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Abstract 

Several studies exist in the literature which utilise either dendritic (covalent) or self-assembling (non-

covalent) strategies to achieve multivalent binding to a biological target, but rarely are the two 

explored together. Herein, we compare and contrast dendritic and self-assembling approaches to 

organise a multivalent array of ligands to bind the protein, integrin αvβ3. In the first instance, linear 

RGD (Arg-Gly-Asp) peptides were covalently attached to first and second generation dendritic 

frameworks, and a positive (monovalent) and negative control were synthesised. A fluorescence 

polarisation (FP) competition assay was used to quantify the binding. The first generation dendron 

(2.16) was the most effective binder, with an EC50 of 125 μM (375 μM per peptide unit); significantly 

better than the monovalent ligand (2.19), the binding of which could not be quantified in our assay, 

even at 1 mM concentration; whilst the second generation dendron (2.17) was somewhat less effective, 

indicating that there is an optimum number of ligands that can be displayed before the multiple ligand 

array becomes disadvantageous to the binding.  

To explore the non-covalent approach, the linear RGD peptide was conjugated to either a single 

hydrophobic C12 aliphatic chain (3.2), an aromatic pyrene (3.4), a C22 aliphatic chain (3.6), or two 

C12 aliphatic chains (3.18), which gave rise to amphiphilic peptides which were able to self-assemble 

to differing degrees and into markedly different morphologies, as shown by a Nile Red encapsulation 

study and TEM imaging. Spherical micelles were formed by amphiphiles 3.2 and 3.4, whereas 3.6 and 

3.18 produced cylindrical, rod-like micelles. Compounds 3.2 and 3.4 were the most effective integrin 

binders at concentrations of 200 μM and 110 μM, respectively, whilst 3.6 and 3.18 failed to produce a 

quantifiable binding concentration. The results therefore show that not only does the micellar self-

assembly approach yield multivalent ligand displays with improved efficiency of binding compared 

with the dendritic method, but the morphology of the self-assembled system can also be detrimental 

to the recognition of the protein, at least in our FP assay and using purified integrin in solution. 

Finally, we report on a family of linear RGD peptide conjugate hydrogelators. Of particular interest 

was the novel bolaamphiphile C12-[urea-RGD]2 (4.4), comprised of linear RGD peptide head groups 

connected to either end of a hydrophobic C12 aliphatic chain via urea linkages. The molecule 

undergoes thermoreversible chiral self-assembly in water and generates a sample-spanning 

nanofibrous gel network, as determined by circular dichroism spectroscopy and TEM/SEM imaging, 

respectively. Gels were formed at a minimum gel concentration (MGC) of 0.06 wt % (0.6 mg/ml, 0.5 

mM), one of the lowest MGCs reported and represents a “super” hydrogel. We report on its 

responsiveness (breakdown) towards charge dense basic anions such as phosphate and acetate, but its 

stability in the presence of more charge diffuse halide and nitrate anions. Furthermore, we 

demonstrate the passive diffusion of encapsulated low MW additives out of the gel phase, whereas 

high MW, protein-sized molecules remain trapped within the fibrous network.  
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1 Introduction 

1.1 Multivalency in Supramolecular Chemistry – Lessons From Biology 

Multivalent ligands, in which multiple copies of a recognition element (RE) are projected from a 

central scaffold, can be a powerful approach for enhancing the binding of REs to biological targets 

with multiple recognition sites.3-6 A RE can be a carbohydrate, peptide, protein, or small molecule – 

the ligand chosen is dependent on the receptor of interest. Multivalent ligands exhibit enhanced 

binding through any combination of: (i) a primarily entropic effect, which after binding of the first 

ligand promotes the binding of a second ligand to a second binding site on the biological target – the 

translational entropic cost is already paid for by the first ligand-receptor contact, with subsequent 

binding contacts proceeding without additional penalties in entropy7 (Fig. 1.1A); (ii) binding to remote 

secondary (sub)sites which may be present on the receptor by either an RE or another component on 

the scaffold (Fig. 1.1B); (iii) binding of multiple REs to multiple receptors, facilitated by receptor 

clustering (Fig. 1.1C); and/or (iv) a local concentration effect, in which once a ligand dissociates from 

its binding site, there is a high local concentration to favour statistical rebinding (Fig. 1.1D). The 

structure of the multivalent ligand and the nature of the biological target determine which binding 

mode is favoured. As such, multivalent scaffolds are widely employed for enhancing the binding of 

REs to biomolecules with multiple binding sites, such as glycoproteins8, 9 and DNA.10-13 

 

Fig. 1.1 – The different mechanisms of receptor binding exhibited by multivalent ligands. Image 

reproduced from reference 4. 
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It has long been understood that multivalent interactions play essential roles in biological processes.3 

Carbohydrates are important in biological systems and most commonly they form host:guest 

complexes with a range of receptor proteins, such as lectins, on cell surfaces. A problem with this 

binding process is that carbohydrates interact very weakly with proteins. To overcome this problem, 

nature uses carbohydrate ‘clusters’ to improve the binding strength. An example of a multivalent 

interaction relevant to human biology is the attachment of an influenza virus to the surface of a cell – 

a prerequisite for viral infection of cells (Fig. 1.2). The attachment occurs via interaction of multiple 

trimers of hemagglutinin (HA, a sugar-binding protein, or lectin, on the viral surface) and multiple 

sialic acid units (SA, the terminal sugar on many glycoproteins found on cell surfaces). By mimicking 

this process, not only has fundamental insight been gained into how nature uses weakly binding 

ligands and makes them stronger by presenting them in a multivalent fashion, but this has also allowed 

for the development of new rationally designed potent drugs to inhibit, for example, the attachment 

of influenza virus to a cell surface therefore preventing infection. 

 

Fig. 1.2 – An influenza virus binding to a host cell. Hemagglutinin binds to sialic acid on the glycan 

chain of a membrane-bound glycoprotein on the host cell. Image reproduced from reference 14. 

Original in colour. 

1.1.1 Dendritic Multivalency 

Figure 1.3 illustrates the anatomy of a dendron/dendrimer.15 Known as ‘cascade’ or ‘branched’ 

polymers, they can be synthesised convergently (starting from the outside working inwards) or 

divergently (starting from the inside and working outwards). The surfaces of dendritic molecules 

constitute an example of covalent multivalency.16 These highly branched, tree-like molecules with 

multivalent peripheral displays have in the last 20 years or so become fashionable for use as 

supramolecular multivalent scaffolds.17-21 Increasing the binding strength of otherwise weak 

recognition events via the multivalency principle is just one of the advantages that these 

superstructures offer, particularly in a biological setting.22 Also, their well-defined ‘perfect’ molecular 
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structure means that FDA (Food and Drug Administration) approval for therapeutic use of 

dendrimer-based drugs, for example, is more likely to be granted than for polymer-based drugs. For 

these reasons biocompatible dendrimers have been highly sought after as new, low dosage, drug 

therapies for application in nanomedicine.23 An example in this context is the binding of dendritic 

saccharides to proteins on cell or virus surfaces which have implications in anti-bacterial and anti-viral 

therapies, as well as working towards solving the problem of drug-resistant bacteria and other 

pathogens.24-26 

 

Fig. 1.3 – The general structures of a dendrimer and dendron are represented with solid lines. The 

coloured, broken lines identify the various key regions of the dendrimer. Image reproduced from 

reference 15. Original in colour. 

Tomalia and co-workers evaluated a series of SA-bearing dendrimers for their ability to inhibit influenza 

virus HA and block infection of mammalian cells in vitro.27 They found that the most effective were the 

comb-branched/dendrigraft scaffolds (Fig. 1.4) as they demonstrated up to 50000-fold increase in 

inhibitory activity over that of monomeric SA due to the multivalency effect. The study was the first 

demonstration of dose-dependent reduction in infection of influenza in mammalian cells for multivalent 

SA-based inhibitors. Since this work, more studies have followed into promising anti-adhesive drugs 

comprised of dendritic carbohydrate-based inhibitors, with potential to interfere with virus-specific-

glycoprotein recognition events.28-31 
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Fig. 1.4 – Chemical structure of a comb-branched/dendrigraft polymer and sialic acid unit. Image 

reproduced from reference 27. 

1.1.2 Self-Assembling Multivalency 

Amphiphilic ligands can be synthesised which self-assemble and present multiple REs on the surface 

of the colloidal structures (aggregates) that form – in much the same way that the influenza virus 

presents its lectin proteins on its viral membrane – this can be considered as a non-covalent method of 

multivalent organisation. The hydrophobic part of an amphiphile provides the driving force for its 

self-assembly in water, while the hydrophilic head group provides water solubility. It is widely known 

that the size and shape of the hydrophobic part in comparison to the hydrophilic part determines the 

shape of the resulting aggregates.32 Classic work by Israelachvili has demonstrated the effect of 

hydrophobic chain length on the self-assembly mode of amphiphiles, including other physical 

principles related to membrane organisation.33 Efficient space-filling is important to minimise the 

energy of the self-assembled system which is dependent on the critical packing shape of the 

amphiphile. Single-chained lipids with large head group areas have an inverted cone shape, leading to 

the formation of spherical micelles (Fig. 1.5A); smaller head group areas have a truncated cone or 

wedge, leading to globular or cylindrical micelles (Fig. 1.5B). Double-chained lipids with large head 

group areas constitute a truncated cone, leading to flexible bi-layers and usually this results in the 

formation of liposomes/vesicles (Fig. 1.5C); small head group areas have a cylinder shape which yields 

rigid, planar bilayers (Fig. 1.5D); and head group areas which are much smaller than the hydrophobic 

part constitute an inverted truncated cone which assembles into inverted micelles (Fig. 1.5E). 
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Fig. 1.5 – Critical packing shape of various lipids and the aggregated structures they form. 

Wong and co-workers have synthesised a SA-bearing amphiphilic polymer which self-assembles into 

liposomes – a consequence of its double-chained nature and large head group – and displays multiple 

SA surface groups as a result (Fig. 1.6).34 The liposomes bind hemagglutinin (HA) and neuraminidase 

(NA) proteins which are present on the surface of a flu virus, inhibiting viral attachment to host cells. 

The potency of the multivalent inhibitor was about 1000 times greater when compared with that of 

monomeric sialic acid, an enhancement caused by the multivalent clustering effect. 

 

Fig. 1.6 – Wong’s 3-deoxy-3-fluorosialic acid-derivatised liposome as a bifunctional multivalent 

inhibitor of HA and NA. Image reproduced from reference 34. 

A  B 

C  D 

Micelle 
Cylindrical  micelle 
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Clearly, dendritic and self-assembling approaches to multivalency are promising methods of enhancing 

weak recognition events between a ligand and its receptor. The following section details the cell-

adhesive protein integrin – an interesting target for multivalent binding. 

1.2 Integrins 

Integrins are heterodimeric, transmembrane proteins composed of two non-covalently linked 

subunits, denoted α and β (Fig. 1.7), and these receptors play pivotal roles in cell-cell and cell-

extracellular matrix (ECM) interactions.35-41 These glue-like adhesive proteins also act as bidirectional 

signal transducers between the extracellular environment and the cytoskeleton, and modulate complex 

signalling pathways which are important in the functions of most cells (Fig. 1.8). These processes 

include cell migration, adhesion, differentiation and survival during embryogenesis, angiogenesis, 

human development, wound healing and in the immune system for example, detailed events which are 

beyond the scope of this thesis – the reader is directed to several good reviews by Hynes and other 

authors.35, 37-39 Integrins have been of interest in developing biomaterials for use in tissue engineering 

applications,42, 43 among other applications, and given that many integrins are now widely recognised 

as playing vital roles in pathological disorders, they are considered to be important therapeutic 

targets.44 Of the 24 known integrin heterodimers (Fig. 1.9), αvβ3, αvβ5 and α5β1 are the most widely 

studied for their over-expression on specific cancer cells and angiogenic blood vessels during tumour 

metastasis and angiogenesis,45-49 making them attractive candidates for developing site-directed drugs 

and integrin antagonists as anti-cancer treatments.50-55 Integrin αIIbβ3, another key receptor, is found 

on blood platelet membranes and mediates the adhesion and aggregation of platelets in thrombus 

formation,56 antagonists of which are important as potential anti-thrombotic drugs.57 

 

Fig. 1.7 – Schematic representation of an integrin in the unligated state. Image reproduced from 

reference 2. Original in colour. 
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Fig. 1.8 – Schematic representation of integrin activation states and signalling mechanisms. In the bent 

form the integrin head group points inwards towards the cell surface and has low affinity for ligands.58 

During “inside-out signaling” an intracellular activator binds to the β-subunit, inducing a 

conformational change leading to increased affinity for extracellular ligands.59 This process is known 

to regulate cell adhesion, migration and invasion. During “outside-in signaling” a ligand binds to the 

integrin and can induce, because of multivalency, integrin clustering. Activation of a signal cascade 

leads to intracellular signals, which regulate cell polarity, survival and migration, changes in 

cytoskeleton and gene expression. The presence of unligated integrins can activate caspase-8, and as a 

consequence, induce apoptosis in a process known as “integrin-mediated death” (IMD).60, 61 Image 

reproduced from reference 2. Original in colour. 

 

Fig. 1.9 – Integrin families: integrins are heterodimers comprising an α-subunit and a β-subunit, and at 

least 24 such heterodimers have been identified, which are shown here. Image reproduced from 

reference 44. Original in colour. 
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1.2.1 The RGD-Binding Motif 

In the early 1980s, pioneering work published by Pierschbacher and Ruoslahti demonstrated that the 

cell attachment activity of fibronectin, a natural ECM protein for several integrins, could be duplicated 

by the tri-peptide RGD (arginine, glycine, aspartic acid), a small synthetic fragment of the protein 

(Fig. 1.10).62-66 Initially, RGDS was believed to be the minimum requirement for binding of 

fibronectin to its receptor,64 however, further studies revealed that the serine (S) residue can be 

substituted for other amino acids without significantly affecting binding affinity, whereas RGD is 

essential for retaining activity.65 RGD has subsequently been discovered in many other ECM proteins 

and represents the most common recognition sequence involved in cell adhesion as several different 

integrin subtypes bind to it (the term integrin was introduced by Hynes and co-workers in 198667).68-75 

A good review by Ruoslahti discusses RGD-containing proteins and peptides, as well as other 

recognition sequences for integrins.76 Integrin αvβ3, for example, promotes tumour-induced 

angiogenesis and binds to various RGD-containing ECM proteins, such as fibronectin, fibrinogen, 

vitronectin and collagen.36 Much attention has therefore been focused on selectively inhibiting this 

integrin by designing and synthesising RGD-containing peptides and peptidomimetics for use in 

cancer therapy.77, 78  

 

Fig. 1.10 – Early prediction of the secondary conformation of the cell attachment domain of 

fibronectin based solely on the primary structure, as determined in 1982. The peptide contains a series 

of potential β-turns, the most hydrophilic of which (boxed) was shown here to contain the cell 

attachment motif.64 Image reproduced from reference 63. 

                                                            
 Amino acids are referred to using either three or one letter abbreviations and are used interchangeably 
throughout this thesis. 
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1.2.2 “Cilengitide” – The Benchmark Integrin Antagonist 

In addition to their findings, Pierschbacher and Ruoslahti also discovered that not only do many 

integrins bind the RGD motif, but they can also distinguish between the different natural (ECM 

protein) ligands that possess this same recognition sequence (Table 1.1).79 Amino acids surrounding 

the RGD probably contribute to integrin selectivity to an extent, however, a stronger argument was 

that the RGD sequence is maintained in a conformation unique to each ECM protein’s (secondary 

and tertiary) structure which in turn is recognised by the integrin specific for that conformation of 

RGD. ‘Conformation-dependent recognition’ was supported as a concept in early work by Wilson et 

al, who studied identical short peptide sequences which, when inserted into different proteins, 

displayed different conformations, and as such were bound by different antibodies.80 Around this 

time, Horst Kessler was pioneering the small molecule equivalent of this conformation-activity study 

by inserting hormone recognition motifs into cyclic peptides, restricting the conformational flexibility 

of the amino acid sequences, and hence improving receptor binding affinities and selectivities.81 

Prior to the publication of the first crystal structure of an integrin extracellular head group in 2001 for 

αvβ3 (Fig. 1.11),82 followed by αIIbβ3 in 2004,83 initial efforts in drug design were based on a ‘ligand-

oriented design’ which involved optimising RGD peptides using different chemical approaches to 

establish structure-activity relationships (SARs). Elucidation of the structure of the integrin receptor-

binding pocket then led to a more informed ‘rational structure-based design’ approach being applied 

in the field of synthetic integrin ligands. 

 

Table 1.1 – Integrins, their ECM proteins and respective recognition sequences. Table reproduced 

from reference 36. 



Daniel J. Welsh         Chapter 1 – Introduction 

11 

 

Fig. 1.11 – Structure of the extracellular domains of integrin αvβ3. A) Ribbon drawing of crystallised 

αvβ3 [shown in blue (αv) and red (β3)]. B) Model of the straightened extracellular domains of αvβ3. The 

two tails would extend into the plasma membrane in the native integrin. A more detailed description 

of the structure is given by Arnaout et al.82 Image reproduced from reference 82. Original in colour. 

Pre-crystal structure, Kessler and co-workers were interested in developing ligands for integrin αvβ3 

and based their approach on three chemical strategies pioneered by them: (i) restriction of the 

conformational space by cyclisation;81 (ii) “spatial screening” of cyclic peptides;84, 85 and (iii) “N-methyl 

scan”.86 Using strategies (i) and (ii) they produced the cyclic pentapeptide c[RGDfV] (Fig. 1.12), the 

first small, selective, anti-angiogenic molecule described, and up to 100-fold more active (and 

selective) than the flexible, linear variant GRGDS.87, 88 A bent conformation of the cyclic RGD 

sequence was found to fit the binding pocket of αvβ3 better than that of the platelet receptor αIIbβ3 

thereby increasing the selectivity of the peptide.89 SAR investigations showed that the amino acid in 

position 4 (i.e. f or D-phenylalanine) and the proton of the amide bond between residues 3 and 4 are 

essential for high affinity toward αvβ3.89 In contrast, the amino acid in position 5 (i.e. V or L-valine) 

does not have any effect on the activity. This being the case, several studies have looked at exchanging 

the valine residue for an amino acid such as lysine (i.e. c[RGDfK]) and then used the lysine side-chain 

as a handle for conjugating the cyclic peptide to other functional molecules, such as sugars for 

improved biokinetics;90 photosensitisers for photodynamic therapy of tumours;91, 92 and radioactive 

metal-chelating agents or fluorescent markers for in vivo tumour imaging93-96 – development of solid-

phase synthetic protocols for this useful analogue of c[RGDfV] has understandably attracted 

interest.97, 98 

N-methylation of c[RGDfV], employing chemical strategy (iii) of their ligand-oriented design, yielded 

the much more potent c[RGDf(NMe)V] (Fig. 1.12). Discovered in 1995, it possesses sub-nanomolar 

affinity for integrin αvβ3, nanomolar affinities for related integrins αvβ5 and α5β1, and high preferential 

Head group 

Tails 
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binding towards αvβ3 over αIIbβ3. Patented with Merck in 1997,99 the design, synthesis and biological 

activity and selectivity of this molecule was finally published in 1999.100 A crystal structure of the 

extracellular head group of integrin αvβ3 in complex with c[RGDf(NMe)V], now known as 

“Cilengitide”,2 was published in 2002 (Fig. 1.13).1 Cilengitide is currently being developed by Merck-

Serono (Darmstadt, Germany) and, according to literature published in January 2011,2 recently entered 

phase III clinical trials as an anti-angiogenic agent for treating malignant glioblastoma (brain tumour), 

and phase II for other types of cancers.101 

 

 

Fig. 1.13 – Structure of the 

extracellular head group of 

integrin αvβ3 complexed with 

c[RGDf(NMe)V].  

