11 (d, 4H, J = 6.0 Hz), 8.07 (s, 2H), 7.78 (dt, 2H, J = 6.5 Hz, 1.0 Hz), 7.62-7.53 (m, 3H); 13C NMR (100.6 MHz, CDCl3) δ 155.3, 151.3, 150.6, 146.1, 138.0, 129.7, 129.4, 127.2, 121.2, 119.1; ES-MS: m/z [MH+] expected for C21H15N3: 310, found: 310; FTIR (cm-1): 1587 (s), 1550 (m), 1490 (m), 1319 (m), 1215 (w), 1062 (w); m.p. 282-284 ˚C. 



Synthesis of 2,4,6-Tris(4-pyridyl)triazine hexahydrate (TPT) 7821




4-pyridinecarbonirile (10 g, 96.00 mmol), 18-crown-6 (1.00 g, 3.80 mmol), potassium hydroxide (225 mg, 4.00 mmol) and decalin (10 mL) were added to round bottom flask and stirred under nitrogen at 200 ˚C for 3 hours. Solvent was then removed under reduced pressure to give a brown solid. This was washed with hot pyridine (5 × 30 mL) to leave pale brown solid, which was dissolved in HCl (1 M), reprecipitated from ammonium hydroxide solution, filtered and washed with water and dried in vacuo to yield TPT 78 as a fine white powder solid (3.48 g, 35%).

1H NMR (400 MHz, CDCl3): δ 8.97 (d, 6H, J = 6.0 Hz), 8.59 (d, 6H, J = 6.0 Hz), 1.64 (s, 12H associated H2O); 13C NMR (100.6 MHz, CDCl3) δ 171.4, 151.0, 142.4, 122.3; ES-MS: m/z [MH+] expected for C18H13N6: 313, found: 313; FTIR (cm-1): 1575 (w), 1518 (s), 1373 (s), 1319 (m), 1305 (w), 1062 (w), 1053 (w); m.p. > 300 ˚C

[bookmark: _Toc490833987][bookmark: _Toc507504572][bookmark: _Toc508276830]3.9.3. Diffusion studies by DOSY NMR
For the following procedures, see Chapter 2 (Section 2.6.4.):

pp 2.130	General procedure 2: Preparation of porphyrin and ligand materials 		for DOSY NMR

Zinc amidoporphyrin dimer (Zn)53 solution [P(Zn)53]: zinc amidoporphyrin dimer (Zn)53 (11 mg, 7.51 × 10-3 mmol) in CDCl3 (0.75 mL).
Ligand solutions [L]: 4,4’-bipy (16 mg, 0.1 mmol); Py2Py 77 (31 mg, 0.1 mmol); TPT 78 (31 mg, 0.1 mmol), in [Px] solution (0.1 mL).
[bookmark: _Toc490833988][bookmark: _Toc507504573][bookmark: _Toc508276831]3.9.4. UV binding titration studies
For the following procedures, see Chapter 2 (Section 2.6.5.):

pp 2.131	General procedure 3: Preparation of porphyrin and ligand materials 		for UV 	binding analysis
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Chapter 4 - The study and identification of a macromolecular multiporphyrin-scaffold complex
[bookmark: _Toc490833991][bookmark: _Toc507504576][bookmark: _Toc508276834][bookmark: _Toc490552425]4.1. Introduction

Natural processes utilise proteins as scaffolds, with photosynthesis being a significant example of a macromolecular structure supporting multi-porphyrin arrays.1,2 Most attempts to create synthetic models of these scaffolds have focused on mimicking the perfectly symmetrical and circular structure of the LHC1 and LHC2 complexes found in nature.2 This has transpired to the development of dendrimer based systems, which model the symmetry observed in some natural macromolecular systems (Figure 4.1)3, (Figure 4.2).4











Figure 4.1 Kozaki’s rigid porphyrin-dendrimer, capable of efficient singlet-energy transfer from the terminal zinc porphyrin units to the focal free-base porphyrin core.3



Figure 4.2 Crossley’s globular dendrimer with 64 zinc porphyrin units at the periphery demonstrates efficient energy transfer efficiency through a two-step delayed annihilation process, involving energy hopping between excited and non-excited chromophores prior to annihilation.4