A) Surface representation of 

the ligand-binding site, with the 

ligand shown as ball-and-stick 

model.  

B) Interactions between ligand 

and integrin. A more detailed 

description of the integrin-

c[RGDf(NMe)V] complex is 

given by Arnaout et al.1 Image 

reproduced from reference  1. 

Original in colour. 

Fig. 1.12 – Chemical structure of c[RGDfV] 

(where R = H), and c[RGDf(NMe)V] (where 

R = CH3, “Cilengitide”), first developed by 

Kessler and co-workers.2 D-configuration is 

indicated by a lower case letter for the amino 

acid. Original in colour. 
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1.2.3 Multivalent RGD Ligands 

A plethora of studies have since ensued into the design, synthesis and biological activity of low 

molecular weight peptide and peptidomimetic integrin antagonists. These small molecule peptide and 

non-peptide mimics of c[RGDfV] have been reviewed extensively elsewhere.78, 102, 103 Considering 

these efforts, understanding the binding of synthetic ligands to integrin hosts in detail is therefore 

important in studies of molecular recognition, particularly multivalent recognition for improving the 

activity of low affinity ligands. First impressions of an integrin as a target for multivalent binding are 

poor, as it contains only one ligand binding site. However, integrins are dynamic transmembrane 

proteins and are often regulated to cluster together at the leading edge of a migrating cell’s membrane 

in the presence of natural ECM ligands, some of which are inherently multivalent, in a process known 

as ‘focal adhesion’.104-110 As such, multivalent binding of multiple integrins is a genuine possibility. 

Work in recent years toward the design and application of multivalent RGD-based peptide and semi-

peptide arrays, that enhance the binding to integrin αvβ3, has recently been reviewed by Casiraghi and 

co-workers.111  

The following examples outline some of the recent dendritic and self-assembly approaches for 

organising multivalent RGD-based arrays. Multivalent RGD-modified polymers,112-116 surfaces,117 

proteins,118 and nanoparticles119, 120 have also been extensively investigated but will not be covered 

here as they are unrelated to the systems covered in this thesis. 

1.2.3.1 Dendritic RGD 

RGD-containing peptides have been conjugated to the surfaces of dendrimers (and dendrons) and 

their biological activities appear to be enhanced compared to those of the monovalent and lower 

generation analogues, a proposed consequence of the multivalency effect.121-125 Many of these studies, 

however, rarely discuss the fundamental aspect of the multivalent RGD-integrin interaction – 

choosing instead to focus more on favourable biological outcomes. Liskamp and co-workers have 

synthesised mono-, di- and tetravalent c[RGDfK] peptide dendrimers using “click chemistry” (Fig. 

1.14, showing tetravalent dendrimer 1 only) and evaluated their integrin αvβ3 antagonistic activity.126, 127 

The core of the dendrimers was functionalised with a 1,4,7,10-tetraazadodecane-N,N’,N’’,N’’’-

tetraacetic acid (DOTA) chelating group and either left unlabeled to monitor receptor binding in an in 

vitro competition assay, or radiolabeled with 111In to monitor tumour targeting properties in vivo. IC50 

binding concentrations from the competition assay were 212 nM for the monovalent system, 356 nM 

for the divalent, and 50 nM for tetravalent dendrimer 1. A decrease of the IC50 showed tetramerisation 

of the c[RGDfK] moiety resulted in enhanced affinity for integrin αvβ3 compared to the mono- and 

divalent dendrimers. Radiolabeled RGD-dendrimers demonstrated enhanced uptake in integrin αvβ3-

expressing tumours, with the tetrameric form outperforming the monomeric and dimeric analogues. 
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Clearly the use of cyclic RGDs, however, led to all compounds having strong integrin binding, and 

little evidence of a multivalency effect – especially once it is noted that a 50 nM concentration of 

tetravalent dendrimer actually corresponds to a 200 nM concentration of ligand. 

 

Fig. 1.14 – DOTA-conjugated, tetravalent c[RGDfK] peptide dendrimer 1. 

Dumy and co-workers have previously developed a tetravalent cyclic RGD-based structure termed 

RAFT(c[RGDfK])4 (2) (Fig. 1.15).128 This compound contains four copies of the c[RGDfK] ligand 

conjugated onto a cyclic decapeptide scaffold called a ‘RAFT’ (Regioselectively Addressable 

Functionalised Template129, 130). The advantage of the RAFT is that it presents two chemically 

addressable domains: i) an upper face for derivatising with targeting ligands; and ii) a lower face for 

labelling with an effector molecule. Spatial separation of the two domains in this bifunctional vector 

also helps prevent the effector from interfering with the targeting ligands. The labelling agent is a 

biomolecule (e.g. a fluorescent dye and/or cytotoxic agent) and the choice is dependent on the desired 

vectorisation strategy (i.e. imaging,131-134 therapeutic effect135 or a combination of the two136). Tumour 

neo-vasculature and integrin αvβ3-expressing metastases were specifically and efficiently targeted by 

compound 2 in vivo.137 
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Fig. 1.15 – Tetravalent RAFT(c[RGDfK])4 (2) conjugated to a label. 

Dumy and co-workers then examined the multivalency effect and contribution of each c[RGDfK] 

motif in 2, by synthesising an array of RAFT(c[RGDfK])n derivatives bearing one to four units of 

c[RGDfK] (compounds 3-6) (Fig. 1.16), with inactive c[RβADfK] motifs substituting for c[RGDfK] 

when the number of c[RGDfK] motifs on the template was less than four (compounds 4-7).138 As 

such, each compound had comparable shape, steric hindrance and molecular weight, which was 

considered to be essential for comparing their activities in vitro. Competitive cell adhesion assays on 

αvβ3-expressing cells showed over a 250-fold enhancement in the relative potency of each c[RGDfK] 

peptide from monovalent 6 to tetravalent 3 (IC50 of >20000 nM and 19 nM respectively), 

demonstrating that a significant multivalency effect can be achieved when the target integrin proteins 

are supported in cell membranes. 

 

X = G or βA 

3: RAFT(c[RGDfK])4 

4: RAFT(c[RGDfK])3, RAFT(c[RβADfK]) 

5: RAFT(c[RGDfK])2, RAFT(c[RβADfK])2 

6: RAFT(c[RGDfK]), RAFT(c[RβADfK])3 

7: RAFT(c[RβADfK])4 

Fig. 1.16 – Chemical structure of the RAFT(c[RGDfK])n ligands. 
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1.2.3.2 Self-Assembling RGD 

An alternative and less synthetically laborious approach to multimerising an RGD-based peptide is to 

design lipopeptides, composed of a polar RGD head group and a non-polar lipophilic tail. These then 

spontaneously aggregate in water to form (or insert into) colloidal structures displaying multiple copies 

of integrin recognition sites. Bärmann and co-workers have shown that their lipopeptide 8 (Fig 1.17), 

bearing an RGD-containing cyclic hexapeptide, was able to insert into artificial membranes which 

subsequently gained enhanced affinity for integrin αIIbβ3.139 Fluorescence microscopy and cryogenic 

transmission electron microscopy (cryo-TEM) were used to image the inter-vesicle cross-linking that 

resulted from the bridging of giant phospholipid vesicles decorated with 8 by smaller phospholipid 

vesicles decorated with integrin. The authors described the self-organising system as a new model of 

cell adhesion processes, allowing the systematic study of integrin clustering in focal adhesion 

complexes. 

 

Fig 1.17 – Bärmann’s RGD-lipopeptide 8 for the formation of membrane-anchored integrin ligands. 

Marchi-Artzner and co-workers have also incorporated a similar lipopeptide (9) (Fig. 1.18) into 

artificial membranes of giant phospholipid vesicles, and demonstrated strong and selective tethering 

of these functional vesicles to substrate-bound endothelial cells, expressing αvβ3 and αvβ5 receptors, by 

imaging the behaviour of the system under a hydrodynamic shear flow.140 Localised pinning contacts 

were observed, which the authors suggest are a result of integrin clustering induced by the RGD 

ligands. This was later confirmed by using fluorescence microscopy and fluorescent analogue 10 to 

visualise the segregation of the RGD ligands into these adhesion ‘plaques’.141 Furthermore, the vesicle-

cell interaction can be abolished by saturating the integrin receptors of the cells with the water soluble 

pentapeptide c[RGDfK] prior to the addition of the RGD vesicles, further confirming that the 

observed adhesion arises from the specific recognition of lipid-coupled RGD by the integrin 

receptors.140 Site-directed liposomal vectors for drug delivery to cells was suggested as a future 

application of this RGD-functionalised system. 
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Fig. 1.18 – Marchi-Artzner’s RGD-lipopeptides 9 and 10. 

Cell internalisation is also an important factor in the potential therapeutic success of RGD-directed 

liposomal drug delivery vehicles. Cressman and co-workers have addressed this with the synthesis of 

their elaborate looking RGD-lipopeptide 11 (Fig. 1.19), comprised of the targeting ligand c[RGDfK] 

conjugated via a linker to the lipid distearoyl phosphatidylethanolamine (DSPE), and incorporated this 

into phospholipid vesicles.142 The construction of, what the authors term, well-defined liposomal 

nanoparticles (LNs) is also important in obtaining approval for clinical application. To this end, a 

fluorescent label, methoxycoumarin (MCA), was used to accurately quantify the amount of RGD-lipid 

incorporated into well-defined RGD-LNs. They then showed that increasing the amount of RGD-

lipid in the RGD-LNs increased the affinity for αvβ3-expressing cells. Furthermore, the anti-cancer 

drug doxorubicin was loaded into the RGD-LNs and was efficiently delivered inside the cells. No 

internalisation was observed for non-RGD-displaying LNs demonstrating that the RGD motif plays 

an active role to enable trafficking into cells. 

 

Fig. 1.19 – Cressman’s RGD-lipopeptide 11, comprised of c[RGDfK] conjugated to the lipid DSPE. 

Self-assembling RGD-functionalised lipids have also been studied in their own right, without the 

presence of additional phospholipids to direct the assembly process. The synthesis and self-assembly 

of amphiphiles, such as 12 (Fig 1.20), comprised of linear RGD conjugated to varying extents to 

poly(ethylene oxide)-b-poly(butadiene) (RGD-PEO-PB or RGD-OB) block copolymer amphiphiles 

was studied using cryo-TEM by Bates and co-workers.143 Aqueous dispersions of RGD-OB 



Daniel J. Welsh         Chapter 1 – Introduction 

18 

copolymers, with different mole fractions of RGD and differing degrees of polymerisation of the O 

and B blocks, yielded a variety of structures such as spherical and cylindrical micelles, and 

multilamellar vesicles (Fig 1.20). Implications of this research for the design of site-directed 

micelles/vesicles for drug delivery was suggested in summary of the work. 

Another example of an RGD-functionalised lipid self-assembling in its own right is provided in the 

work of Lee and co-workers who have reported a cyclic RGD-coated peptide nanoribbon as a 

selective intracellular nanocarrier (13) (Fig. 1.21).144 A cyclic RGD pseudopeptide was amide-coupled 

to a β-sheet-forming peptide segment (FKFE), and this was shown to self-assemble into β-sheet-type 

nanoribbons using TEM (Fig. 1.21) among other studies. Intracellular delivery of hydrophobic guests, 

such as the fluorescent dye Nile Red, was achieved with cell lines expressing integrin receptors, 

whereas the negative-control cRDD-FKFE β-ribbon showed low uptake levels in comparison, 

successfully demonstrating the functionality and specificity of the cRGD-FKFE system and its 

potential use as a cancer-cell-specific, multivalent RGD-displaying drug carrier. 

 

 

Fig. 1.20 – General structure of RGD-PEO-PB 12 and a cryo-TEM image of multilamellar vesicles 

formed from a 1 wt% aqueous dispersion of RGD0.6-O28-B46. Scale bar = 100 nm. Image reproduced 

from reference 143. 
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Fig. 1.21 – Structure of cRGD-FKFE, 13, a model of β-ribbon formation by self-assembly of 13, and a 

TEM image of the β-ribbons. Images reproduced from reference 144. Original in colour. 

Much interest has surrounded understanding, fundamentally, how self-assembly can enhance 

multivalent interactions with biomolecules, such as glycoproteins,145-147 collagen148 and DNA,149-153 

however, it is fair to say that as the limited examples described above indicate, relatively little is known 

about this phenomenon in fundamental terms for multivalent RGD-integrin interactions. 

1.3 Hydrogels 

In recent years, a growing area of nanotechnology-themed research has focussed on developing 

sophisticated soft matter systems, comprised of self-assembled molecular building blocks which 

respond to some external stimulus and/or impart some functionality onto the materials rendering 

them useful for a diverse range of advanced and specialised applications.154, 155 For example, the 

groups of Stupp and Ulijn, among others, have developed self-assembling soft materials (hydrogels) 

and they have shown that incorporating RGD peptides into the structure, encouraging cell adhesion, 

can enhance the tissue engineering properties of the material.156-158 Soft, gel-like materials have 

therefore featured heavily in the development of novel biomaterials for wound healing and other 

applications in regenerative/therapeutic medicine. 

A “gel” is generally defined as being comprised of at least two components: a liquid (solvent) 

dispersed and retained in a sample-spanning, fibrous solid network (the gelating agent) which provides 
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structure to the liquid phase. The material does not flow under gravity due to physical effects, such as 

surface tension and capillary forces; it retains its shape upon applying small stress forces; and it is this 

solid-like rheological behaviour that defines a gel. Hydrogels are comprised of water as the immobilised 

phase, whereas organogels are made up of organic solvent/s. We will focus predominantly on the more 

biologically-relevant hydrogels, as organogels are beyond the scope of this introduction and have been 

extensively reviewed elsewhere.159-162 

Traditionally, hydrogel scaffolds often comprise a natural or synthetic covalent polymer, such as a 

polysaccharide (e.g. alginate163) or cross-linked PEO,164 respectively. Inter-chain cross-linking, by 

either covalent or non-covalent interactions, induces the formation of an insoluble (or partially 

soluble) fibrous matrix, resulting in a polymeric gel (Scheme 1.1A). Alternatively, supramolecular gels 

(also known as molecular or physical gels) can be formed from the non-covalent self-assembly of 

small well-defined molecules, so-called low molecular weight gelators (LMWGs).165-168 The self-

assembly process induces the formation of individual fibrils (thought of as supramolecular polymers) 

which aggregate into fibres, with subsequent entanglement leading to the 3D gel network and 

immobilisation of the solvent (Scheme 1.1B). Scheme 1.2 depicts this self-organising (‘bottom-up’) 

fabrication of a gel with respect to peptide conjugate hydrogelators.169 Remarkably, even a small 

amount of hydrogelator (e.g. 1% by weight) can effectively immobilise the solvent. The high versatility 

of peptide-based molecular hydrogels, in part due to the ability to synthetically tune gel functionality 

by simple variation of the amino acids used,170 and the biocompatibility of such materials renders 

them useful for a number of applications, ranging from controlled drug delivery (the scaffold or 

immobilised water can be used as a reservoir for drug molecules),171-173 to regenerative medicine and 

tissue engineering (the artificial 3D scaffold can be used to support the adhesion and growth of cells, 

playing a similar role to the natural 3D scaffold of the ECM).174-177 

 

Scheme 1.1 – Schematic of A) a polymeric hydrogel, and B) a molecular hydrogel. Image reproduced 

from reference 178. 
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Scheme 1.2 – ‘Bottom-up’ fabrication of a hydrogel from the self-assembly of peptide-conjugates in 

water, via non-covalent forces, leads to the formation of fibrous structures, in this case anti-parallel β-

sheets. Entanglement leads to the 3D hydrogel network, as seen under the scanning electron 

microscope (SEM), and the sample survives the ‘inversion test’. Image reproduced from reference 

169. Original in colour. 

There are a number of advantages that LMWGs have over polymeric gels, especially when considering 

the biological applications of hydrogels: 

i. Polymeric gels often require a cross-linking step in the presence of a bifunctional monomer initiated 

by UV radiation or radical/redox chemistry – harmful to encapsulated cells, and difficult to 

incorporate a drug which could potentially react with the cross-linker, hence addition post-cross-

linking is required which can have drawbacks such as low loading levels. LMWGs can be designed to 

induce gel formation under comparatively much milder conditions, hence encapsulation in situ is 

tolerated. 

ii. Sol-gel reversibility (a “sol” is a dispersion of discrete particles within a liquid) is possible by 

disrupting the non-covalent interactions, such as hydrogen-bonding, electrostatics, π-stacking and 

hydrophobicity, which underpin gel formation. Temperature, pH, light, ultrasound, ionic strength, 

oxidation/reduction state, presence of small molecules or enzymes are examples of physical or 

chemical stimuli which can affect the transition of a gel to a sol (or vice versa), depending on the 

nature of the LMWG, by altering its macromolecular structure.179 This is particularly advantageous 

when controlled breakdown of the gel is necessary to isolate encapsulated cells or deliver a drug, for 

example. 
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iii. Changes to the structural design of LMWGs allows for systematic studies into the effect of this 

‘molecular tunability’ on gel fibre morphology and functionality.180 This also allows, at least in 

principle, the incorporation of biologically active units readily into the gelator network. 

Materials that are able to respond to changes in their biological environment, when mixed with, or 

conjugated to, therapeutic drugs or bioactive molecules, have the potential to read-out or instigate 

biochemical signalling.181 Hydrogels as controlled drug delivery vehicles,182 either by passive diffusion 

or triggered release, can obviously be used in this manner.183 The molecular gels investigated in this 

thesis are based on stimuli-responsive LMWGs containing the biologically-relevant RGD motif, which 

are able to release an encapsulated agent. It is for this reason that the following sections review the 

properties and applications of some exemplary RGD peptide conjugate hydrogelators, as well as other 

stimuli-responsive gelators. 