The use of non-covalent chemistry to self-assemble a number of porphyrin units around a perfectly symmetrical dendrimer has been successfully demonstrated.5 Although these spherical macromolecules are able to support a very large number of porphyrins in a controlled and symmetrical way,6 they are challenging molecules to design and often very difficult to synthesize. The recent discovery of light harvesting proteins containing disordered arrangements of porphyrins demonstrates that a high degree of symmetry is not essential for effective light harvesting.7,8 This therefore opens up the possibility of using much simpler and synthetically more accessible molecules.9  In particular, it should allow hyperbranched polymers to be applied as porphyrin supports, and a number of examples have been reported (Scheme 4.1),10 (Scheme 4.2).11 This offers the potential to mimic nature’s use of non-covalent chemistry to construct or self-assemble very complicated macromolecular complexes with extended structures from relatively simple starting materials.12



Scheme 4.1 A hyperbranched polymer incorporating porphyrin chromophores, formed through a one-pot synthesis proton transfer reaction between the A2 porphyrin monomer and B3 branched trisepoxide.10


[bookmark: _Toc490833992]
Scheme 4.2 A free-base multiporphyrin hyperbranched polymer can be post-synthetically modified through the insertion of metal centres, leading to potentially useful catalytic and binding properties.11

[bookmark: _Toc507504577][bookmark: _Toc508276835]4.2. Aims
[bookmark: _Toc490833993][bookmark: _Toc507504578][bookmark: _Toc508276836]4.2.1. Project background
Previous studies within the Twyman group have demonstrated the synthesis of multiporphyrin containing hyperbranched polymers, with a non-symmetrical macromolecular structure.11 More recently, research in this area within the group has demonstrated a single step approach towards the construction of a self-assembled multiporphyrin hyperbranched polymer (HBP) system. The target scaffold was accessed through the co-polymerisation of the AB2 monomer, 3,5-diacetoxybenzoic acid (Figure 4.3a),13–16 and isonicotinic acid (INA) (Figure 4.3b), resulting in a polymer containing multiple pyridine residues at the periphery of the hyperbranched structure HBP-INA 79.




Figure 4.3 Structures of co-polymerisation monomers a) 3,5-diacetoxybenzoic acid, and; b) isonicotinic acid (INA).

1H NMR and GPC techniques were used to estimate the molecular weight of the resulting macromolecule as 9000 g.mol-1. NMR integration was also used to determine that the hyperbranched polymer product possessed an average of 7 pyridine units per polymer. This provided a macromolecular scaffold HBP-INA 79 which could subsequently be used to assemble a multi-porphyrin hyperbranched polymeric complex. This therefore has the potential for the macromolecular scaffold HBP-INA 79 to coordinate 7 zinc porphyrin units, to assemble a multi-porphyrin hyperbranched polymeric complex 80, as shown in Scheme 4.3.






Scheme 4.3 Self-assembly of multiporphyrin complex 80, with HBP-INA 79 coordinating 7 zinc porphyrin units to 7 pyridine sites.

The formation of the self-assembled multi-porphyrin system was to be carried out by mixing HBP-INA 79 with a zinc-metallated porphyrin, zinc tetraphenylporphyrin (ZnTPP) (Zn)31. Preliminary studies by the group sought to gain an insight to the stoichiometry of ZnTPP (Zn)31 binding to polymer. Theoretically, 7 porphyrin units could assemble around the polymer, through coordination to the 7 pyridine sites. 1H NMR analysis was used to plot a graph of shift (Δδ-ppm) against equivalents of ZnTPP (Zn)31 added per polymer (Figure 4.4).  The number of ZnTPP (Zn)31 units complexed to the polymer was estimated to be around 7 or 8, using the inflection point.  This strongly indicated that all or most of the pyridines were complexed with a ZnTPP (Zn)31 unit; as shown in Scheme 4.3. Furthermore, addition of more ZnTPP (Zn)31 did not affect the shifts by any significant amount, confirming that all pyridines are complexed (Figure 4.5).
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Figure 4.4 Plots showing how the polymer’s pyridine peaks shift when ZnTPP (Zn)31 is added. a) HBP-INA 79; b) HBP-INA 79 + 2.4 equivalents of ZnTPP (Zn)31 and; c) HBP-INA 79 + 14.8 equivalents of ZnTPP (Zn)31 added.

[image: ]

Figure 4.5 Plot of added ZnTPP (Zn)31 vs change in shift.  The stoichiometry of ZnTPP (Zn)31 to HBP-INA 79 was estimated from the onset of saturation.
[bookmark: _Toc490552426][bookmark: _Toc490833994][bookmark: _Toc507504579][bookmark: _Toc508276837]4.2.2. Aims and objectives
The aim of this Chapter was to obtain further evidence for the structure and binding of the complex formed between zinc porphyrin and polymer scaffold HBP-INA 79. This can be achieved through the combination of UV binding titrations and diffusion NMR of HBP-INA 79, with both the previously used monomeric porphyrin ZnTPP (Zn)31 and, additionally, with flexible porphyrin dimer (Zn)57. The use of the flexible dimer (Zn)57 in UV studies enables a comparison to be made against the binding of HBP-INA 79 with ZnTPP (Zn)31. Any enhancement in association constant through cooperative binding of the dimer would unquestionably prove that porphyrin is bound to the pyridine sites of the scaffold. Furthermore, the technique of DOSY NMR can provide diffusion data relating to the relative size of the species. It is expected that an observable decrease in the rate of diffusion will occur when porphyrin is bound to the scaffold, due to an increase in hydrodynamic radius of the polymer-complex, relative to polymer HBP-INA 79 alone.

[bookmark: _Toc507504580][bookmark: _Toc508276838]4.3. Identification of multiporphyrin-scaffold complex
[bookmark: _Toc490552427][bookmark: _Toc490833995][bookmark: _Toc507504581][bookmark: _Toc508276839]4.3.1. UV binding studies
UV binding titrations of HBP-INA 79 (1 × 10-5 M) into ZnTPP (Zn)31 (1 × 10-6 M) in DCM observed a shift in porphyrin Soret band from 418 nm to 427 nm, generating a smooth isosbestic point. This was analogous to the UV titration spectra for ZnTPP (Zn)31 with the model mono-pyridyl ligand, 4-phenylpyridine (4-PhPy) (Figure 4.6). The isosbestic point confirmed that all pyridines were in a similar environment and the similarity of the Ka values suggested that the pyridine moieties of HBP-INA 79 are relatively easily accessible, and not buried deep within the densely packed macromolecular structure.17




Figure 4.6 UV/Vis titrations for a) HBP-INA 79 and b) 4-PhPy in ZnTPP (Zn)31. In both cases a clear isosbestic point was obtained.

In-depth analysis of the specific binding (see Chapter 2, pp 2.33-2.35) between porphyrin and polymer was determined through further UV titrations leading to a calculated association constant, Ka, for the pyridine concentration within HBP-INA 79 and 4-PhPy, at 1 × 10-5 M. The pyridine concentration within HBP-INA 79 was determined based on results obtained previously through GPC and 1H NMR of the polymer, which calculated the number of pyridine sites to be approximatly 7 Py per molecule. 4-PhPy and HBP-INA 79 were titrated against ZnTPP (Zn)31 and flexible porphyrin dimer (Zn)57, both at 1 × 10-6 M. The results of the binding titrations are highlighted Figure 4.7.




Figure 4.7 Binding titration curves for ZnTPP (Zn)31 and zinc flexible dimer (Zn)57 with a) 4-PhPy and b) HBP-INA 79. The significant enhancement in binding for HBP-INA 79 with dimer (Zn)57 demonstrates the highly cooperative binding observed, relative to the simple one-site binding with ZnTPP (Zn)31.

Unsurprisingly, near identical results were obtained through the binding of 4-PhPy with ZnTPP (Zn)31 and flexible dimer (Zn)57. This is a stark contrast to the binding between the multi-pyridyl bearing HBP-INA 79 with mono-porphyrin (complex 80) and dimeric porphyrin (complex 81), which saw a 100 fold increase in association for flexible dimer (Zn)57, relative  to ZnTPP (Zn)31. The enhancement in association between HBP-INA 79 and zinc flexible dimer (Zn)57 to generate complex 81, demonstrates  strong cooperative binding between dimer and pyridine sites. This not only provides evidence for the main objective by confirming that porphyrin is associated to the polymer scaffold, but additionally imparts further information as to the location of the pyridine sites within the polymer. As cooperative binding is only possible when the pyridine binding sites are easily accessible to the flexible porphyrin dimer (Zn)57, it means that the bound pyridyl units must be present around the surface of the polymer. It is likely that the slightly reduced Ka values for the binding between ZnTPP (Zn)31 and HBP-INA 79, relative to 4-PhPy, is due to the orientation and position of the pyridyl sites within the polymer. Although the pyridyl units are not buried deep within the core of the globular polymeric structure, it is probable that not all pyridine moieties are directed towards the surface of HBP-INA 79, therefore requiring minor structural rearrangement of the polymer to ensure all pyridine sites can bind with porphyrin (Scheme 4.4).