1.3.1 RGD Peptide Conjugate Hydrogelators 

Pre-requisites in the design of new biomimetic scaffolds for the 3D culture of cells, such as mimics of 

complex ECMs, are that the systems be simple, cheap, robust and reproducible, while still providing 

the essential function of a natural ECM in its ability to anchor and control cell behaviour. Natural 

ECMs serve multiple biological roles and are comprised of a 3D network of interwoven protein-based 

nanofibres which contain many different bioactive groups to interact with cells.184 As such they prove 

to be challenging targets for materials synthesis. Hydrogels comprised of self-assembling peptides (and 

related structures) can be used to mimic natural ECMs as the nanofibrous networks are similar in both 

architectures.174, 179, 185-191 Biofunctionality may be installed by conjugating bioactive ligands to the 

hydrogelator molecule, and upon self-assembly these are usually presented as flexible surface groups 

on the nanofibres.156, 175, 192, 193 One such ligand is the RGD peptide, desirable because of its cell 

adhesive properties. It has been demonstrated that the incorporation of the RGD ligand into 

polymeric or supramolecular substrates enhances cell adhesion, spreading and proliferation.42, 156, 193-196 

Density and lateral spacing of the RGD ligand have been shown to be two important parameters for 

the enhancement of cell adhesion.197, 198 Cell adhesion and motility are also influenced by nanoscale 

RGD clustering and configuration where RGD clusters and cyclic RGDs have been used.108, 193 

Here, we will review the two main classes of low molecular weight RGD peptide conjugates that have 

been shown to be efficient hydrogelators. Specifically, RGD conjugated to an aromatic group such as 

Fmoc, and RGD peptide amphiphiles (PAs, where a hydrophobic chain is conjugated to a hydrophilic 

RGD head group). Polymer-peptide conjugate hydrogelators containing multiple copies of a short and 

well-defined RGD peptide block are also well known in the literature, but the reader is directed 

elsewhere as these are not classed as LMWGs.199-206 
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1.3.1.1 RGD Conjugated to an Aromatic Group 

A number of reports demonstrate that some dipeptides conjugated to a hydrophobic, π-stacking 

group can act as efficient hydrogelators. Suitable functional groups include naphthalene,178 Fmoc207 

and pyrene208 (Fig 1.22). The most widely studied of these is Fmoc-diphenylalanine (Fmoc-PhePhe, 

17, Fig. 1.22), first reported in 2006 by the groups of Gazit209 and Ulijn,190 in part due to its 

hydrogelation at physiological pH making it suitable for biological applications. However, one 

drawback of this design, is the incorporation of polyaromatic groups, which are known to be 

carcinogenic. 

 

Fig. 1.22 – Example structures of N-functionalised dipeptide gelators: naphthalene-dipeptide (14),178  

Fmoc-D-Ala-D-Ala (15),207 pyrene-D-Ala-D-Ala (16),208 and Fmoc-PhePhe (17).190, 209 

Ulijn and co-workers have expanded upon their previous work on Fmoc-FF (17), which dissolves in 

alkali solutions and forms gels (10-20 mM) at 37°C when the pH is lowered to 7.0, by co-formulating 

it with their corresponding hydrogelator Fmoc-RGD (18) (Fig 1.23), which on its own dissolves in 

acidic solutions and forms gels (10-20 mM) when incubated at pH 3.0 between 4-25°C, but is unstable 

at higher pH and temperatures.158 In this way, they developed two-component molecular hydrogels 

that were both bioactive and stable under physiological conditions: mixing 20 mM Fmoc-FF (pH 10) 

and 20 mM Fmoc-RGD (pH 3) in different volume ratios gave rise to translucent hydrogels at 

37°C/pH 7.0 (Fig. 1.24), Fmoc-FF acting as a supporting/host gel at this temperature and pH. The 

Fmoc-FF/RGD building blocks act as structural components – the FF and RGD peptides self-

assemble into β-sheets interlocked by π-π stacking of the Fmoc groups – while the RGD sequence 

plays a second role as a bioactive ligand on the nanofibre surface, enhancing its accessibility and 

bioavailability and therefore mimicking essential features of the ECM. Addition of cell culture medium 

increased gelation kinetics, presumably due to charge screening by the metal ions within the medium 

reducing molecular repulsion between charged residues, and in 1 min, self-supporting gels were 

formed. This material was found to promote adhesion of encapsulated anchorage-dependent cells via 

specific RGD-integrin interactions, followed by cell spreading and proliferation. The density of RGD 

surface groups was tuned by adjusting the ratio of Fmoc-RGD co-formulated with Fmoc-FF: in the 
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hydrogels with ≥30% RGD, adequate cell spreading was found to occur with over 90% spread cells; 

dropping to less than 50% with ≤20% RGD; and cells maintained a round morphology with 0-10% 

RGD. Gels containing the control peptide Fmoc-RGE did not induce cell spreading. 

 

Fig. 1.23 – The structure of Fmoc-RGD (18). 

 

Fig. 1.24 – A) The structures of Fmoc-FF and Fmoc-RGD. B) The self assembled translucent 

hydrogel of Fmoc-FF/RGD at pH 7.0 and 37°C. C) The atomic force microscopy (AFM) height 

image of the entangled nanofibrous structure. D) The TEM image showing the nanofibres as ‘flat 

ribbons’, made up of 3 nm wide fine fibrils. E) The proposed supramolecular model of the 3 nm 

fibrils, with RGD ligands (red) presented on the surface. Image reproduced from reference 158. 

Original in colour. 

It should be noted that Gazit and co-workers also tried to prepare hydrogels from Fmoc-RGD.210 

Their method of hydrogel preparation was to make a concentrated sample of the Fmoc-peptide in 

DMSO and then dilute with water to a final concentration. Upon doing so a hydrogel would form for 

some of their Fmoc-peptides but not for Fmoc-RGD which remained a clear solution. However, as 
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the authors noted, Ulijn and co-workers showed that Fmoc-RGD forms transparent hydrogels at pH 

3,158 further confirming that hydrogel formation for this compound is pH dependent. 

1.3.1.2 RGD Peptide Amphiphiles 

A “peptide-amphiphile” (PA) is generally regarded as being a molecule with a hydrophilic peptide 

head group covalently attached to a hydrophobic aliphatic chain (Fig 1.25). Conventional PAs have 

the alkyl chain attached to the N-terminus of the peptide leaving the C-terminus free.211 Conversely, 

reverse PAs have the alkyl chain attached to the C-terminus and the N-terminus is free.212 Two other 

types of PA include amphiphilic oligopeptides (where the constituent amino acids provide the 

hydrophilic and hydrophobic character),213-215 and block copolypeptides, although the latter is beyond 

the scope of this introduction and the reader is directed to the work of Deming.216, 217 Protein-based 

hydrogels,218-220 including ones which are RGD-functionalised,221 are also known but will not be 

discussed. Lowik and van Hest have published an excellent tutorial review on the different types of 

peptide-based amphiphile.222 

 

Fig. 1.25 – Conventional and reverse peptide amphiphiles. 

PAs behave in a similar way to conventional amphiphilic molecules (the hydrophobic domains are 

buried within the core of the colloidal structures that form as a consequence of reducing unfavourable 

interactions with the surrounding water molecules32, 33). Depending on the nature of the hydrophobic 

and hydrophilic portions and the balance of the two in the structure, cylindrical micelles can form 

which propagate into nanofibres. If the concentration of the PA is high enough, then entanglement of 

the nanofibres occurs and a hydrogel is formed. The advantage that PAs have over conventional block 

copolymer amphiphiles is that the peptide sequence (in addition to the alkyl chain length) plays an 

important role in controlling the self-assembly, physical, chemical and biological properties of the 

hydrogel. Modifying the peptide (sequence, length, branching, charge etc), and/or the alkyl chain 

length,212 can fine-tune or dramatically alter any of these properties. 

Pioneering work by Stupp and co-workers involved the synthesis of their RGD-bearing PA 

hydrogelator 19 (Fig. 1.26).211 This PA at a concentration >2.5 mg/ml dissolved in water at pH 8 and 

formed self-supporting gels when the solution was acidified with HCl to below pH 4, but redissolved 

on addition of KOH to neutral pH. Oxidation of the cysteine thiol groups to form disulfide links 

allowed for enhancement of the hydrogel structural integrity via interfibre cross-linking, resulting in 
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stable gels even at pH 8. Cross-linking was reversible under reductive conditions and the gel 

disassembled. This pH-induced self-assembly and covalent capture was used to generate a nanofibrous 

scaffold reminiscent of collagen in ECM. Post cross-linking, the fibres were able to direct 

mineralisation of calcium hydroxyapatite (HA) (the inorganic component of assemblies in bone and 

teeth). Saturation of the fibre surface with calcium ions, arising from the calcium binding ability of the 

pendant phosphorylated serine residue, nucleated HA crystallisation and growth of the crystal axes 

along the long axes of the fibrils was observed – much like the growth of HA within the collagen 

fibrils of bone tissue during natural biomineralisation. Clearly, the authors had already thought about 

using the 3D scaffold for cell adhesion and growth, therefore the RGD sequence of the collagen-

associated protein, fibronectin, was included in their PA design to demonstrate the ability to 

functionalise the fibre surface with additional bioactive ligands. However, no cell culture studies were 

undertaken in this instance. 

 

Fig. 1.26 – A) Chemical structure of Stupp’s PA (19), highlighting five key structural features. Region 1 

is a hydrophobic alkyl tail. Regions 2-5 are different peptidic domains important for cross-linking, 

flexibility, calcium binding, and cell adhesion, respectively. B) Molecular model of the PA. C) Self-

B 

C
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assembly of the PAs into a cylindrical micelle. Image reproduced from reference 211. Original in 

colour. 

Hartgerink and co-workers then simplified the structure of 19 and systematically generated 26 PA 

variants in order to deduce the design rules that are necessary for effective self-assembly of PAs into 

hydrogels.223 One of these, 20, is shown in Fig 1.27. Hydrogels were prepared at 2 wt% concentration, 

either at acidic pHs (below 4.5) or in the presence of Ca2+ ions at pH 7.4 which quenched the negative 

charges on the PA, eliminating repulsive forces between molecules and allowing self-assembly to 

occur. Three distinct regions in the structure were required: i) a C16 hydrophobic tail (although the 

length depends on the peptide head group187), ii) a glycine linker region in which the first four residues 

are critical for β-sheet hydrogen-bonded formation of the nanofibres (deduced by sequential N-

methylation of the glycine amide bonds), and iii) a conformationally flexible peripheral ligand for 

bioactivity. Inhibition of β-sheet formation by disrupting the intermolecular hydrogen bonding of 

residues 1-4 yielded spherical micelles rather than nanofibres and loss of gel behaviour. Residues 5 and 

above were found to have little effect on the aggregate morphology; this region could therefore be 

used to ‘dial-in’ bioactivity into the hydrogel by conjugating the appropriate ligand depending on the 

desired application, in this case an adhesion sequence (RGDS). This work helped clarify the 

mechanism of PA self-assembly (the role of hydrogen bonding and amphiphilic packing) into 

cylindrical nanofibres, and laid the foundations for future PA hydrogelator design. 

 

Fig. 1.27 – Schematic representation of PA 20. The molecule has three distinct regions: i) a 

hydrophobic alkyl tail, ii) a glycine linker region (residues 1-7), and iii) a charged, bioactive head group. 

Additionally, Stupp and co-workers have also presented RGDS epitopes on self-assembled nanofibres 

of elaborate-looking branched PAs, such as compound 21 (Fig. 1.28).156 Gels were prepared at 1 wt% 

concentration (pH 7.4) and aggregation into cylindrical nanofibres was demonstrated by TEM (Fig. 

1.29, left). Fluorescence anisotropy experiments on a derivative of 21, in which the RGDS head group 

contained an additional tryptophan residue, showed that the head group was more mobile in the 

supramolecular aggregates formed from these branched-type structures compared with a linear 

analogue due to differences in packing; thereby enhancing its accessibility for protein binding. Self-

supporting gels were also formed in physiological fluids such as synovial fluid (Fig. 1.29, right); 

robustness to environmental media which is necessary for applications in biomedicine. In a separate 
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study, self-assembled PA 21 was coated onto a traditional covalent PGA (poly(glycolic acid)) scaffold 

in a bid to make it more bioactive.157 Human bladder smooth muscle cells demonstrated enhanced 

adhesion in the first few days of the culture period to scaffold coated with 21 than to bare scaffold or 

to scaffold coated with a linear PA analogue, presumably due to lower availability of the RGDS 

peptide in the linear version. 

 

Fig. 1.28 – RGDS presented on branched PA 21. Original in colour. 

 

Fig. 1.29 – Left: TEM image of a 1 wt% gel of 21 at pH 7.4. Right: Images of a gel formed upon 

mixing 1:1 volumes of bovine synovial fluid and a 1 wt% solution of 21. Image reproduced from 

reference 156. Original in colour. 

Amphiphilic oligopeptides (where the constituent amino acids provide the hydrophilic and 

hydrophobic character) have also been used to study hydrogel formation. Ellis-Behnke et al have 

developed a hydrogelating peptide called RADA16-I (22), comprised of four blocks of repeating Arg-

Ala-Asp-Ala (RADA) residues (Scheme 1.3), in which the N-terminus is acylated (Ac-) and the C-

terminus is a primary amide (-NH2).224 The sequence is similar to RGD and was found by the authors 

in previous work to not only support the growth of certain cell lines, but also supports neuronal 
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growth. The positive and negative charge-bearing arginine and aspartic acid residues, respectively, 

project from one side of the molecule – the hydrophilic face; and the alanine residues from the other 

side – the hydrophobic face. This self-complementary peptide (dissolved at 1 wt% in water) self-

assembles into hydrogels in physiological fluids, owing to charge screening by ions in the fluid. 

Impressively, when a solution was injected into the severed optic nerve part of the brain of hamsters 

(causing in situ gel formation), the blinded animals regained ~70% of their response time to a stimulus 

(as compared with control animals) just 6 weeks after implantation. This material exemplifies the 

successful use of peptide hydrogels in vivo for, in this case, nerve regeneration. 

Ac-RADARADARADARADA-NH2  RADA16-I (22) 

 

Scheme 1.3 – a) Molecular model of the RADA16-I building block (22), b) molecular model of 

RADA16-I molecules undergoing self-assembly into nanofibres in ionic fluids, c) SEM image of the 

nanofibres. Image reproduced from reference 224. Original in colour. 

1.3.2 Other Stimuli-Responsive LMWGs 

As shown with the previous examples, most molecular hydrogelators undergo a gel-sol phase 

transition on increasing temperature and, in cases where ionisable groups are present in the structure, 

to changes in pH. Expanding the reversible gel-sol/sol-gel responsive nature of these “smart” 

nanostructured materials to other external stimuli has allowed researchers to access an array of other 

sophisticated materials for potential applications, in addition to those already mentioned, such as 

pollutant capture and removal,225 semi-wet sensor chips,226 logic gates,227 microfluidic valves,228 

nanoreactors,229 and so on. Indeed, supramolecular gels are ideal for applications where responsivity is 

required because they are held together by multiple weak non-covalent interactions which can be 

overcome by putting energy or a competing molecular species into the system. By incorporating the 

appropriate building block into the gelator structure, triggered response to external stimuli such as 

UV/visible light, enzymes, complimentary host-gelator interactions, and anions/cations can be 

achieved. 

1.3.2.1 Enzyme-Sensitive Gelators 

Enzymes can be used to trigger hydrogelation, whereby a precursor molecule (a masked gelator 

molecule or “pro-gelator”) when mixed with an appropriate enzyme undergoes catalytic enzymatic 

modification of its structure to form an unmasked gelator which can then self-assemble in water.230-233 
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Xu and co-workers have developed a simple visual assay based on small molecule hydrogels for 

detecting inhibitors of enzymes.234 They used an acid phosphatase enzyme to convert an aqueous 

solution (at pH 6.0) of 23 (the substrate) into product 24 (Scheme 1.4) – when the phosphate group 

was hydrolysed the molecule became more hydrophobic and self-assembly into a hydrogel proceeded. 

However, blocking the active site of the enzyme by introducing an inhibitor resulted in loss of gel 

formation as the hydrophilic phosphate head group remained intact. The same principle could also be 

applied in the detection of the presence of other enzymes by incorporating the appropriate ligand into 

the precursor substrate, as long as a gel-sol transition took place upon structural modification by the 

enzyme. 

 

Scheme 1.4 – The chemical structures of the molecules for hydrogelation and a schematic of the 

gelation process. 

The same group have used this approach using gelators with a β-lactam ring in the structure and a β-

lactamase enzyme to detect penicillin-resistant strains of bacteria.235 25 is the precursor substrate and 

β-lactamase triggers hydrogelation upon opening the β-lactam ring (Scheme 1.5). Product 26 is more 

hydrophobic after the hydrophilic β-lactam portion of the molecule has been cleaved and self-

assembly in water subsequently occurs to afford the hydrogel. β-lactamases in bacteria hydrolyse the 

β-lactam ring of penicillin, rendering it inactive, and therefore gelation in the presence of a particular 

microbe is a simple visual indication of its penicillin resistance. 

 
Scheme 1.5 – The chemical structure of 25 and its conversion to hydrogelator 26 in the presence of β-

lactamase. 
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1.3.2.2 Host-Guest Gelators 

Xu and co-workers have also reported that molecular recognition of dipeptide hydrogelator Fmoc-D-

Ala-D-Ala (15, shown previously in Fig 1.22) by vancomycin (known to have a strong ligand-receptor 

interaction with D-Ala-D-Ala) modified the self-assembly properties of the hydrogelator. By making it 

more polar upon binding and, more importantly, competing with the intermolecular hydrogen 

bonding between gelator molecules, gelation was inhibited as a result (Scheme 1.6).207 Conversely, 

there was no effect on the gel formed by Fmoc-L-Ala-L-Ala after vancomycin was added, 

demonstrating that the amino acid configuration is important in host recognition of a hydrogelator 

and modulation of its stability.  

 

Scheme 1.6 – Possible ligand-receptor interactions between Fmoc-D-Ala-D-Ala (15) and vancomycin 

that induce the gel-sol phase transition, as proposed by Xu and co-workers. Image reproduced from 

reference 207. Original in colour. 

In a separate study, swapping the Fmoc group in Fmoc-D-Ala-D-Ala for pyrene (16, shown 

previously in Fig 1.22) resulted in a 106-fold enhancement in hydrogel stiffness from pyrene-D-Ala-D-

Ala gelator alone (G’ = 0.12 Pa, where G’ is known as the elastic (or storage) modulus and is a 

measure of the elastic behaviour of a gel) to that of the pyrene-D-Ala-D-Ala/vancomycin gelator 

complex (G’ = 160000 Pa).208 The rationale: intermolecular hydrogen bonding of the dipeptide and π-

π stacking of the pyrene group results in supramolecular polymer chains which are non-covalently 

cross-linked upon binding of the dipeptide by vancomycin due to self-association of the host, 

resulting in increased rigidity of the supramolecular framework. Furthermore, pyrene-L-Ala-L-Ala 

gave only a 10-fold increase in G’ when vancomycin was added in comparison to the gelator alone. 

1.3.2.3 Ion-Responsive Gelators 

Owing to the plethora of biologically- and environmentally-relevant cations and anions, much interest 

has surrounded metal- and anion binding supramolecular gels that induce either breakdown or 
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formation of the gel structure.236 It is known that gelator molecules containing crown ethers respond 

to cations, such as organogelator 27 (Fig 1.30). Shinkai and co-workers have shown that 27 is able to 

gel a range of organic solvents, and with progressive addition of K+ up to 1 equivalent the gel phase 

maintained its stability – one or fewer crown ethers complexes K+ in the same molecule and 

electrostatic repulsion is less of an issue as, statistically, bound K+ does not exist in crown units which 

are in close proximity to one another. However, addition of more than 1 equivalent of K+ resulted in a 

gel-sol transition due to complexation of K+ by one or both crown ethers in the same molecule, and 

electrostatic repulsion between neighbouring gelator molecules resulted in destabilisation of the self-

assembled network.237 This result is in accordance with the gel breakdown in the presence of K+ ions 

observed by Smith and co-workers with their crown ether-functionalised dendritic organogelator 28 

(Fig 1.30).238 
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Fig 1.30 – Shinkai’s oligothiophene organogelator 27, and Smith’s crown ether functionalised dendritic 

organogelator 28. 

Alternative to the above example, some researchers have used metal ions to improve gel stability 

and/or rate of formation. In recent work, Huang and co-workers have studied hydrogel formation by 
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the naturally occurring bile salt sodium cholate (SC, 29) (Fig, 1.31) in the presence of La3+ metal 

ions.239 Unique temperature-dependent supramolecular self-assembly was found to occur in that 

hierarchical 1D nanostructures were formed depending on the temperature: nanotubes (4°C), coiled-

coil rope-like structure (15°C), nanohelices (25°C), and nanoribbons (50°C) were formed via La3+-

cholate supramolecular self-assembly. This system constitutes a “super” hydrogel as water gelation 

occurred at concentrations as low as 0.04 wt% SC (0.6 mM/0.6 mM, SC/La3+), although this did take 

10 days to form. Normally, increasing temperature compromises the stability of self-assembled 

hydrogels. Unusually however, heating-enhanced stiffness and heating-promoted gelation kinetics 

were observed. For instance, the SC/La3+ hydrogel at a concentration of 1.0 mM/1.0 mM was formed 

in ≈3 days at 25°C, but within 2-3 min at 50°C. Coordination of three cholate molecules around one 

La3+ centre, and intermolecular interactions of the polar and non-polar faces in adjacent cholate 

molecules (intermolecular hydrogen bonding and hydrophobicity, respectively), were found to be the 

driving forces for self-assembly of the nanostructures. Higher temperatures weaken the hydrogen 

bonding between the hydroxyl groups of the polar face and surrounding water molecules, the cholate-

lanthanum complex becomes more hydrophobic as a result, promoting the aggregating ability of the 

complex, and so the gel stiffness and kinetics of formation increase to overcome this 

thermodynamically unfavourable event.  

The same group have also studied hydrogelation using sodium cholate with a series of doubly charged 

metal ions, such as Ca2+, Ni2+, Zn2+, Co2+, and Cu2+.240 However, hydrogelation at extremely low 

concentrations was only observed with La3+ which stems from the strong lanthanum-cholate 

interaction and coordination of three cholates around the triply charged metal centre being 

detrimental to the molecular aggregation at such low concentrations. Studying supramolecular self-

assembly of systems comprised of simple, biologically-relevant building blocks like 29 leads to a better 

understanding of self-assembly in biological systems. Furthermore, it allows straightforward access 

into applications which require enhanced stability of soft materials at higher temperatures. 

 

Fig. 1.31 – The chemical structure of sodium cholate. 

Anionic guests have been used by Steed and others to control the breakdown of gels formed in 

organic solvents which were self-assembled by urea-urea hydrogen bond interactions.241-246 A series of 

chiral bis-urea molecules (30) (Fig. 1.32), which contained odd and even numbered chain lengths (n = 



Daniel J. Welsh         Chapter 1 – Introduction 

34 

2-8), were synthesised.247 Only when n was even did the molecules gel an array of organic solvents, 

demonstrating that the orientation of the functional groups is important for gel behaviour. For 30 (n 

= 6), the rheological properties of the gels were severely compromised by addition of anions such as 

chloride, bromide and acetate as the urea groups became involved in binding to the anions, competing 

with the stabilising intermolecular urea-urea interactions between gelator molecules. In some cases, 

gelation was completely inhibited, for example, when acetate (0.1 equivalents) was added to 30 (n = 2). 
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Fig. 1.32 – Steed’s organogelator 30. Gelation is dependent on the value of n and also on anion 

binding. 

However, in spite of the elegant work on anion binding by gels in organic solvents, anion binding by 

gels in water has been reported to a much lesser extent.248, 249 In one such case, Jiang and co-workers 

demonstrated that a supramolecular hydrogel formed from glutathione (GSH, 31) (Fig. 1.33) and Ag(I) 

coordination polymers could be broken down by addition of I-, and subsequently reformed by adding 

in more Ag(I) (Scheme 1.7).250 This behaviour was found to be selective for I- only, whereas other 

anions such as F-, Cl-, Br-, and H2PO4- hardly led to any observable changes in the gel state. They 

concluded that I- acted as a depolymerising agent, promoted by formation of AgI which sequesters 

Ag(I) from the self-assembled polymer, resulting in gel breakdown. It was proposed that a highly 

selective system such as this offers facile recognition of I- by the naked eye without commonly 

encountered and problematic spectral interferences in situations where a coloured and/or fluorescent 

background is present, for example in environmental or biological samples, during traditional 

spectrophotometric detection of anions. 

 

 

Fig. 1.33 – The structure of 

GSH (31). 
 

Scheme 1.7 – Reversible gel-sol transition of Ag(I)-GSH hydrogel by 

adding I- into the gel or Ag(I) into the resulting sol solution. Image 

reproduced from reference 250. 
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1.4 Project Aims 

This project was initially inspired by previous work such as that of Liskamp and co-workers. As 

described earlier, they used cyclic RGD peptides conjugated to a dendritic framework, but found a 

negligible multivalency effect as all of their compounds (Fig. 1.14, showing tetravalent dendrimer 1 

only) possessed strong integrin binding affinity owing to the cyclic RGD unit binding strongly in its 

own right.127 The aim of this project was not to develop high affinity or highly selective multivalent 

ligands for integrin αvβ3 binding – several research groups have demonstrated this already – but rather, 

to compare dendritic (covalent) and self-assembling (non-covalent) strategies, exemplified by target 

structures Z-G1-[RGD]3 and C12-RGD (Fig. 1.34), as two different ways of arranging multivalent 

displays of RGD ligands as, to the best of our knowledge, these have not been compared in a single 

study in the literature. The linear form of the RGD peptide was chosen because it was envisaged that 

this could be synthesised on a multi-gram scale using simple solution-phase chemistry, and because its 

structure is not conformationally restricted its affinity for integrin is low (mM), and therefore we 

reasoned that multivalency effects may be more easily observed. Using this approach, it was hoped 

that an enhanced understanding of the way in which ligands can be organised to achieve multivalent 

binding to integrin would be accomplished. In the first instance, the hydrophilic RGD peptide will be 

conjugated to a dendritic framework, as in target structure Z-G1-[RGD]3 (Fig. 1.34), and its binding 

affinity for integrin αvβ3 will then be compared to that of RGD conjugated to a hydrophobic group 

such as a C12 aliphatic chain, as in target structure C12-RGD (Fig. 1.34). 

In the second part of the project, the intention was to develop the water-soluble, self-assembling 

ligands into low MW supramolecular hydrogels, due to the importance of these soft materials in 

applications such as tissue engineering and the known ability of RGD peptides to bind to integrins, 

encouraging cell adhesion. Amphiphilic compounds bearing hydrophilic linear RGD peptides coupled 

to hydrophobic chains, such as target structure C12-[urea-RGD]2 (Fig. 1.34), will be synthesised for 

their potential ability to form self-assembled nanofibrous networks in water. Ureas will be the linkage 

of choice (between the peptide and hydrophobe) for their ease of synthesis and for their proven 

importance in underpinning gelation in LMWGs due to their ability to establish intermolecular urea-

urea hydrogen bonding molecular recognition pathways, even in competitive solvents such as water.251, 

252 It was suggested that responsivity towards external stimuli such as anions may be observed due to 

the disruption of the urea-urea hydrogen bonding interactions, constituting one of the few cases 

where anion binding occurs in water.  
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Fig. 1.34 – Some of the project target structures. Original in colour. 
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2 Dendritic Linear RGD Peptides 

2.1 Introduction 

The research in this chapter will consider what effect multimerising a linear RGD peptide, using a 

dendritic approach, has on the ability of the constructs to bind integrin. We opted to use the simpler, 

linear version of the peptide ligand for two reasons: (i) we have developed a methodology to 

synthesise the peptide on a cost-effective, large multi-gram scale using straightforward solution-phase 

peptide chemistry, making it commercially viable, and (ii) linear RGD binds integrin with a much 

lower affinity (mM) than cyclic RGD (nM), therefore, multivalency effects to enhance binding may be 

more easily observed. We chose to employ a ‘Newkome-type’ ether-amide dendritic scaffold as it is 

composed solely of functional groups that are stable to hydrolysis and should not breakdown under 

aqueous conditions over the time course of the binding experiments. The synthesis of Newkome-type 

ether-amide first generation (G1) and second generation (G2) dendrons, protected at the focal point 

with a benzyl carbamate (Z) group, with the peripheral carboxylic acids peptide-coupled to the N-

terminus of the protected RGD peptide, and finally deprotected to yield: Z-G1-[RGD]3 (2.16) with 

three RGD peptides and Z-G2-[RGD]9 (2.17) with nine RGD peptides attached, will be outlined 

along with the synthesis of control compounds: PEG-RGD (2.19) and PEG-GGG (2.20) (Fig. 2.1). 

Following this, a biophysical study employing a fluorescence polarisation (FP) competition assay will 

investigate the effect of these dendritic scaffolds and whether multivalency plays a role in enhancing 

the binding strength of linear RGD with integrin αvβ3. FP was originally established as a method to 

probe the integrin binding ability of monovalent, cyclic RGD ligands by Li et al in 2005.75 Their 

binding results from this non-cell-based study showed a remarkable similarity to those obtained from 

a cell-based ELISA (enzyme-linked immunosorbent assay). For chemists interested in integrin binding 

research, FP offers the advantage of a ‘chemical’ approach to the screening of synthetic ligands, 

without the need for cell culture equipment. For the FP assay, a fluorescent probe: 5(6)-FL-

c[RGDfK] (2.24) (Fig. 2.2), is required and the synthesis of this compound will also be discussed in 

full. 
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Fig. 2.1 – Structures of the target dendritic linear RGD compounds: Z-G1-[RGD]3 and Z-G2-

[RGD]9, and control compounds: PEG-RGD and PEG-GGG. Original in colour. 

 

Fig. 2.2 – Structure of the cyclic RGD peptide fluorescent probe: 5(6)-FL-c[RGDfK]. Original in 

colour.  
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2.2 Synthesis 

2.2.1 Synthesis of the Protected Linear RGD Peptide: Comparing Fmoc- and Z-Protecting Group Strategies 

The solution-phase synthesis of the orthogonally protected linear RGD peptide initially employed 9H-

fluoren-9-ylmethoxycarbonyl (Fmoc) protection of the alpha amine, a protecting group methodology 

which is summarised in Scheme 2.1. In the first step, Fmoc-protected glycine (Fmoc-Gly-OH) was 

amide coupled to L-aspartic acid di-tert-butyl ester hydrochloride (H2N-Asp(OtBu)-OtBu.HCl) in the 

presence of base (DIPEA) and coupling reagent, propylphosphonic anhydride (T3P).253, 254 T3P was 

chosen because it usually provides high yields and low racemisation; the fact that it does not require a 

catalyst such as HOBt; its mild reaction conditions and fast reaction times; and easy aqueous removal 

of the ring-opened by-product at the end of the reaction. The reaction was cooled in an ice-water bath 

to avoid racemisation of the amino acid chiral centre, which is possible at higher temperatures. 

Following an aqueous workup, this afforded the product Fmoc-Gly-Asp(OtBu)-OtBu, 2.1, in 93% 

yield and no further purification was required. This was confirmed by 1H NMR which showed a 

doublet peak at 6.86 ppm corresponding to the newly formed amide NH proton, and a downfield 

shift in the aspartic acid α-H from below 4.00 ppm to 4.70 ppm due to the formation of the adjacent 

electron-withdrawing amide functional group. ESI-MS analysis also confirmed the formation of 

product with a m/z value of 547.2411 (100%, [M+Na]+).  

The next step involved the deprotection of the Fmoc group using a solution of 20% piperidine in 

DCM. This product required laborious silica column chromatographic purification to remove the 

Fmoc/Fmoc-piperidine by-products and excess piperidine, which could not be extracted using a 

simple aqueous acid workup. After silica column chromatography this reaction afforded H2N-Gly-

Asp(OtBu)-OtBu, 2.2, in 82% yield. Removal of the Fmoc group resulted in the loss of the electron-

withdrawing carbamate group adjacent to the glycine CH2. This was reflected in the 1H NMR by an 

upfield shift of each of the doublet-doublet peaks for the two protons of the glycine CH2 at 3.98 and 

3.92 ppm to doublet peaks at 3.39 and 3.34 ppm, respectively, as well as the absence of peaks 

corresponding to the Fmoc aromatic CH’s at 7.76, 7.60, 7.40 and 7.31 ppm; carbamate NH at 5.45 

ppm; Fmoc CH2 at 4.39 ppm; and Fmoc CH at 4.24 ppm. A reduction in mass to a m/z value of 

303.1953 (100%, [M+H]+) was confirmed by ESI-MS.  

Compound 2.2 was then amide coupled to the orthogonally protected L-arginine: Nα-Fmoc-Nω-Pbf-

L-arginine (Fmoc-Arg(Pbf)-OH), to yield Fmoc-Arg(Pbf)-Gly-Asp(OtBu)-OtBu, 2.3, in 79% yield. 

Two amide NH peaks at 7.70 and 7.11 ppm, along with downfield shifts in the glycine CH2 peaks to 

4.06 and 3.91 ppm due to the formation of the adjacent electron-withdrawing amide functional group, 

were indicative of the amide-coupled product. ESI-MS confirmed the mass of the product with a m/z 

value of 933.4426 (100%, [M+H]+).  
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Fmoc deprotection of 2.3 again required the need for silica column chromatographic purification to 

afford the final product H2N-Arg(Pbf)-Gly-Asp(OtBu)-OtBu, 2.4, in 80% yield. Removal of the Fmoc 

group resulted in the loss of the electron-withdrawing carbamate group adjacent to the arginine α-H. 

This was reflected in the 1H NMR by an upfield shift of the arginine α-H multiplet at 4.44-4.37 ppm 

to 3.49-3.46 ppm, as well as the absence of peaks corresponding to the Fmoc aromatic CH’s at 7.73, 

7.58, 7.36 and 7.26 ppm; carbamate NH at 6.04 ppm; Fmoc CH2 at 4.34 ppm; and Fmoc CH at 4.16 

ppm (see appendix – spectrum 2.1). A reduction in mass to a m/z value of 733.3608 (100%, [M+Na]+) 

was confirmed by ESI-MS. The synthesis of 2.4 was therefore achieved in 4 steps with an overall yield 

of 48% using the Fmoc strategy. However, the need for silica column chromatographic purification at 

each deprotection step was a problem with this approach. 
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Scheme 2.1 – Reaction scheme for the solution-phase synthesis of protected linear RGD using an 

Fmoc-protecting group strategy. Original in colour. 

As an alternative strategy towards the synthesis of protected RGD 2.4, benzyl carbamate (Z) 

protection of the alpha amine was used. Unlike the Fmoc version, it was envisaged that this method 

would require fewer, synthetically laborious, silica column chromatography steps. This is because the 
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deprotection of a benzyl carbamate protecting group under catalytic hydrogenolysis conditions usually 

proceeds to completion in a quantitative fashion. 

The solution-phase synthesis of the protected linear RGD peptide using a Z-protecting group strategy 

is summarised in Scheme 2.2. Firstly, Z-protected glycine (Z-Gly-OH) was amide coupled to H2N-

Asp(OtBu)-OtBu.HCl in the presence of DIPEA and coupling reagent, O-(Benzotriazol-1-yl)-

N,N,N′,N′-tetramethyluronium tetrafluoroborate (TBTU).255, 256 For the same reasons as T3P, TBTU 

was chosen because it usually provides high yields and low racemisation; the fact that it does not 

require additional catalyst such as HOBt as, unlike T3P, TBTU produces HOBt in situ; its mild 

reaction conditions and fast reaction times; and easy aqueous removal of the urea by-product at the 

end of the reaction. Following an aqueous workup, this reaction afforded pure product Z-Gly-

Asp(OtBu)-OtBu, 2.5, in 94% yield and no further purification was required. This was confirmed by 

1H NMR which showed a doublet peak at 6.98 ppm corresponding to the newly formed amide NH 

proton, and a downfield shift in the aspartic acid α-H from below 4.00 ppm to 4.68 ppm due to the 

formation of the adjacent electron-withdrawing amide functional group. ESI-MS analysis also 

confirmed the formation of product with a m/z value of 459.2107 (100%, [M+Na]+). 

Deprotection of the benzyl carbamate by stirring under an atmosphere of H2 for 22.5 h in the 

presence of Pd/C catalyst in ethanol provided H2N-Gly-Asp(OtBu)-OtBu, 2.6, in quantitative yield 

after removing the catalyst by filtration over Celite. Loss of peaks in the 1H NMR corresponding to 

the aromatic protons at 7.34-7.27 ppm; carbamate NH at 5.59 ppm and benzyl CH2 at 5.10 ppm in 

the precursor compound were key evidence for the formation of the deprotected product, along with 

an upfield shift of the glycine CH2 from a broad multiplet at 3.91 ppm for the two protons to doublet 

peaks at 3.33 and 3.28 ppm for each proton. Peaks for the precursor compound were also absent in 

the ESI-MS and a new peak was assignable to the product at a m/z value of 303.1921 (100%, 

[M+H]+). Unlike when this compound was synthesised using the Fmoc approach, no further 

purification was required resulting in a higher yield for this step. 
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Scheme 2.2 – Reaction scheme for the solution-phase synthesis of protected linear RGD using a Z-

protecting group strategy. Original in colour. 