Scheme 4.4 a) HBP-INA 79 scaffold with pyridyl units on the periphery, facing internally within the polymeric structure; b) Formation of supramolecular porphyrin-scaffold complex 81 induces minor structural rearrangement of HBP-INA 79, so that pyridyl sites are oriented to bind with zincated porphyrin. This results in a minor reduction in the overall binding of porphyrin to polymer, relative to structurally simpler pyridyl ligands.

With the binding of porphyrin to polymer confirmed and the binding constants calculated, we wished to confirm the stoichiometry of porphyrin units binding to one polymer, which had previously been determined as 7:1 (Zn)31/HBP-INA 79, through 1H NMR titrations (Figure 4.5, pp 4.10). Applying the same method to the flexible dimer (Zn)57 failed, due to the strong binding between dimer (Zn)57 and HBP-INA 79 being incompatible with the relatively high concentrations required for NMR. However, the stoichiometric ratio of porphyrin binding has previously been demonstrated with success through the UV titration of a porphyrin trimer into a pyridyl terminated dendrimer,5 and it was anticipated that this technique could be applied to our porphyrin-scaffold complex. Whilst the binding of ZnTPP (Zn)31 to HBP-INA 79 was not strong enough to conduct these experiments at UV concentrations (Ka = 1 × 103 M-1), it would be possible to monitor the stoichiometry using the flexible dimer (Zn)57 (5 × 10-6 M), corresponding to porphyrin concentration at 1 × 10-5 M (2 porphyrin units per molecule). The analysis was conducted through titrating porphyrin (Zn)57 into HBP-INA 79, in aliquots of 1 molar equivalent of porphyrin (Figure 4.8).


Figure 4.8 Titration plots of equivalents of flexible porphyrin (Zn)57 added to HBP-INA 79 in DCM (10-5 M), following the Q band absorbance for bound porphyrin at 562 nm and free porphyrin at 551 nm. The stoichiometry of flexible dimer (Zn)57 to HBP-INA 79 was determined from the onset of saturation.

As observed through Figure 4.8 above, the formation of the porphyrin-scaffold complex 81 between flexible dimer (Zn)57 and HBP-INA 79 dominates the initial stages of the UV titration. At the point where all accessible pyridine sites are occupied, any further porphyrin which is added remains unbound in solution. This has a significant effect on the absorbance for the porphyrin Q bands, resulting in a sharper gradient for the free porphyrin (551 nm) and flattening of gradient for the bound porphyrin (562 nm). A change in gradient is clearly seen for both the free and unbound porphyrin when 7 porphyrin units have been added to the HBP-INA 79 solution. This was a satisfying result as the data agrees with that obtained through analogous NMR titrations of ZnTPP (Zn)31 into HBP-INA 79. Overall, we are confident that HBP-INA 79 possesses an average of 7 pyridyl units per polymer. 
[bookmark: _Toc490552428][bookmark: _Toc490833996][bookmark: _Toc507504582][bookmark: _Toc508276840]4.3.2. Diffusion studies by DOSY NMR
In addition to the UV and 1H NMR analysis, it was decided that the use of diffusion NMR would provide additional, necessary evidence to undeniably confirm the formation of a multiporphyrin-scaffold complex. This would demonstrate the increase in diameter of the macromolecular complex through an observable decrease in rate of diffusion through solution of the complexed material, relative to the non-complexed species. It was also envisaged that by analysing the effect of varying the relative concentrations of porphyrin and polymer, it would provide further information about the number of pyridine sites per polymer, as the diameter of the complex should not increase further once 1:1 binding is achieved.