The synthesis of Z-Arg(Pbf)-Gly-Asp(OtBu)-OtBu, 2.7, required the use of the orthogonally protected 

L-arginine: Nα-Z-Nω-Pbf-L-arginine (Z-Arg(Pbf)-OH). This was purchased as the 

cyclohexylammonium salt (Z-Arg(Pbf)-OH.CHA), and so before amide coupling could occur we had 

to convert the protected arginine salt into its free carboxylic acid form (Scheme 2.3). This was 

generated by dissolving Z-Arg(Pbf)-OH.CHA in ethyl acetate and performing an acid workup with 

aqueous sodium hydrogen sulfate to yield acidified Z-Arg(Pbf)-OH. A quintet peak at ~3.5 ppm, and 

multiplet peaks at ~2.3, ~2.0 and ~1.5 ppm corresponding to the CH and CH2 protons, respectively, 

of the cyclohexylammmonium cation were not detected in the 1H NMR of Z-Arg(Pbf)-OH after 

workup. Failure to do this would potentially result in a competing side-reaction whereby 

cyclohexylamine couples with the protected L-arginine in the presence of TBTU, following 

deprotonation of the cyclohexylammonium cation by DIPEA, to generate the by-product shown 

(Scheme 2.3). Compound 2.7 was then synthesised by peptide coupling Z-Arg(Pbf)-OH with 2.6 

using DIPEA and TBTU (Scheme 2.2). Aqueous workup of the crude reaction mixture, followed by 

silica column chromatography produced 2.7 in a good 85% yield; 6% higher than that of the 
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analogous step using the Fmoc strategy. Two amide NH peaks at 7.76 and 7.22 ppm, along with 

downfield shifts in the glycine CH2 peaks to 3.98 and 3.91 ppm due to the formation of the adjacent 

electron-withdrawing amide functional group, were indicative of the amide-coupled product. ESI-MS 

confirmed the mass of the product with a m/z value of 845.4092 (100%, [M+H]+). 

 

Scheme 2.3 – Reaction scheme showing by-product formation when performing an amide coupling 

using Z-Arg(Pbf)-OH.CHA directly from the supplier. 

Deprotection of the benzyl carbamate yielded the final product H2N-Arg(Pbf)-Gly-Asp(OtBu)-OtBu, 

2.8, in 89% yield without requiring any further purification (Scheme 2.2). Removal of the Z group 

resulted in the loss of the electron-withdrawing carbamate group adjacent to the arginine α-H. This 

was reflected in the 1H NMR by an upfield shift of the arginine α-H multiplet at 4.37-4.32 ppm to 3.44 

ppm, as well as the absence of peaks corresponding to the benzyl aromatic CH’s at 7.33-7.26 ppm; 

carbamate NH at 6.09 ppm; and benzyl CH2 at 5.08-5.03 ppm (see appendix – spectrum 2.2). A 

reduction in mass to a m/z value of 711.3756 (100%, [M+H]+) was confirmed by ESI-MS. The 

synthesis of 2.8 was achieved in 4 steps with an overall yield of 71% (4.5 g); 23% higher than that of 

the Fmoc approach. Furthermore, the Z-protecting group strategy required fewer column 

chromatographic purifications. We considered this to be a successful development of the multi-gram, 

solution-phase synthesis of the target peptide. 
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2.2.2 Synthesis of the RGD Dendrons: Z-G1-[RGD]3 and Z-G2-[RGD]9 

Dendritic RGD conjugates were synthesised according to the methodology outlined in this section. 

The synthesis of the dendritic scaffold was first reported by Newkome et al,257, 258 but will be discussed 

here in full as some modifications were made. A divergent or convergent route to the desired target 

compounds could be chosen, but it was decided that a divergent synthesis of the dendrons followed 

by attachment of the linear RGD peptide to the dendron periphery would be used, as this limited the 

number of synthetic manipulations which had to be done on the peptide. Firstly, the synthesis of the 

two generations of dendron framework (G1 and G2) is described. 

The first synthetic step was a 1,4-Michael addition between tris(hydroxymethyl)aminomethane (TRIS) 

and tert-butyl acrylate in DMSO, using 5 M NaOH as a base (Scheme 2.4). To avoid the retro-Michael 

reaction, which can occur at elevated temperature, the reaction mixture was cooled in an ice-water 

bath. Silica column purification afforded the key intermediate dendritic building block, 2.9, in a 

somewhat disappointing 26% yield. The absence of peaks in the 1H NMR in the range 4-6 ppm (i.e. 

no protons corresponding to an alkene), and a triplet peak at 3.63 ppm for OCH2CH2 with 6H 

integration confirmed the conversion of the tert-butyl acrylate into 2.9. In our hands, a yield of 56% 

reported for this step by Cardona and Gawley could not be replicated,259 however, by scaling-up the 

reaction between the two commercially available starting materials we were able to obtain >13 g of 

pure product, which provided more than enough material for subsequent synthetic steps. The amine 

at the focal point of 2.9 was then protected as the benzyl carbamate derivative using benzyl 

chloroformate in DCM and aqueous sodium carbonate (25% w/v) as base; a two-phase reaction 

which proceeded in 78% yield after purification by silica column chromatography to provide 

compound 2.10. A broad singlet in the 1H NMR at 5.31 ppm was assigned to the newly-formed 

carbamate NH proton. 

 

Scheme 2.4 – Reaction scheme showing the synthesis of H2N-G1-[C(O)OtBu]3, 2.9, and  

Z-G1-[C(O)OtBu]3, 2.10. 

Hydrolysis of the three tert-butyl esters by stirring 2.10 in formic acid for 18 h afforded the G1 triacid, 

2.11, in quantitative yield (Scheme 2.5), as evidenced by the loss of the 1H NMR resonance at 1.43 
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ppm which corresponded to the tert-butyl methyl groups in precursor compound 2.10. Compound 

2.11 is a key intermediate in the synthesis of the two generations of RGD-bearing dendrons. 

 

Scheme 2.5 – Reaction scheme showing the synthesis of Z-G1-[C(O)OH]3, 2.11. 

In the next step, we coupled the G1 triacid, 2.11, with 3.6 eq of amino ester 2.9 to produce Z-

protected second generation dendron 2.12 (Scheme 2.6). Two different attempts were made at the 

synthesis which differ from that reported by Cardona and Gawley who used the more traditional 

peptide coupling conditions of EDC and HOBt.259 Due to restrictions on the purchase of activating 

agent HOBt we were unable to employ the published conditions, therefore reagents which are either a 

complete substitute for HOBt (T3P) or are self-catalysing and produce HOBt as a consequence of 

their reactivity (O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate, HBTU) 

were considered.260 The first attempt, using T3P with TEA in dry THF, gave an unsatisfactory yield of 

12% following silica column purification. This was reasoned to be due to either: (i) the inefficiency of 

T3P to act as carboxylic acid activating agent in the increasingly sterically bulky surface environment 

of 2.11 as it reacts at each branching point to generate 2.12, (ii) the inefficiency of T3P to act as a good 

leaving group during nucleophilic attack of the sterically hindered amine at the focal point of 2.9 on 

the T3P-activated acids, or (iii) the purity of the T3P used, which is supplied as a 50 wt % solution in 

ethyl acetate and can be hydrolysed over time if water is absorbed. The second attempt, using HBTU 

in the presence of TEA in dry acetonitrile, resulted in a much higher yield of 77% after an aqueous 

workup and silica column purification. A broad singlet, integrating to three protons at 6.28 ppm in the 

1H NMR was one of the main pieces of evidence for the successful formation of 2.12. ESI-MS 

analysis also detected the product with a m/z value of 968.0652 (100%, [M+2H]2+). Synthesis of the 

G2 nonaacid, 2.13, was completed in quantitative yield following hydrolysis of the nine tert-butyl esters 

in 2.12 after stirring in formic acid for 24 h, as evidenced by the loss of the 1H NMR resonance at 1.43 

ppm which corresponded to the tert-butyl methyl groups in precursor compound 2.12. 
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Scheme 2.6 – Reaction scheme showing the synthesis of Z-G2-[C(O)OtBu]9, 2.12, and  

Z-G2-[C(O)OH]9, 2.13. 

Following the synthesis of the Z-protected G1 and G2 dendrons, 2.11 and 2.13 respectively, the 

penultimate phase of the synthetic design involved amide coupling the protected linear RGD peptide, 

2.8 (2.4), to the terminal carboxylic acid groups of the dendrons. Due to its significantly cheaper cost 

compared with HBTU, a newly purchased bottle of T3P was chosen as the coupling agent to couple 

2.8 to dendrons 2.11 and 2.13. This gave products 2.14 and 2.15 in yields of 77% and 76%, 

respectively, following silica column purification (Scheme 2.7). The synthesis of 2.14 was confirmed in 

the 1H NMR by a downfield shift in the arginine α-H (with 3H integration) from 3.44 ppm to 4.54 

ppm on coupling 2.8 to dendron 2.11 to generate the adjacent electron-withdrawing amide functional 

group (see appendix – spectrum 2.3). ESI-MS analysis also confirmed the formation of 2.14 with a 

m/z value of 1297.1096 (100%, [M+2Na]2+). Likewise, the successful formation of 2.15 was evidenced 

by the downfield shift in the arginine α-H (with 9H integration) (see appendix – spectrum 2.4), and a 

m/z value of 1534.0 (100%, [M+5H]5+). 
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Scheme 2.7 – Reaction schemes showing the synthesis and deprotection of the G1 and G2 dendrons 

to provide the final target compounds Z-G1-[RGD]3, 2.16, and Z-G2-[RGD]9, 2.17. Original in 

colour. 

Comparative syntheses of 2.14 and 2.15 using HBTU were not investigated as the yields using T3P 

were highly satisfactory when considering that the amide coupling of 2.8 with each carboxylic acid 
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branch progressed with calculated experimental yields of about 92% and 97% in the synthesis of the 

G1 and G2 dendrons respectively (G1: √0.77
య ൌ 0.92, G2: √0.76

వ ൌ 0.97). Interestingly, the 

marginally higher yield per branch for the G2 dendron can probably be accredited to the use of a 

greater excess of peptide (2.0 eq) per carboxylic acid, rather than 1.2 eq in the case of the G1 dendron 

synthesis. Nevertheless, relatively high and similar overall yields for both compounds demonstrates 

the amide-coupling power of T3P in these reactions – you would normally expect a reduced yield for 

the G2 dendron compared with that of the G1 for two reasons: i) the G2 requires a greater number of 

iterative coupling reactions to be performed on the same molecule and ii) there is an increase in steric 

bulk around the carboxylic acid reactive sites as compound 2.15 forms in solution from its parent 

dendron 2.13.  

Having obtained the target G1 and G2 dendrons in Pbf/tert-butyl ester protected form, the final step 

in the synthesis of each compound required the hydrolysis of the protecting groups in order to 

unmask the RGD peptides, allowing them to subsequently bind to the integrin active site. This was 

achieved by dissolving 2.14 and 2.15 in a mixture of TFA, water and triisopropylsilane (TIS) (Scheme 

2.7). TIS is used as a Pbf scavenging agent as it is reported that the hydrolysed Pbf group has a 

tendency to re-react with the guanidinium group of the arginine side chain.261 The deprotection 

reactions were stirred for between 2.5-4 h, after which time TLC indicated that they were complete. 

The volatiles were removed in vacuo, the resulting residue dissolved in 10% aqueous acetic acid and the 

non-polar by-product (namely the deprotected Pbf group) was extracted with chloroform. The 

aqueous layer containing the product was then shell-frozen and lyophilised to yield the final target 

compounds, 2.16 and 2.17, as their TFA salts in yields ranging from 89% to quantitative. The loss of 

peaks in the 1H NMRs of 2.16 and 2.17 (see appendix – spectra 2.5 and 2.6, respectively) 

corresponding to the Pbf methylene (2.93 ppm) and methyl groups at 2.56, 2.49, 2.07 and 1.44 ppm, 

as well as the tert-butyl methyl groups at 1.41 and 1.40 ppm, confirmed successful formation of 2.16 

and 2.17. Further evidence was provided by ESI-MS which revealed the absence of peaks for the 

precursor compounds and the presence of new peaks with m/z values of 728.8169 (100%, [M+2H]2+) 

and 731.4926 (100%, [M+6H]6+) for 2.16 and 2.17, respectively. 

2.2.3 Synthesis of the Control Compounds: PEG-RGD and PEG-GGG 

Positive control compound, PEG-RGD (2.19), was synthesised (Scheme 2.8) to allow us to compare 

monovalent and multivalent RGD binding to the integrin target. We chose to cap the N-terminus of 

2.8 in this fashion, enabling us to compare the same N-terminus ‘capped’ peptide which is present as a 

consequence of its attachment to dendrons 2.16 and 2.17. The short PEG unit was chosen to ensure 

water solubility and to avoid aggregation of the control peptide. PEG-RGD was synthesised by 

simple conjugation of the N-terminus of protected RGD 2.8 with the carboxylic acid of a short PEG 

chain, mediated by coupling agent T3P (2.18, 73% yield after silica column purification). This was 
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confirmed in the 1H NMR by a downfield shift in the arginine α-H on coupling 2.8 to the short PEG 

chain to generate the adjacent electron-withdrawing amide functional group. ESI-MS analysis also 

confirmed the formation of product with a m/z value of 893.4318 (100%, [M+Na]+).  

TFA deprotection of the RGD peptide generated the product 2.19 in 55% yield (Scheme 2.8). The 

loss of peaks in the 1H NMR (see appendix – spectrum 2.7) corresponding to the Pbf methylene and 

methyl groups, as well as the tert-butyl methyl groups, confirmed the reaction was successful. Further 

evidence was provided by ESI-MS which revealed the absence of peaks for the precursor compound 

and the presence of a new peak at a m/z value of 507.2386 (100%, [M+H]+), corresponding to the 

product.  

 

Scheme 2.8 – Reaction scheme showing the formation of 2.18 and subsequent deprotection 

conditions to form 2.19. Original in colour. 

Negative control compound, PEG-GGG (2.20), was synthesised to confirm that any binding 

observed with the aforementioned RGD-bearing compounds was in fact RGD peptide-directed and 

not just non-specific binding to the integrin target. To save time, and because only a small amount of 

material was required, compound 2.20 was synthesised on a solid support as shown in Scheme 2.9. 

 

Scheme 2.9 – Reaction scheme showing the solid-phase peptide synthesis of PEG-GGG, 2.20. 

Original in colour. 
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The synthesis began with the introduction of Fmoc-protected glycine onto the 2-chlorotrityl chloride 

Merrifield resin, via nucleophilic substitution, by mixing the resin with a solution of Fmoc-Gly-OH 

and DIPEA in DCM. The mixture was shaken for 2.25 h, before DIPEA and MeOH were added and 

then shaken for a further 45 minutes to cap any unreacted sites on the resin. The resin was then 

filtered and washed with DMF, DCM, MeOH and finally Et2O before drying in vacuo. A loading of 

0.91 mmol of Fmoc-Gly was calculated from the difference in mass of the resin used (1.19 g, 1.00-

1.50 mmol/g, 1.19-1.79 mmol) and the resultant Resin-O-Gly-Fmoc (1.46 g). The Fmoc-protecting 

group was removed by twice shaking the resin in a 20% solution of piperidine in DMF for 10 min 

each time. Filtration of the resin, followed by washing with DMF and DCM, and then drying in vacuo 

yielded Resin-O-Gly-NH2. The resin had decreased in mass to 1.22 g owing to loss of the Fmoc 

group. Throughout the solid-phase synthesis, a colorimetric Kaiser Test on a small sample of resin, 

taken from the reaction at the appropriate time point, was used to monitor the success of each 

coupling/deprotection step. 

A DMF solution comprised of Fmoc-Gly-OH, coupling agents TBTU and HOBt, and DIPEA was 

then added to the resin and shaken overnight. The resulting resin was then washed with DMF and 

DCM and dried in vacuo to yield Resin-O-Gly-Gly-Fmoc. The dry mass of the resin had increased to 

1.59 g, further confirming successful coupling of Fmoc-Gly-OH to the growing peptide. The Fmoc-

protecting group was removed as previously described to yield Resin-O-Gly-Gly-NH2. Subsequently, a 

third portion of Fmoc-Gly-OH was coupled to the resin in the same manner as that described above 

to yield 1.58 g of Resin-O-Gly-Gly-Gly-Fmoc. Finally, Fmoc removal yielded Resin-O-Gly-Gly-Gly-

NH2, reflected by a decrease in the mass of the resin to 1.32 g. The final coupling involved 2-[2-(2-

methoxyethoxy)-ethoxy)acetic acid, TBTU, HOBt and DIPEA in DMF, which yielded Resin-O-Gly-

Gly-Gly-PEG (1.50 g). 

The compound was then cleaved from the resin using an acidic mixture of TFA/water, filtered, 

purified by silica column chromatography, shell-frozen and then lyophilised to yield PEG-GGG, 2.20, 

in near quantitative yield (320 mg) based on the initial Fmoc-Gly-OH resin loading. Three amide NH 

resonances at around 8.0 ppm in the 1H NMR was one piece of evidence to support the synthesis of 

2.20 (see appendix – spectrum 2.8), in addition to ESI-MS analysis which detected the product with a 

m/z value of 348.1418 (100%, [M-H]-). The total mass of product obtained was quite low, using 1 g of 

this expensive resin (>£50/g, Sigma-Aldrich), and that is why the solution-phase approach was 

preferred for the synthesis of the protected linear RGD peptide 2.8 (2.4) so that a multi-gram 

synthesis of the peptide could be developed, providing plenty of material for use in subsequent 

reactions. 
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2.2.4 Synthesis of the Fluorescent Cyclic RGD Probe: 5(6)-FL-c[RGDfK] 

A fluorescein-RGD conjugate, 5(6)-FL-c[RGDfK] (2.24), which was to act as a fluorescent probe in 

our competition binding assay, was synthesised via solid-phase and protecting group methodologies 

analogous to those of PEG-GGG. Conditions for the solid-phase synthesis of the protected linear 

pentapeptide and subsequent cleavage from the resin were adapted from methods published by Dai et 

al97 and Bollhagen et al,262 respectively, and will be outlined in full here as some modifications were 

made. The solution-phase cyclisation of the protected linear pentapeptide was also reported by Dai et 

al (Scheme 2.10).97 

 

Scheme 2.10 – Reaction scheme showing the synthesis of the protected cyclic RGD 2.21. Original in 

colour. 
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Similar to the literature procedure, synthesis of the protected linear pentapeptide began with the 

introduction of Fmoc-protected glycine onto the 2-chlorotrityl chloride Merrifield resin, via 

nucleophilic substitution, by mixing the resin with a solution of Fmoc-Gly-OH and DIPEA in DCM. 

The mixture was shaken for 2.5 h before DIPEA and MeOH were added and shaken for a further 30 

minutes to cap any unreacted sites on the resin. The resin was then filtered and washed with DMF, 

DCM, MeOH and finally Et2O before drying in vacuo. A loading of 1.75 mmol of Fmoc-Gly was 

calculated from the difference in mass of the resin used (1.17 g, 1.55 mmol/g, 1.81 mmol) and the 

resultant Resin-O-Gly-Fmoc (1.69 g). The Fmoc-protecting group was removed by twice shaking the 

resin in a 20% solution of piperidine in DMF for 20 min each time. Filtration of the resin, followed by 

washing with DMF and DCM, and then drying in vacuo yielded Resin-O-Gly-NH2 which, as expected, 

had decreased in mass to 1.48 g. As with the solid-phase synthesis of PEG-GGG, a colorimetric 

Kaiser Test was used to monitor the success of each coupling/deprotection step. 

A DMF solution of Fmoc-Arg(Pbf)-OH, coupling agents TBTU and HOBt, and DIPEA was then 

added to the resin and shaken for 1.5 h. The resulting resin was then washed with DMF and DCM 

and dried in vacuo to yield Resin-O-Gly-Arg(Pbf)-Fmoc (2.19 g). The Fmoc-protecting group was 

removed as previously described to yield Resin-O-Gly-Arg(Pbf)-NH2 (2.16 g). At this point our 

protocol deviates from that given in the literature.97 Dai et al peptide-coupled Fmoc-Lys(Boc)-OH 

onto the resin-anchored peptide. Boc (tert-Butyloxycarbonyl), present here as a protecting group of the 

amine on the lysine side-chain, requires removal by strong acid. Instead of this, we opted to use 

Fmoc-Lys(Z)-OH as we wanted to selectively remove the benzyl carbamate (Z) on the lysine side-

chain of the cyclic peptide using catalytic hydrogenolysis in the presence of the acid-labile and, 

crucially, hydrogenolysis-stable protecting groups present on the other amino acids in the structure. 

This would then allow us to regioselectively couple the fluorescein moiety onto the lysine side-chain 

without interference from the other (protected) amino acids. Subsequently, Fmoc-Lys(Z)-OH, Fmoc-

D-Phe-OH, and Fmoc-Asp(OtBu)-OH were coupled to the resin in the same manner as that 

described above for Fmoc-Arg(Pbf)-OH. Finally, Fmoc removal yielded Resin-O-Gly-Arg(Pbf)-

Lys(Z)-D-Phe-Asp(OtBu)-NH2 (2.65 g, with an estimated peptide loading of 80% (1.4 mmol) based 

on the initial Fmoc-Gly-OH resin loading). 

Dai et al report cleavage of the linear peptide from the resin using a mixture of acetic acid, 2,2,2-

trifluoroethane (TFE), and DCM.97 Instead, we decided to cleave using 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP) in DCM262 to avoid possible acetylation of the terminal amine, which could arise 

from the presence of trace acetic acid in the T3P-mediated macrolactamisation step employed by Dai 

et al.97 The resin was treated twice with HFIP/DCM (1:4, v/v), the filtrate and all washings were 

combined together and the solvent removed in vacuo to yield a brown solid (1.61 g, 86% crude yield as 

calculated from the initial Fmoc-Gly loading). Presumably T3P was used by Dai et al for the 

macrolactamisation step as it has previously been shown to be a useful reagent in the head-to-tail 
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cyclisation of sterically hindered peptides.254 Dropwise addition of the crude, protected linear 

pentapeptide, dissolved in DCM, to a highly diluted solution of T3P and TEA in DCM (in order to 

favour intramolecular cyclisation), in this way, afforded protected cyclic peptide 

c[R(Pbf)GD(OtBu)fK(Z)], 2.21, in 40% overall yield based on the initial Fmoc-Gly-OH resin loading 

after purification of the crude peptide mixture by silica column chromatography, followed by size 

exclusion chromatography using Sephadex beads as the stationary phase. Evidence for success of the 

macrolactamisation step is provided by the observation of five amide NH peaks, among other 

characteristic peaks, in the 1H NMR. A m/z value of 1046.5018 (100%, [M+H]+) was also detected by 

ESI-MS, further supporting the successful formation of the product.  

The Z group in 2.21 was subsequently removed to yield the free ε-amine on the lysine of 

c[R(Pbf)GD(OtBu)fK], 2.22, in 92% yield (Scheme 2.11). The absence of a multiplet at 7.38-7.28 

ppm; a broad singlet at 7.08 ppm and a singlet at 5.02 ppm corresponding to the aromatic protons, 

benzyl carbamate NH and benzyl CH2 protons, respectively, in the precursor molecule, were clear 

evidence that the hydrogenolysis reaction had gone to completion. A reduction in mass to a m/z value 

of 934.4468 (100%, [M+Na]+) also confirmed the formation of the product. 

 

Scheme 2.11 – Benzyl carbamate removal to yield c[R(Pbf)GD(OtBu)fK], 2.22. Original in colour. 

Finally, the free ε-amine on the lysine of 2.22 was reacted with 5(6)-carboxyfluorescein N-

hydroxysuccinimide ester and TEA in dry DMF for 18 h (Scheme 2.12). Size exclusion 

chromatography (Sephadex) on the crude mixture yielded amide coupled 5(6)-FL-

c[R(Pbf)GD(OtBu)fK], 2.23, as the product in 83% yield. Owing to the complexity of the structure 

which is present as two positional isomers, the 1H NMR was difficult to interpret (see appendix – 

spectrum 2.9). However, signature peaks for the protected -Arg(Pbf)-Gly-Asp(OtBu)- portion of the 

molecule (as observed in the 1H NMR spectra of the compounds previously discussed in this chapter) 

were discernible. The product was present as one spot by TLC, and there was one major peak in the 

ESI-MS at a m/z value of 635.7643 (100%, [M+2H]2+).  
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Deprotection of 2.23 using TFA, and isolation by precipitating with Et2O gave the final target 

compound 5(6)-FL-c[RGDfK] (2.24) in 83% yield. As expected, the 1H NMR was very complex (see 

appendix – spectrum 2.10), but peaks corresponding to the -RGD- portion of the molecule (as 

observed in the 1H NMR spectra of the compounds previously discussed in this chapter) were 

discernible, as well as the aromatic protons of the phenylalanine residue and the fluorescein group. 

The product was present as one spot by TLC, and there was one major peak in the ESI-MS at a m/z 

value of 962.3663 (100%, [M+H]+). 

 

Scheme 2.12 – Reaction scheme showing the formation of 2.23 and subsequent deprotection 

conditions to form 2.24. Original in colour. 

2.3 Integrin Binding Studies 

We then investigated the ability of the dendrons, Z-G1-[RGD]3 (2.16) and Z-G2-[RGD]9 (2.17), and 

positive and negative monovalent controls, PEG-RGD (2.19) and PEG-GGG (2.20), to bind integrin 

αvβ3. To monitor the binding event, we employed a competitive fluorescence polarisation (FP) assay, 

originally established by Li et al with respect to monovalent, cyclic RGD-integrin binding.75 The 

principles behind this experiment are illustrated in Scheme 2.13.  

In this experiment, the fluorescent probe 5(6)-FL-c[RGDfK] (2.24) is bound to the integrin protein 

and is excited with polarised light at an appropriate wavelength of excitation. As the resulting probe-

integrin complex is large, the complex tumbles/rotates slowly in solution. In other words, the mobility 

of the bound probe is reduced and the fluorescence emission from the probe retains much of its 

polarisation yielding a high FP signal. If binding occurs between a synthetic ligand which has been 

introduced into the system and the integrin; the fluorescent probe is displaced, its tumbling mobility 

increases, the fluorescence emission from the probe loses some proportion of its polarisation and the 

FP signal decreases in intensity. An EC50 (effective concentration) value can be determined for each 



Daniel J. Welsh                 Chapter 2 – Dendritic Linear RGD Peptides 

56 

synthetic ligand at the point at which 50% of the probe has been displaced from the integrin. A recent 

review has discussed many of the advantages and disadvantages of FP as an assay technique.263 

Nevertheless, FP still remains a powerful approach that has allowed us to ascertain the effective 

comparative binding concentrations of our family of linear RGD peptides for integrin. Ultimately, this 

has allowed us to compare the relative affinities of a related family of ligands, for the same biological 

target, under the same experimental conditions. 

 

Scheme 2.13 – Schematic of the principles behind the FP competition assay. 

It should be noted that this experiment was originally designed to be performed in microwell plates 

and read on a fluorescence plate reading machine. However, in our hands we could not replicate this 

and a significant amount of time was spent trying to optimise the conditions for performing the assay. 

We concluded that the plate reader we were using was not sensitive enough to detect the fluorescent 

probe binding to the protein. Finally, a successful method was developed using a fluorescence 

spectrometer and a specially purchased 100 μL volume microcuvette, titrating the synthetic ligand 

directly into the cuvette. It was important to keep the assay volume as small as possible, hence 

reducing the amount of integrin consumed per assay, owing to the high cost of the integrin αvβ3 

protein. 

Li and co-workers firstly tested the ability of probe 2.24 to bind integrin αvβ3. To the probe (10 nM) 

was added increasing amounts of protein, and the FP signal was shown to increase from the 

background value of 40 mP (millipolarisation units) – the intrinsic FP of the probe in the absence of 

integrin – to over 100 mP when the concentration of integrin was >350 nM (Fig. 2.3). Our results 
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(Fig. 2.4) were in agreement with this. As observed in the literature, the binding was kinetically fast 

and incubating the samples for >5 min did not significantly affect the FP signal (data not shown). 

 

Fig. 2.3 - Titration data for binding of 5(6)-FL-c[RGDfK] probe to integrin αvβ3 as a function of 

integrin concentration. FP values (mP) were measured after incubation of a 5(6)-FL-c[RGDfK] 

probe (10 nM) and integrin αvβ3 (0-650 nM) mixture at 29 °C for 30 min. Data are presented as mean 

values  standard deviations from 3 independent experiments. Figure reproduced from reference 75. 

 

Fig. 2.4 - Titration data for binding of 5(6)-FL-c[RGDfK] probe to integrin αvβ3 as a function of 

integrin concentration. FP values (mP) were measured after incubation of a 5(6)-FL-c[RGDfK] 

probe (10 nM) and integrin αvβ3 (0-432 nM) mixture at 29 °C for 5 min. Data are presented as mean 

values  standard deviations from at least 5 independent scans. 

Competition experiments were then carried out using fixed concentrations of probe (10 nM) and 

integrin (280 nM), as the signal under these conditions was deemed to provide a suitable starting FP 

value. We initially compared the binding of PEG-RGD with Z-G1-[RGD]3 in order to determine 
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whether a trivalent dendritic approach to multivalency enhanced the binding of linear RGD to integrin 

αvβ3. Monovalent positive control, PEG-RGD, was unable to reduce the normalised FP signal to 

below 50% of its initial value in the range of concentrations tested (upto 1 mM), and only achieved a 

30% reduction at best (shown in green, Fig. 2.5). As was expected, therefore, monovalent linear RGD 

has a low affinity for integrin,119 and cannot displace enough of the strongly binding cyclic RGD 

fluorescent probe from the protein to reach 50% of the initial FP signal. Encouragingly, negative 

control, PEG-GGG, did not displace 5(6)-FL-c[RGDfK] from its integrin binding site even at the 

maximum tested concentration of >3 mM, with the FP signal remaining unchanged (shown in purple, 

Fig. 2.5). Importantly, this provides evidence that the reduction in the FP signal using PEG-RGD is 

RGD-directed and not due to non-specific binding of the compound with the integrin. To explore 

this further, it would be desirable to synthesise and test another negative control (e.g. PEG-RGE or 

PEG-RAD) which is more similarly related to PEG-RGD (in terms of structure and charge 

distribution) but does not possess the required RGD binding sequence. This would further confirm 

the specificity of integrin binding to the linear RGD peptide in this assay.  

 

Fig. 2.5 – Normalised titration curves for the displacement of 5(6)-FL-c[RGDfK] probe (10 nM) 

from integrin αvβ3 (280 nM) on the addition of the synthetic ligands: Z-G1-[RGD]3 (blue), Z-G2-

[RGD]9 (red), PEG-RGD (green) and PEG-GGG (purple) after incubating at 29 °C for 5 min. 

Unlike PEG-RGD, Z-G1-[RGD]3 was able to reduce the normalised FP signal to below 50% of the 

initial value at concentrations above 125 μM (shown in blue, Fig. 2.5). Although this is a very modest 

binding concentration compared with cyclic RGD, possibly a consequence of having to displace the 
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strongly binding cyclic RGD probe in the competition experiment, we can still conclude that there is a 

significant enhancement over the binding of the monovalent compound. We can hence conclude that 

trivalent RGD is a much more effective ligand in its binding to integrin under the conditions of this 

assay. If we consider the binding to integrin by each compound on a ‘per-RGD’ basis (Table 2.1), the 

EC50 value per RGD for Z-G1-[RGD]3 is 375 μM, much less than PEG-RGD which did not achieve 

significant enough binding to allow extrapolation of an EC50 value, even at concentrations as high as 1 

mM. 

Ligand EC50 / μM Ki / μM No. of RGD’s EC50 ‘per 
RGD’ / μM 

Ki ‘per 
RGD’ / μM

PEG-RGD - - 1 - - 
Z-G1-[RGD]3 125 123 3 375 369 

Table 2.1 – EC50, Ki, EC50 ‘per RGD’ and Ki ‘per RGD’ values obtained for PEG-RGD and  

Z-G1-[RGD]3 using FP. 

As we are displacing a tight binding probe from the RGD-binding site, it was suggested that EC50 is 

not closely related to Ki (the equilibrium dissociation constant of inhibitor (i.e. synthetic ligand)) and in 

our case EC50 may substantially underestimate the binding constant of each of our synthetic ligands. Ki 

is mathematically accessible using the equation of Cheng and Prusoff:264 

Ki ൌ 
EC50

1  
ሾprobeሿ
Kd

          ሺEq. 2.1ሻ 

where EC50 is the effective concentration of the synthetic ligand at the point at which 50% of the 

probe has been displaced from the integrin, [probe] is the concentration of 5(6)-FL-c[RGDfK], and 

Kd is the equilibrium dissociation constant of the 5(6)-FL-c[RGDfK]-integrin complex.  

Li and co-workers calculated that Kd was 0.67  0.15 μM, as determined by analysis of their 5(6)-FL-

c[RGDfK]-integrin binding isotherm (Fig. 2.3) using GraphPad PRISM software and curve fitting 

with the one-site binding equation: 

FP ൌ  
FP୫ୟ୶. C
ୢܭ  C

          ሺEq. 2.2ሻ 

where FP is the change in fluorescene polarisation, FPmax is the maximum fluorescence polarisation, 

and C is the concentration of integrin protein. 

Unfortunately our binding isotherm (Fig. 2.4) does not reach saturation in the range of integrin 

concentrations tested, and therefore we cannot calculate Kd for the 5(6)-FL-c[RGDfK]-integrin 

complex under our experimental conditions using the non-linear regression method. However, for the 



Daniel J. Welsh                 Chapter 2 – Dendritic Linear RGD Peptides 

60 

purpose of this study we have used the Kd value calculated by Li and co-workers as the initial (linear) 

part of their binding isotherm closely matches that of ours. As such, the Ki for Z-G1-[RGD]3 was 

calculated using Eq. 2.1: 

Ki ൌ 
125 ൈ 10ିM

1  
10 ൈ 10ିଽM
0.67 ൈ 10ିM

ൌ  123 ൈ 10ିM 

As Kd >> [probe], Ki ≈ EC50 and we can conclude that EC50 is, in actual fact, a good approximation of 

the Ki of Z-G1-[RGD]3 (and Ki on a ‘per-RGD’ basis, Table 2.1) and of the dissociation constants of 

the other synthetic ligands that were subsequently investigated in this competition assay. Therefore, 

the reported binding concentrations are modest as previously stated and are not significantly improved 

when the affinity of the probe for integrin is taken into consideration. 

Nevertheless, comparing and contrasting the FP data obtained for PEG-RGD and Z-G1-[RGD]3 

reveals that a multivalency effect is playing an active role in enhancing the binding of the trivalent 

linear RGD peptide to the integrin protein. However, the mechanism by which the multivalency effect 

manifests itself is unclear. Integrin is known to only have one binding site and so the opportunity for 

more than one RGD peptide to bind to the protein is prohibited, and as such, multivalency cannot 

operate by multiple binding of several RGD’s to one integrin. Two other possible mechanisms of 

multivalency may be occurring: (i) a high local concentration effect of ligand about the integrin 

binding site, in which when one ligand dissociates from its partner protein, another ligand is close 

enough in space to significantly favour ligand rebinding, and/or (ii) a multi-binding effect where, after 

the first binding of an RGD-integrin partnership has taken place, a second ligand binding to a second 

protein in solution becomes favoured (Fig. 2.6). For this latter scenario to operate, the integrins must 

be clustered together in some way, almost like when they are bound in a cell membrane. As integrin is 

a transmembraneous protein, the isolated protein has to be supplied formulated in a surfactant (non-

ionic Triton X-100) (Fig. 2.7), in order to stabilise the protein and solubilise it in water. Interestingly, 

the concentration of Triton X-100 in the integrin-surfactant formulation (the integrin is presented in a 

buffered solution containing 0.2 wt % Triton X-100 which represents a 3.2 mM concentration of this 

surfactant) used in the FP assay is above the critical micelle concentration (CMC = 0.22 to 0.24 mM) 

of Triton X-100 and so the protein cannot be viewed as being strictly ‘free’ in solution, but rather held 

in micellar-like Triton assemblies. The transmission electron microscopy (TEM) image of the ‘as 

supplied’ integrin αvβ3 solution (Fig. 2.8) shows clusters of spherical micellar assemblies formed from 

the self-assembly of Triton X-100 which – owing to the hydrophobic domain of integrin, the reported 

dimensions of the integrin αvβ3 extracellular headgroup (~9 nm × 6 nm × 4.5 nm) connected to the 

extracellular tails (~16 nm long and ~2 nm in diameter),82 and the size of the micelle clusters (~250 to 

                                                            
 Source: Sigma-Aldrich 
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500 nm across) – are suggested to contain multiple copies of the protein with its hydrophilic 

headgroup-tail domains protruding from the surface of the micelles. This clustering of integrins within 

a micelle or vesicle is somewhat similar to the situation on the extracellular region of a cell membrane, 

and as such, we suggest that this formulation of integrin in a surfactant phase may permit the 

enhancement in binding of a multivalent, dendritic ligand to multiple integrins. However, the longest 

distance between two RGD ligands conjugated to the same dendritic construct is estimated to be 

about 1.5 nm at most, at least when considering our G1 system as a representative example. 