Diffusion experiments were performed using HBP-INA 79 with both ZnTPP (Zn)31 and zinc flexible dimer (Zn)57, enabling a direct comparison to be made between the two porphyrin-polymer complexes. This aimed to show that the diameter of each porphyrin-polymer complex would be near identical, demonstrating that both porphyrins associate to the pyridine sites. In order to accurately achieve this at a quantitative level, experiments were conducted in a solution of HBP-INA 79 (1 × 10-2 M), into which was injected either ZnTPP (Zn)31 or zinc flexible dimer (Zn)57 in increments of 0.2 molar equivalents (2 × 10-3 M) of porphyrin unit. For ZnTPP (Zn)31, a single molecule contains only one porphyrin, and therefore the concentration of porphyrin is equal to the concentration of the (Zn)31 molecule added. However, as flexible dimer (Zn)57 has two porphyrin units per molecule, it was necessary to halve the concentration of dimer (Zn)57 in the additions, relative to ZnTPP (Zn)31. Therefore, stock solutions of ZnTPP (Zn)31 (4 × 10-1 M) and zinc flexible dimer (Zn)57 (2 × 10-1 M) were made, and 3 μL (0.2 mol eq. porphyrin) of the porphyrin stock was added incrementally to a 0.6 mL solution of HBP-INA 79 (1 × 10-2 M), up to a 1:1 ratio of porphyrin/polymer. At this point the molar equivalent additions were increased until a large excess of porphyrin was achieved. Upon completion of the diffusion experiments, diffusion data of both the pyridine and porphyrin peaks were collected, the results of which are provided for complex 80 (HBP-INA 79 with ZnTPP (Zn)31) (Table 4.1) and complex 81 (zinc flexible dimer (Zn)57) (Table 4.2).



Table 4.1 Diffusion data for the complex 80, formed through the association of HBP-INA 79 with ZnTPP (Zn)31. [NOTE. Ratios based on assumptions regarding HBP-INA 79: Mr = 9000 g.mol-1; no. Py = 7].



Table 4.2 Diffusion data for the complex 81, formed through the association of HBP-INA 79 with zinc flexible dimer (Zn)57. [NOTE. Ratios based on assumptions regarding HBP-INA 79: Mr = 9000 g.mol-1; no. Py = 7].

Complex formation between the ZnTPP (Zn)31 monomer and HBP-INA 79 follows the anticipated minor decrease in rate of diffusion as equivalents of porphyrin are increased, however the binding of polymer with flexible dimer (Zn)57 provided interesting and not entirely expected results. In order to gain a full understanding of the information that the diffusion data is providing, several factors must be considered. Firstly, examining the data of the flexible dimer (Zn)57 (Table 4.2) sees a very slow rate of diffusion relative to ZnTPP (Zn)31 (Table 4.1). It was notable that the solubility of the dimer in DCM was relatively poor, and required excessive agitation to achieve full solubilisation. This suggested that the porphyrin dimer formed aggregates,18–21 which diffuse much slower in solution than a single ‘free’ porphyrin unit. This was confirmed through the use of dynamic light scattering (DLS) on the porphyrin dimer (Zn)57 in DCM (10-4 M), which displayed peaks corresponding to species of at 1.5 nm (‘free’ porphyrin) and 400 nm (aggregating porphyrin) in size (Figure 4.9). This is in clear agreement with the diffusion data for the dimer (Zn)57, demonstrating that porphyrin aggregation does occur in solution. 


[bookmark: OLE_LINK1]Figure 4.9 Primary DLS peaks observed in the region of 400 nm (aggregated porphyrin) and 1.5 nm (‘free’ porphyrin), for dimer (Zn)57 in DCM. Experiments conducted by Hamza Qasem and results included with consent.

Further to this, it is necessary to realise that the porphyrin and polymer are two unrelated molecules with vastly differing properties, and must therefore be treated as such. Therefore, it is not possible to make any direct comparisons between these species. This is evident when observing the individual diffusion coefficients for ZnTPP (Zn)31 (5.3 × 10-9 m2s-1) and HBP-INA 79 (3.5 × 10-9 m2s-1) in CDCl3. Assuming the size of HBP-INA 79 is equal to an arbitrary value of 1.00, this leads to the simple calculation of the size of ZnTPP (Zn)31 as equal to 0.67, relative to the size of HBP-INA 79. These are surprisingly similar given the difference in physical molecular physiology, geometry and weight (Mr (Zn)31 = 678 gmol-1; Mr HBP-INA 79 = 9000 gmol-1). Therefore, differences in physical properties and interactions with the solvent mean that comparisons between separate species, such as the globular hyperbranched polymer and planar porphyrin units, cannot be made. 