Considering the dimensions of the integrin headgroup-tail domains and the approximate distance 

between two adjacent RGD-binding pockets (estimated to be ~4.5-6 nm apart), the multiple binding 

events scenario seems geometrically unfeasible. We therefore believe the enhanced binding is due to a 

high local concentration effect. Nevertheless, integrin-surfactant formulations could provide 

quantitative insight into the binding processes of integrin proteins in (artificial) cell membranes 

without the need for cell-based assays and cell culture equipment. 

 

Fig. 2.6 – The possible mechanisms of multivalency in integrin recognition by Z-G1-[RGD]3. 

 

Fig. 2.7 – The structure of Triton X-100. 

vs.

Multiple binding eventsHigh local concentration
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Fig. 2.8 – TEM image of integrin-Triton X-100 assemblies prior to addition of synthetic RGD peptide 

ligands. Scale bar = 500 nm. 

We then went on to study the Z-G2-[RGD]9 system using the same FP assay, in order to determine 

whether a nonavalent (second generation) dendritic approach to multivalency further enhanced the 

binding of linear RGD to integrin αvβ3 over that of Z-G1-[RGD]3, as would perhaps be expected. 

The results showed that although there was an initial decrease in the FP signal, this was not as 

significant as the displacement of fluorescent probe by Z-G1-[RGD]3, and furthermore the signal was 

found to plateau off before reaching the EC50 mark (shown in red, Fig. 2.5). This is rather 

counterintuitive and suggests, surprisingly, that the first generation dendron with 6 fewer RGD ligands 

is able to bind integrin better. Analogous trends have previously been observed in glycodendrimers 

binding to glycoproteins,8 where bulky surface ligands can hinder the binding of a higher generation 

dendrimer to a biological host due to increased steric hindrance at the interface between the guest and 

host. In this particular assay, out of the two dendrons tested, the first generation system can therefore 

be deemed optimum for integrin binding. 

In addition to the binding characteristics already discussed, when we look at the binding profiles at 

even higher concentration we observe a turning point in the FP signal of each compound, with the 

signal increasing in intensity far above that of the initial FP value before the addition of synthetic 

ligand (Fig. 2.9). The increases were found to start at approximate values of 250 μM, 800 μM, and 2 

mM for Z-G2-[RGD]9, Z-G1-[RGD]3 and PEG-RGD respectively. We propose that the rise in FP 

signal is caused by non-specific binding between the RGD ligands and the target protein, generating 

probe-integrin-ligand complexes which are larger in size than the initial probe-integrin partnerships. 

The linear RGD peptide conjugated to each of the molecules is not zwitterionic and each RGD has an 

overall net negative charge at pH 7 of -1, owing to the fact that there are two carboxylic acids but only 

one basic guanidinium group. Therefore, each compound can be said to have an overall anionic 

character: 1- for PEG-RGD, 3- for Z-G1-[RGD]3 and 9- for Z-G2-[RGD]9. We suggest that this 
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negative charge may induce ligand-protein aggregation/precipitation, for example, via integrin surface 

binding, leading to the apparent increase in FP intensities. This hypothesis is supported by the 

observation that the turning point of the FP signal occurs at approximately the same effective RGD 

concentration, and hence approximately the same level of net negative charge, for each of the three 

synthetic ligands: 250 μM for Z-G2-[RGD]9, an effective RGD concentration of 2.25 mM (250 μM × 

9); 800 μM for Z-G1-[RGD]3, an effective RGD concentration of 2.4 mM (800 μM × 3); and 2 mM 

for PEG-RGD. This does open the question of why PEG-GGG (which also has one negative charge) 

does not show the same effect within the range of concentrations tested (0 to 3.33 mM). Clearly, 

RGD binding to integrin and the excess negative charge must be important for aggregation to occur. 

 

Fig. 2.9 – Normalised titration curves at elevated concentrations for the displacement of 5(6)-FL-

c[RGDfK] probe (10 nM) from integrin αvβ3 (280 nM) on the addition of the synthetic ligands:  

Z-G1-[RGD]3 (blue), Z-G2-[RGD]9 (red), PEG-RGD (green) and PEG-GGG (purple) after 

incubating at 29 °C for 5 min. 

2.4 Attempts at ‘Capping’ the C-terminus 

Based on the information gained from the FP data, we hypothesised that chemically modifying the 

RGD peptide by ‘capping’ the C-terminus carboxylic acid, so as to make the peptide zwitterionic, 

might further enhance the binding of the synthetic ligands by inhibiting the non-specific interactions 

observed above. This section discusses the steps taken towards further derivatising the RGD peptide 

and the synthetic problems encountered. 

0

100

200

300

400

500

600

700

800

900

0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004

P
o
la
ri
sa
ti
o
n
 (
m
P
)

[Synthetic Ligand] (mol dm‐3)



Daniel J. Welsh                 Chapter 2 – Dendritic Linear RGD Peptides 

64 

2.4.1 Attempted Synthesis of R-Arg(Pbf)-Gly-Asp(OtBu)-OMe (where R = Z or Fmoc) 

Several attempts were made to ‘cap’ the C-terminus of the peptide with a methyl ester as we predicted 

that this small capping group should not hinder the peptide epitope accessing the RGD binding site 

on the integrin (Fig. 2.10). These attempts were performed using solution-phase peptide chemistry. 

H2N

H
N

O

NH

NH2N
S

O O

O

N
H

O

O

O

OO

methyl ester
C-terminus

free amine
N-terminus

Pbf and tert-butyl ester
protected side-chains

 

Fig. 2.10 – Target peptide H2N-Arg(Pbf)-Gly-Asp(OtBu)-OMe bearing a methyl ester ‘capped’ C-

terminus, ready to couple onto the G1 and G2 dendrons via the free amine N-terminus. Original in 

colour. 

We initially opted to use a benzyl carbamate protecting group on the N-terminus, having optimised 

the synthesis of the protected RGD with this strategy, as described earlier. Starting at the C-terminus 

end of the peptide, the coupling of Z-Gly-OH with H2N-Asp(OtBu)-OMe.HCl using DIPEA and 

coupling reagent T3P yielded the desired product, 2.25, in quantitative yield (Scheme 2.14). A simple 

acid/base workup procedure was the only purification step needed to produce the product with high 

purity. This was confirmed by 1H NMR which showed a doublet peak at 7.05 ppm corresponding to 

the newly formed amide NH proton, and a downfield shift in the aspartic acid α-H from below 4.00 

ppm to 4.84-4.80 ppm due to the formation of the adjacent electron-withdrawing amide functional 

group. 

 

Scheme 2.14 – Reaction scheme showing the synthesis of Z-Gly-Asp(OtBu)-OMe, 2.25. 

The next step was to remove the benzyl carbamate (Z) group using catalytic hydrogenolysis. Z-

Arg(Pbf)-OH, could then be coupled to the deprotected amine. Deprotection of the Z group proved 
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unsuccessful however, as the desired product, H2N-Gly-Asp(OtBu)-OMe, underwent an 

intramolecular lactamisation to yield the unwanted cyclic by-product, 2.26, in 93% yield (Scheme 

2.15), as determined by the absence of the methyl ester resonance at 3.72 ppm in the 1H NMR. ESI-

MS also detected the mass of the cyclised by-product at a m/z value of 251.1 (100%, [cyclised 

M+Na]+) but no peak for the mass of the product (MW = 260 g mol-1). This may be due to an acidic 

environment at the catalyst surface promoting acid-catalysed, intramolecular nucleophilic attack of the 

free amine on the methyl ester to form a stable 6-membered ring, promoted by the entropically 

favourable loss of MeOH. 

 

Scheme 2.15 – Reaction scheme showing unwanted by-product formation during the Z deprotection 

of 2.25. 

Adapting our strategy, we turned to the Fmoc protecting group approach. Fmoc is removed under 

mildly basic (20% piperidine) conditions as opposed to an acid catalysed reaction, so it was hoped that 

after Fmoc removal, the product would remain intact and not undergo cyclisation as before. Fmoc-

Gly-OH and H2N-Asp(OtBu)-OMe.HCl were coupled together using DIPEA and T3P to generate 

the product, 2.27, in 85% yield via acid/base workup, without requiring further purification (Scheme 

2.16). This was confirmed by 1H NMR which showed a doublet peak at 7.07 ppm corresponding to 

the newly formed amide NH proton, and a downfield shift in the aspartic acid α-H from below 4.00 

ppm to 4.85 ppm due to the formation of the adjacent electron-withdrawing amide functional group. 

 

Scheme 2.16 – Reaction scheme showing the synthesis of Fmoc-Gly-Asp(OtBu)-OMe, 2.27. 

Deprotection of the Fmoc group was carried out using 20% piperidine in DCM (Scheme 2.17). 

Unfortunately, the unwanted cyclisation reaction still occurred, yielding compound 2.28. The 

spectroscopic data to support the formation of 2.28 was in agreement with that of 2.26 (formed from 

the deprotection of 2.25). A crude NMR was not obtained before silica column purification of the 

material, so it is not known whether cyclisation took place during the reaction or when the crude 
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mixture was loaded onto silica. However, the crude material could not have been used in the amide 

coupling reaction with Fmoc-Arg(Pbf)-OH that was to follow without silica column purification first 

to remove excess piperidine and Fmoc/Fmoc-piperidine by-products. 

 

Scheme 2.17 - Reaction scheme showing unwanted by-product formation during the Fmoc 

deprotection of 2.27. 

An alternative strategy was to carry out the synthesis starting at the N-terminus, deprotecting the C-

terminus and growing the peptide out in this manner. The cyclohexylammonium salt of Z-Arg(Pbf)-

OH was amide coupled with H2N-Gly-OMe.HCl using DIPEA and T3P and the product, 2.29, was 

formed in anywhere between 86% and quantitative yield following an acid/base workup procedure 

(Scheme 2.18). The newly formed amide NH resonance at 7.69 ppm was enough evidence to support 

the formation of 2.29. As Z-Arg(Pbf)-OH.CHA was used without aqueous acid extraction of the 

cyclohexylammonium group and converting Z-Arg(Pbf)-OH.CHA to the free carboxylic acid, as 

discussed earlier, a trace amount of the cyclohexylamide coupled impurity was seen in the NMR and 

mass spec. For example, in addition to the peak corresponding to the product at m/z 632.2763 (100%, 

[M+H]+), we also observed a peak for the trace impurity at m/z 642.3 (8%, [trace impurity+H]+). 

Simple hydrolysis of the methyl ester of 2.29 using 1 M NaOH at 40°C should then have facilitated 

the coupling of H2N-Asp(OtBu)-OMe to the deprotected carboxylic acid. However, it is unclear from 

the NMR and MS data what had actually happened in the saponification reaction, except that the only 

species to be isolated was a trace impurity carried through from the synthesis of starting material 2.29 

(Scheme 2.19). We hypothesised that base hydrolysis of the benzyl carbamate (it is known that NaOH 

in aqueous organic solvents can achieve this261), and/or acid hydrolysis of the acid-sensitive Pbf 

protecting group upon acidification of the basic aqueous phase to pH 1 (in order to try and extract the 

free carboxylic acid product from the reaction) may have resulted in irreversible loss of the peptide to 

the aqueous phase. The synthesis was abandoned as a result. 
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Scheme 2.18 – Reaction scheme showing the synthesis of Z-Arg(Pbf)-Gly-OMe, 2.29, and the 

cyclohexylamide coupled trace impurity. 

 

Scheme 2.19 – Reaction scheme showing the outcome of the saponification reaction of 2.29. Original 

in colour. 
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2.4.2 Attempted Synthesis of Fmoc-Arg(Pbf)-Gly-Asp(OBn)-NH2 

Following the problematic synthesis of the peptide bearing a methyl ester protected C-terminus, a 

protecting group which we reasoned was too labile for the solution-phase deprotection methods we 

were employing, we decided to change the methyl ester for a more chemically robust primary amide 

(Fig. 2.11). Once again, such a group would effectively cap the C-terminus of the RGD peptide. 

 

Fig. 2.11 – Target peptide H2N-Arg(Pbf)-Gly-Asp(OBn)-NH2 bearing a primary amide ‘capped’ C-

terminus, ready to couple onto the G1 and G2 dendrons via the free amine N-terminus. Original in 

colour. 

The only L-aspartamide amino acid commercially available with a protecting group on the side-chain 

carboxylic acid was L-aspartamide β-benzyl ester hydrochloride. Our synthetic design of the target 

peptide was therefore limited to a Boc/Fmoc protecting group methodology on the N-terminus, as 

catalytic hydrogenolysis of a Z group would also cleave the benzyl ester on the aspartamide side-chain. 

The attempted solution-phase synthesis is summarised in Scheme 2.20. 

In the first step, Boc-protected glycine was amide coupled to L-aspartamide β-benzyl ester 

hydrochloride in the presence of DIPEA and TBTU. Following an aqueous workup procedure, this 

afforded the product Boc-Gly-Asp(OBn)-NH2, 2.30, in yields between 94% and quantitative. No 

further purification was required. This was confirmed by 1H NMR which showed a doublet peak at 

7.70 ppm corresponding to the newly formed amide NH proton, and a downfield shift in the aspartic 

acid α-H from below 4.00 ppm to 4.91-4.86 ppm due to the formation of the adjacent electron-

withdrawing amide functional group. Boc-protected glycine was specifically chosen, as the benzyl ester 

present on the protected aspartic acid is stable to the acid conditions required for the removal of a 

Boc group. The next step involved the deprotection of the Boc group using TFA. Removal of the 

volatiles in vacuo yielded the TFA salt of H2N-Gly-Asp(OBn)-NH2, 2.31, in yields between 70-89%, as 

evidenced by the loss of the 1H NMR resonance at 1.42 ppm which corresponded to the tert-butyl 

methyl groups in precursor compound 2.30. Compound 2.31 was then amide coupled to the 

orthogonally protected L-arginine, Nα-Fmoc-Nω-Pbf-L-arginine, to yield Fmoc-Arg(Pbf)-Gly-
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Asp(OBn)-NH2, 2.32, in yields between 81% and quantitative. The presence of two secondary amide 

NH peaks in the 1H NMR at 8.12 and 7.82 ppm, in addition to the downfield shift of the glycine CH2 

resonance from 3.77-3.65 to 4.00-3.82 ppm due to the newly formed adjacent electron-withdrawing 

amide group, was evidence enough that the reaction was successful (see appendix – spectrum 2.11). 

Fmoc-protected arginine was coupled onto the free amine of 2.31 because the Boc-protected version 

would require acidic conditions to deprotect the Boc group which would also induce unwanted 

hydrolysis of the Pbf group on the arginine side-chain. 

 

Scheme 2.20 – Reaction scheme showing the attempted synthesis of H2N-Arg(Pbf)-Gly-Asp(OBn)-

NH2, 2.33. 

The final synthetic step should have been a straightforward one, as it involved simple Fmoc 

deprotection of 2.32 using 20% piperidine in DCM. Silica column purification of the crude reaction 

mixture using a gradient elution of DCM, to 98:2 DCM/MeOH, to 95:5 DCM/MeOH, to 9:1 

DCM/MeOH, all containing 1% TEA to neutralise the acidic silica and prevent the free amine of the 
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compound from sticking to the column, afforded a white solid (1.6 g, quantitative yield). 1H NMR of 

the isolated material showed peaks corresponding to TEA (from the column eluent) and piperidine 

(carried through from the reaction) (see appendix – spectrum 2.12). The solid was dissolved in DCM 

and washed with water and brine to try and extract the water soluble TEA and piperidine impurities, 

but after drying over MgSO4, filtering and evaporating the solvent in vacuo, this only yielded a broad 

and unclear 1H NMR spectrum (see appendix – spectrum 2.13). 

In addition, the ESI-MS of the silica columned material (prior to the aqueous workup) does not show 

the required molecular ion peak for the target compound 2.33 (MW = 687.3 g/mol). A peak at m/z 

688.3 for the [M+H]+ adduct is absent. Peaks at m/z 665.3 (1+), 687.3 (1+) and 333.2 (2+) which 

have been assigned as [X+H]+, [X+Na]+ and [X+2H]2+ respectively, correspond to a major 

unidentified by-product (X) of the reaction/purification procedure. The mass of the unknown 

molecule giving rise to these major peaks in the MS is 23 mass units less than the desired target 

product 2.33 indicating that part of the molecule has been lost in the reaction in some way. The 

obtained compound could not be identified and as such, the synthesis was abandoned due to time 

constraints. 

2.4.3 Progress Towards the Synthesis of Alloc-Arg(Pbf)-Gly-Asp(OtBu)-OBn 

Revisiting our RSA of the protected RGD, we sought an alternative strategy for the derivatisation of 

the tripeptide. With the premise of ‘capping’ the C-terminus still in mind, we devised a design where 

the C-terminus is protected by a benzyl ester and the N-terminus an Alloc group. This not only 

enables the C-terminus to be capped but also allows orthogonal protection of the side-chains, N-

terminus and C-terminus. Similar to our approach with the methyl ester protected C-terminus of R-

Arg(Pbf)-Gly-Asp(OtBu)-OMe (where R = Z or Fmoc), the advantage of this, unlike the previous 

method where the C-terminus is permanently blocked with a primary amide, lies in the ability to 

chemoselectively remove one of the protecting groups on either terminus and derivatise the peptide 

further (Fig. 2.12). The deprotection conditions of each of the protecting groups in the target peptide 

are summarised in Table 2.2 which has been adapted from the review by Albericio and co-workers.261 

The authors quote that the Pbf, tert-butyl ester and benzyl ester groups are stable to the removal 

conditions of Alloc, although Alloc is incompatible with the catalytic hydrogenolysis removal of 

groups such as pNZ (p-Nitrobenzyloxycarbonyl). However, the benzyl ester can be hydrolysed using 

NaOH in aqueous organic solvents, making the assumption that the Alloc, Pbf and tert-butyl ester 

groups are stable under these conditions, should the need to cleave this protecting group arise. 
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Fig. 2.12 – Target peptide Alloc-Arg(Pbf)-Gly-Asp(OtBu)-OBn bearing a benzyl ester protected C-

terminus and an Alloc protected N-terminus. Original in colour. 