In addition to the physical factors, the technique of diffusion by DOSY NMR relies on the Stokes-Einstein equation,22 which makes the assumption that the substance being analysed is perfectly spherical. In the case of the hyperbranched polymer, there is a degree of validity in this assumption due to its globular, albeit not perfectly symmetrical, structure. On the other hand, the porphyrin unit is far from spherical and cannot be treated as such, providing a rate of diffusion for ZnTPP (Zn)31 and zinc flexible dimer (Zn)57 as much higher than would be expected,  if compared to the physically larger polymer HBP-INA 79.  The factors of physical properties and interactions, and the structural morphology of the different molecules, are therefore significant in understanding and interpreting the results obtained from the DOSY NMR studies.

With this in mind, it was decided to focus on the porphyrin-polymer complexes in terms of either having porphyrin or polymer characteristics, which would affect the properties and behaviour of the complexed material in solution. As the polymer is the key scaffold for the complex, with the porphyrin coordinating to the periphery, the size of complexed material was calculated relative to the size of HBP-INA 79, given the value of 1.00 (Equation 4.1). The size of porphyrin relative to HBP-INA 79 was also determined, which assisted in understanding the results of the calculations (Table 4.3).

Equation 4.1	




Table 4.3 Results of the simple calculations with a cartoon representation of the complexes formed with: a) (Zn)31 (complex 80); b) (Zn)57 (complex 81). [NOTE. Ratios based on assumptions regarding HBP-INA 79: Mr = 9000 g.mol-1; no. Py = 7].
4.22

Overall, the diffusion data is able to provide information confirming the increase in hydrodynamic radius of the multiporphyrin-scaffold complex formed between ZnTPP (Zn)31 with HBP-INA 79. Analysis of all titrations shows a clear increase in size from polymer scaffold alone up to a 1:1 ratio of polymer 79/porphyrin (Zn)31, at which point the pyridine sites of the polymer are fully saturated and no more porphyrin is capable of binding and the rate of diffusion plateaus. This information is useful in backing up the previous evidence which approximated the number of pyridine sites per polymer as 7, as it can be seen that saturation of binding sites occurs only upon reaching a 1:1 ratio.

The binding of HBP-INA 79 with flexible dimer (Zn)57 provided further evidence of complexation, and supplied supplementary information on the number of pyridine sites per polymer. Firstly, the rate of diffusion for the polymer-TPP complex 80 and polymer-dimer complex 81 correspond perfectly, which shows that both complexes are formed with a band of porphyrin units supported at the periphery of the polymeric scaffold through self-assembled binding. This is true until a 1:1 ratio of HBP-INA 79/zinc flexible dimer (Zn)57 is reached, at which point a large decrease in diffusion is observed. This can be explained when considering that if the concentration of the pyridine sites exceeds the equivalent number of porphyrin centres (up to 0.8 eq. of porphyrin; i.e. ≤ 6 porphyrins to 7 pyridines); the complex takes on the physical properties of the polymer. This is due to all porphyrin units dimer being fully bound to the polymer, forming a band of porphyrins at the surface of the polymer scaffold. Therefore, the rate of diffusion only decreases slightly lower than the polymer alone due to the minor increase in spherical diameter. However, when the number of porphyrins exceeds the number of pyridine sites (including and above 1.0 eq. porphyrin; i.e. ≥ 8 porphyrins to 7 pyridines), the porphyrin diffusion appears to be dominant. This is due to the slower initial rate of diffusion of (Zn)57 relative to HBP-INA 79, meaning that it appears that the complex takes on the diffusion properties and behaviour more characteristic of the flexible porphyrin dimer (Zn)57 (Table 4.3b.v). By increasing the concentration of porphyrin further, the emergence of even larger species occurs. This was attributed to a porphyrin dimer bridge formed between two separate polymers, resulting in a small cross-linked assembly 82 (Table 4.3b.vi).

To ensure our hypothesis was valid, we wished to confirm the presence of the larger cross-linked porphyrin-polymer complex 82. We had previously seen positive results through the use of DLS with flexible dimer (Zn)57 alone (Figure 4.9), and it was anticipated that the technique would allow us to observe any changes in size for HBP-INA 79 against the cross-inked dimer-polymer complex 82. Experiments were conducted in  DCM (10-4 M), focusing on HBP-INA 79 alone, and HBP-INA 79 with both 0.5 eq. porphyrin and 2 eq. porphyrin (Figure 4.10) (Table 4.4). 


Fig 4.10 DLS plot displaying the single peak observed with HBP-INA 79 alone at 13.2 nm (BLUE), and the two peaks formed for HBP-INA 79 with 2 eq. porphyrin dimer (Zn)57 (BLACK). The peak at 1.5 nm corresponds to unbound dimer (Zn)57, whilst the peak in the region of 45 nm corresponds to the cross-linked complex assembly 82, approximately 3-4 times the size of HBP-INA 79 alone. Experiments conducted by Hamza Qasem and results included with consent. [NOTE: the peak for HBP-INA 79 + 0.5 eq. porphyrin (Zn)57 overlaps with HBP-INA 79 alone, and has been omitted from the above plot for clarity].



[bookmark: _Toc490552429][bookmark: _Toc490833997]
Table 4.4 Average data collected through DLS measurements of HBP-INA 79: i) alone; ii) + 0.5 eq. dimer (Zn)57; iii) + 2 eq. dimer (Zn)57. Experiments conducted by Hamza Qasem and results included with consent.

The above results through DLS experiments strongly agree with the interpretation of the diffusion NMR results, that at ratios below 1:1 porphyrin binding pyridine, a complex of a similar size to HBP-INA 79 alone is formed, i.e. complex 81. However, when an excess of porphyrin is introduced to the system, any unbound pyridine sites are available to coordinate with the relatively high concentration of prophyrins, enabling a cross-linked assembly to form, complex 82. This evidence is in line with all previous experiments conducted, providing results which confirm the assembly and structures of macromolecular porphyrin-scaffold complexes.

[bookmark: _Toc507504583][bookmark: _Toc508276841][bookmark: _GoBack]4.4. Conclusions and future work

In summary, it has been demonstrated that the structure of a very complicated biomolecule can be mimicked through non-covalent assembly of a very simple macromolecule HBP-INA 79 with zinc porphyrins, to generate the multiporphyrin macromolecular scaffold complexes 80 (HBP-INA 79 + ZnTPP (Zn)31) and 81 (HBP-INA 79 + flexible dimer (Zn)57) . UV titrations determined that enhancement in HBP-INA 79 binding was observed when moving from a porphyrin monomer to porphyrin dimer. This is a result of the cooperative binding achieved through use of the flexible dimer (Zn)57, which further confirmed that pyridyl sites are located at the polymer termini. The use of diffusion NMR provided additional evidence showing that the diameter of the polymer scaffold increases upon addition of porphyrin, strongly indicating complex formation. The combination of the two techniques also revealed that the estimation of 7 pyridine binding sites at the termini of the HBP is reasonably accurate, thus achieving the primary objective.

Through utilising the techniques of UV analysis and diffusion by DOSY NMR, the identification of the multiporphyrin-scaffold complexes between HBP-INA 79 and porphyrins, ZnTPP (Zn)31 and flexible dimer (Zn)57, was achieved. However, the use of DLS in this aspect of the project was found to be an essential technique in confirming the assumption that aggregation occurs with flexible porphyrin (Zn)57, and that the cross-linked assembly 81 is formed between (Zn)57 and HBP-INA 79 at the ratio of 1:2 pyridine/porphyrin. It would therefore be useful to consider the use of DLS in the work discussed previously within this research (i.e. in Chapter 2 and Chapter 3), as it may be able to provide valuable analytical evidence to back up the conclusions that have been drawn.

The work conducted within this Chapter holds significant implications for the future design of light-harvesting systems due to the simplicity of accessing the core macromolecular scaffold, HBP-INA 79.11 Most previous examples of macromolecular porphyrin light-harvesting complex have utilised complicated chemistry to access a perfectly symmetrical scaffold.23 However, incorporation of a porphyrin as the central branch point of a hyperbranched polymer allows for the simple synthesis of a porphyrin cored macromolecular scaffold with terminal pyridyl groups, capable of coordination to metallated porphyrin species (Figure 4.11). This holds significant interest due to the implication of convenient access to a porphyrin-cored multiporphyrin-macromolecular scaffold with electron-transfer properties, and is currently under investigation within the research group.



Figure 4.11 Free-base porphyrin cored HBP scaffold non-covalently assembles zincated porphyrin dimers at the polymer periphery, which should display singlet-energy transfer properties upon excitation.

[bookmark: _Toc507504584][bookmark: _Toc508276842]4.5. Experimental
[bookmark: _Toc490833998][bookmark: _Toc507504585][bookmark: _Toc508276843]4.5.1. General Considerations 
See Chapter 2 (Section 2.6.1., pp 2.95)
[bookmark: _Toc490833999][bookmark: _Toc507504586][bookmark: _Toc508276844]4.5.2. Synthetic Procedures
[bookmark: _Toc490834000]For the following procedures, see Chapter 2 (Section 2.6.2.) and Chapter 3 (Section 3.9.2.):

pp 2.97	General procedure 1: Insertion of zinc into porphyrin 
pp 2.97	Synthesis of 5,10,15,20-tetraphenylporphyrin (TPP) 3124
pp 2.98	Synthesis of 5-(4-nitrophenyl)-10,15,20-triphenylporphyrin 3225
pp 2.100	Synthesis of 5-(4-aminophenyl)-10,15,20-triphenylporphyrin 3325
pp 2.121	Synthesis of N1,N4-bis(4-(10,15,20-triphenylporphyrin)phenyl) kokokojjj	succinamide (flexible porphyrin dimer) 57
pp 2.122	Synthesis of zinc N1,N4-bis(4-(10,15,20-triphenylporphyrin)phenyl) 		succinamide (zinc flexible porphyrin dimer) (Zn)57
pp 3.34	Synthesis of zinc 5,10,15,20-tetraphenylporphyrin (Zn)31
[bookmark: _Toc490834001][bookmark: _Toc507504587][bookmark: _Toc508276845]4.5.3. Diffusion studies by DOSY NMR
[bookmark: _Toc490552447][bookmark: _Toc490834002]General procedure 2: Preparation of HBP-INA 79 and porphyrin materials for DOSY NMR
A solution of HBP-INA 79 (10 mg, 1.07 × 10-3 mmol) in CDCl3 (0.75 mL) (1 × 10-2 M/Py) [79] was prepared, and 0.6 mL of [79] added to an NMR tube. The binding zinc porphyrin solution [Py] was made by adding porphyrin to 0.1 mL of [79] (4 × 10-1 M/porphyrin unit (Por)). Zinc porphyrin solution [Py] was added to [79] in the NMR in varying aliquots to achieve a specified equivalent of porphyrin unit (Por) binding to HBP-INA 79: i 0.2 eq. porphyrin (3 μl, 2 × 10-3 M/Por); ii 0.4 eq. porphyrin (6 μl, 4 × 10-3 M/Por); iii 0.6 eq. porphyrin (9 μl, 6 × 10-3 M/Por); iv 0.8 eq. porphyrin (12 μl, 8 × 10-3 M/Por); v 1.0 eq. porphyrin (15 μl, 1 × 10-2 M/Por); vi 1.5 eq. porphyrin (23 μl, 1.5 × 10-2 M/Por); vii 2.0 eq. porphyrin (30 μl, 2 × 10-2 M/Por); viii Excess porphyrin (60 μl, 4 × 10-2 M/Por).
ZnTPP (Zn)31 solution [P(Zn)31]: ZnTPP (Zn)31 (27 mg, 4.00 × 10-2 mmol) in [79] (0.1 mL).
Zinc flexible porphyrin dimer (Zn)57 solution [P(Zn)57]: zinc flexible porphyrin dimer (Zn)57 (29 mg, 2.00 × 10-2 mmol) in [79] (0.1 mL).
[bookmark: _Toc490834003][bookmark: _Toc507504588][bookmark: _Toc508276846]4.5.4. UV binding titration studies
For the following procedures, see Chapter 2 (Section 2.6.5.):

pp 2.131	General procedure 3: Preparation of porphyrin and ligand materials 		for UV 	binding analysis
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