Name and Structure Removal conditions Stable to the removal of 
Allyloxycarbonyl (Alloc) 

 

Pd(PPh3)4 cat., scavengers: 
H3N·BH3, Me2NH·BH3 or 
PhSiH3 in organic solvents. 

Boc, Fmoc, Trt, pNZ a 

Benzyl (Bn) 

 

1) HF 
2) TFMSA 
3) H2 cat. 
4) NaOH in aq. organic 
solvents 

Boc,b Fmoc, pNZ,a Trt, Alloc

2,2,4,6,7-
pentamethyldihydrobenzofuran-

5-sulfonyl (Pbf) 

 

90% TFA + scavengers 
(H2O and TIS) 1 h  
(longer times in multiple 
arginine containing peptides) 

Fmoc, Trt, Alloc 

tert-Butyl (tBu) 

 

1) 90% TFA in DCM (solid 
phase and solution) 
2) 4 M HCl in dioxane 
(solution) 

Fmoc, Z,c Trt, Alloc, pNZ  

a Except catalytic hydrogenolysis removal. b Except repetitive removals. c Catalytic hydrogenolysis 

removal. 

Table 2.2 – Protecting groups of the target peptide in Fig. 2.12, their removal conditions and stability 

to the removal of other protecting groups. Adapted from ref. 5. 

Progress has been made towards the synthesis of the target peptide (Scheme 2.21) and this will be 

outlined here. As H2N-Asp(OtBu)-OBn is not commercially available, the first step required the 

synthesis of P-Asp(OtBu)-OBn from P-Asp(OtBu)-OH (where P = protecting group: Z or Fmoc). 

The choice of alpha-amine protecting group was made such that it should be removable under 
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conditions which do not involve acids or catalytic hydrogenolysis, therefore Fmoc was chosen. 

Following the procedure of Zajdel et al,265 Fmoc-Asp(OtBu)-OH, tetra-n-butylammonium bromide 

(TBAB), and potassium carbonate were suspended in a mixture of acetonitrile/DCM, followed by 

dropwise addition of benzyl bromide, then the reaction was allowed to stir for 18 h at rt. After a basic 

workup, the crude material was recrystallised from DCM/cyclohexane to provide the product, 2.34, in 

95% yield (Scheme 2.21). The structure of the product was confirmed with 1H NMR by the presence 

of two doublet resonances corresponding to each proton of the benzyl CH2, in which the protons are 

shifted downfield from ~4.5 ppm (when adjacent to Br) to 5.26-5.19 ppm when adjacent to the 

electron-withdrawing ester group, and are geminally (2J) coupled to one another due to the chirality of 

the molecule ( 5.26 (d, CHA benzylic, J = 12.5 Hz, 1H); 5.19 (d, CHB benzylic, J = 12.5 Hz, 1H)).  

Fmoc deprotection using 20% piperidine in DCM, followed by silica column purification gave the 

product, 2.35, in 61% yield (Scheme 2.21). Removal of the Fmoc group resulted in the loss of the 

electron-withdrawing carbamate group adjacent to the aspartic acid α-H. This was reflected in the 1H 

NMR by an upfield shift of the aspartic acid α-H at 4.67 ppm to 3.52 ppm, as well as the absence of 

peaks corresponding to the Fmoc aromatic CH’s at 7.78, 7.61, 7.41 and 7.37-7.30 ppm; carbamate NH 

at 5.90 ppm; Fmoc CH2 at 4.43-4.35 ppm; and Fmoc CH at 4.24 ppm. A reduction in mass to a m/z 

value of 224.0912 (100%, [M+H–C4H8]+) was confirmed by ESI-MS. 

 

Scheme 2.21 – Reaction scheme showing the synthesis of Fmoc-Asp(OtBu)-OBn, 2.34, and 

subsequent deprotection to H2N-Asp(OtBu)-OBn, 2.35. Original in colour. 

Alloc-Gly-OH is not commercially available so this was synthesised from glycine according to a typical 

literature method.266 Glycine was reacted with allyl chloroformate overnight and then the product, 

2.36, was isolated by a straightforward extraction in 75% yield (Scheme 2.22). This was evidenced by 
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the appearance of the carbamate NH triplet resonance in the 1H NMR at 5.72 ppm, as well as the 

presence of peaks corresponding to the allyl portion of the molecule ( 5.29-5.24 (m, H-CH=CHCH2, 

1H); 5.20-5.16 (m, H-CH=CHCH2, 1H); 4.59-4.54 (m, H2C=CHCH2, 2H)). 

 

Scheme 2.22 – Reaction scheme showing the synthesis of Alloc-Gly-OH, 2.36. Original in colour. 

TBTU coupling of 2.35 and 2.36 gave the amide-coupled product, 2.37, in 95% yield after a simple 

workup (Scheme 2.23). This was confirmed by 1H NMR which showed a doublet peak at 7.09 ppm 

corresponding to the newly formed amide NH proton, and a downfield shift in the aspartic acid α-H 

from 3.52 ppm to 4.86 ppm due to the formation of the adjacent electron-withdrawing amide 

functional group. 

 

Scheme 2.23 – Reaction scheme showing the synthesis of Alloc-Gly-Asp(OtBu)-OBn, 2.37. Original 

in colour. 

It should be noted that an attempt at deprotecting the Fmoc anologue of 2.37, Fmoc-Gly-Asp(OtBu)-

OBn 2.38 – synthesised in quantitative yield from TBTU coupling Fmoc-Gly-OH with 2.35 (Scheme 

2.24), and evidenced by 1H NMR which showed a doublet peak at 7.20 ppm corresponding to the 

newly formed amide NH proton, and a downfield shift in the aspartic acid α-H from 3.52 ppm to 4.90 

ppm due to the formation of the adjacent electron-withdrawing amide functional group – was 

unsuccessful as there were problems in isolating the product from the Fmoc/Fmoc-piperidine by-

products by silica column chromatography. We speculate that the choice of Alloc group rather than 

Fmoc will result in a cleaner deprotection reaction (i.e. there would be fewer by-products produced) 

which would make it easier to identify the product by TLC. 

We believe the synthesis of compound 2.37 is progress towards a protected RGD peptide with both a 

‘capped’ C-terminus and also orthogonal protecting groups on the N- or C-terminus to allow the 

peptide to be selectively derivatised at either end. Future synthetic work (Scheme 2.25) involves 

optimising the conditions for selective removal of the Alloc group (2.39), amide coupling Alloc-

Arg(Pbf)-OH (not commercially available so this would require synthesis from an arginine derivative) 
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(2.40), and then removal of the Alloc group to allow coupling of the benzyl ester ‘capped’ peptide 

(2.41) in further reactions. Coupling 2.41 to the Newkome-type dendrons, deprotection, and a 

subsequent FP study would then reveal if the derivatised dendritic peptide binds more strongly to the 

integrin by inhibiting the non-specific interactions discussed earlier in this chapter. 

 

Scheme 2.24 – Reaction scheme showing the synthesis of Fmoc-Gly-Asp(OtBu)-OBn, 2.38, and 

attempted Fmoc deprotection. Original in colour. 

 

Scheme 2.25 – Proposed synthesis of target peptide H2N-Arg(Pbf)-Gly-Asp(OtBu)-OBn, 2.41. 

Original in colour. 
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2.5 Conclusions 

In conclusion, we have synthesised, in high purity and yield, first and second generation Newkome-

type dendrons with linear RGD peptides attached at the periphery. Prior to this, we developed a large, 

multi-gram scale, solution-phase synthesis of the linear RGD peptide in its precursor/protected form. 

Subsequently, we went on to test the integrin αvβ3 binding ability of the synthetic ligands in a 

fluorescence polarisation assay which we adapted from a literature protocol. By being limited to 

performing the titrations on a spectrometer rather than a plate reader this significantly prolonged the 

duration of the experiments. Developing the assay to run on a plate reader, as it was originally 

intended to be run, would result in a more efficient ligand screening process. 

A multivalency effect was observed when we compared the monovalent control, PEG-RGD, with the 

first generation dendron, Z-G1-[RGD]3. Interestingly, optimal binding was found to occur for the G1 

dendron which has three surface RGD groups. The higher generation G2 system displaying nine 

RGDs, Z-G2-[RGD]9, had a lower affinity and more non-specific ligand-protein interactions. This 

suggests that there is an optimal number of RGD peptides which allows enhanced integrin αvβ3 

binding, but above this number the RGD ligands become sterically crowded and the specific binding 

affinity drops off, whilst non-specific ligand-protein aggregation is encouraged. 

Synthetic efforts towards modification of the C-terminus of the RGD peptide have been reported. 

However, these were challenging and further work would be required to complete these syntheses. In 

the future, capped derivatives of the linear RGD peptide may possess enhanced integrin αvβ3 affinity 

by inhibiting non-specific ligand-protein interactions. 

In summary, a covalent, dendritic approach to multimerising the linear RGD ligand has led to 

improvements in integrin αvβ3 binding with the extent of dendritic branching tuning the affinity. This 

encouraged us to apply the multivalency principle further using a non-covalent, self-assembling 

strategy, with the hope of observing even greater improvements in integrin αvβ3 binding ability, and 

work towards this goal is described in the next chapter.  



 

 

Chapter 3 

Self-Assembling  

Linear RGD Peptides 
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3 Self-Assembling Linear RGD Peptides 

3.1 Introduction 

The results in Chapter 2 showed that covalent multivalency leads to an increase in affinity of the linear 

RGD peptide for integrin αvβ3. Compound Z-G1-[RGD]3 (2.16) exhibited stronger binding in the FP 

assay over that of the monovalent control compound PEG-RGD (2.19). This work highlighted the 

importance of multivalency in linear RGD-integrin binding. We argued that either a high local 

concentration of RGD peptide near the integrin binding site, or a series of multiple binding events 

due to the integrins being held together in artificial cell-like membranes was the reason for the 

increased ligand-protein affinity. Although we have obtained promising results from our dendritic 

RGD system, we became interested in what effect an alternative non-covalent approach to 

multimerising the linear peptide would have on binding strength. Lipidic RGD’s should have the 

ability to self-assemble in aqueous solution due to the hydrophobic effect (Scheme 3.1), whereas 

PEG-RGD should not as its structure is overall hydrophilic. As such, we predicted that it should be 

possible to determine whether self-assembled aggregates possessing a multivalent display of RGD 

enhances integrin binding in our FP assay. Furthermore, a self-assembling approach to multivalency is 

a somewhat easier synthetic strategy than the iterative steps required to make dendrimers. Self-

assembled systems are dynamic due to the non-covalent forces that hold then together, and therefore 

possess a greater flexibility/responsiveness which might be advantageous if the linear RGD aggregates 

can rearrange to satisfy the requirements of the integrin binding site. A family of hydrophobic, self-

assembling peptide amphiphiles was therefore designed (Fig. 3.1). 

 

Scheme 3.1 – General target structure of RGD peptide amphiphiles and their self-assembly in water. 

Original in colour. 

Buffered water
pH 7.4

H2O
Hydrophilic head group

H2O

H2O

Hydrophobic interior

Multivalent RGD display
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Fig. 3.1 – Structures of our self-assembling linear RGD peptides. Original in colour. 

3.2 Synthesis 

3.2.1 Synthesis of C12-RGD 

Lipopeptide C12-RGD (3.2) has been synthesised previously, albeit in an alternative manner, by Shen 

et al.267 We synthesised it in protected form by simple conjugation of the N-terminus of protected 

RGD 2.8 with the carboxylic acid of lauric acid, mediated by coupling agent TBTU (3.1, 94% yield) 

(Scheme 3.2). The synthesis of 3.1 was confirmed in the 1H NMR by a downfield shift in the arginine 

α-H from 3.44 ppm to 4.50-4.45 ppm on coupling 2.8 to lauric acid to generate the adjacent electron-

withdrawing amide functional group.  

TFA deprotection of the RGD peptide generated the product 3.2 in 78% yield. The loss of peaks in 

the 1H NMR (see appendix – spectrum 3.1) corresponding to the Pbf methylene (2.89 ppm) and 
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methyl groups at 2.51, 2.44, 2.02 and 1.39 ppm, as well as the tert-butyl methyl groups at 1.35 ppm, 

confirmed successful reaction. ESI-MS confirmed the mass of the product with a m/z value of 

529.3331 (100%, [M+H]+). All steps throughout the synthesis of 3.2 are high yielding and as such, it is 

possible to easily synthesise this compound on a relatively large scale. 
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Scheme 3.2 – Reaction scheme showing the formation of 3.1 and subsequent deprotection conditions 

to form 3.2. Original in colour. 

3.2.2 Synthesis of Py-RGD 

The conjugation of an aromatic pyrene (Py) unit onto the RGD peptide would allow us to study the 

effect of π-π stacking on the self-assembly and integrin binding affinity of the peptide. We chose to 

use 1-pyrenebutyric acid as the butyric acid chain would hopefully act as a linker to allow the RGD to 

bind the protein without being inhibited by the bulky pyrene ring system. Protected RGD 2.8 was 

amide coupled with 1-pyrenebutyric acid using TBTU to give the protected pyrene-RGD conjugate, 

3.3, in quantitative yield (Scheme 3.3). Again, the most conclusive form of evidence was the downfield 

shift in the 1H NMR of the arginine α-H on coupling 2.8 to 1-pyrenebutyric acid to generate the 

adjacent electron-withdrawing amide functional group.  

TFA deprotection provided the final product 3.4 in 77% yield. 1H NMR resonances corresponding to 

the Pbf CH2’s and CH3’s, as well as the tert-butyl methyl groups in 3.3 were absent in product 3.4 (see 

appendix – spectrum 3.2). ESI-MS detected the product with a m/z value of 617.2722 (100%, 

[M+H]+). 
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Scheme 3.3 – Reaction scheme showing the formation of 3.3 and subsequent deprotection conditions 

to form 3.4. Original in colour. 

3.2.3 Synthesis of C22-RGD 

We were also interested in what effect the extension of the aliphatic hydrocarbon tail from C12 to C22 

would have on the self-assembly and integrin binding affinity of the peptide. In accordance with 

previous amide coupling procedures, behenic acid was amide coupled with the protected RGD 2.8 

using TBTU to provide the protected C22-RGD conjugate, 3.5, in 96% yield (Scheme 3.4). The 

downfield shift in the 1H NMR of the arginine α-H on coupling 2.8 to behenic acid, to generate the 

adjacent electron-withdrawing amide functional group, was again observed. 

 

Scheme 3.4 – Reaction scheme showing the formation of 3.5 and subsequent deprotection conditions 

to form 3.6. Original in colour. 

TFA deprotection generated the final product 3.6 in 63% yield. 1H NMR resonances corresponding to 

the Pbf CH2’s and CH3’s, as well as the tert-butyl methyl groups in 3.5 were absent in product 3.6 (see 
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appendix – spectrum 3.3). ESI-MS detected the product with a m/z value of 669.4932 (100%, 

[M+H]+). 

3.2.4 Attempted Synthesis of Chol-RGD 

The hydrophobic and biologically relevant cholesterol unit was also targeted for inclusion in our 

family of RGD lipopeptides. Unlike previous syntheses, the synthesis of this compound employed 

carbamate bond forming chemistry in which the free amine of 2.8 reacted with cholesteryl 

chloroformate in a nucleophilic substitution reaction to produce the carbamate-linked protected 

Chol-RGD conjugate, 3.7, in 89% yield following silica column purification (Scheme 3.5). TEA was 

used to neutralise the HCl that was produced during the reaction, hence driving it to completion and 

also protecting the tert-butyl and Pbf protecting groups from acid hydrolysis. In the 1H NMR, a 

downfield shift of the arginine α-H from 3.44 ppm to 4.34-4.23 ppm due to the adjacent electron-

withdrawing carbamate group, whose NH resonance appeared at 5.94 ppm, was strong evidence for 

the formation of the product. 

 

Scheme 3.5 – Reaction scheme showing the formation of protected Chol-RGD, 3.7. Original in 

colour. 

The next step involved acid hydrolysis of the protecting groups. However, upon treating the protected 

Chol-RGD, 3.7, with TFA and attempting to precipitate out the desired product with Et2O, ESI-MS 

revealed that the solid which was recovered contained a mixture of product, 3.8, and also the 

hydrolysed by-product (Scheme 3.6). This was evidenced by peaks in the MS at m/z values of 759.5 

(20%, [M+H]+) for the product and 347.2 (100%, [H2N-Arg-Gly-Asp-OH + H]+) for the by-product. 

The synthesis of Chol-RGD was therefore abandoned due to the acid instability of the carbamate 

linkage. To circumvent this problem it is envisaged that activating the alcohol of cholesterol with tosyl 

(or mesyl) chloride, followed by an SN2 reaction with 2.8 would enable direct conjugation of the 

protected peptide with cholesterol via direct C-N bond formation. The resultant compound should 

then be acid stable in the final deprotection step. This is just one of several possibilities for 

conjugating 2.8 with cholesterol and forms the basis of future work. 
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Scheme 3.6 – Reaction scheme showing the deprotection of 3.7 to produce a mixture of product, 3.8, 

and hydrolysed by-product. Original in colour. 

3.2.5 Synthesis of C12-Lys(C12)-(CH2)5-TEG-RGD 

In addition to the C12-RGD amphiphile, 3.2, we were also interested in investigating the effect of 

branching the hydrophobic portion of the molecule to generate twin-tailed C12 system 3.18 (Fig. 3.2). 

The tetraethyleneglycol (TEG) linker was an integral part of the design process to ensure good water 

solubility of the amphiphilic molecule. As discussed in the introduction, according to Israelachvili’s 

critical packing principles,33 incorporating a branched/larger hydrophobic group into the structure can 

impact on the self-assembly mode of the molecule by generating a lipid which, in this case, has more 

of a truncated cone shape and possibly a preferred tendancy to form cylindrical or liposomal 

aggregates. On the other hand, it is reasonable to suggest that C12-RGD and Py-RGD have larger 

hydrophilic head groups with respect to their hydrophobic units, which may favour an inverted cone 

shape, leading to the formation of spherical micelles. In this way, we envisaged a comparison of 

different self-assembled morphologies and how they affect integrin binding as a potentially interesting 

outcome of this systematic RGD lipopeptide design process. 
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Fig. 3.2 – Structure of C12-Lys(C12)-(CH2)5-TEG-RGD (3.18). Original in colour. 

The two building blocks for the convergent synthesis of C12-Lys(C12)-(CH2)5-TEG-RGD were 

made in parallel. For the synthesis of the hydrophobic fragment (Scheme 3.7), two equivalents of 

lauric acid were TBTU coupled to L-lysine methyl ester dihydrochloride to yield C12-Lys(C12)-OMe, 

3.9, in 89% yield after an aqueous workup.268 1H NMR resonances at 6.40 ppm (doublet) and 6.01 

ppm (triplet) corresponded to the α-NH amide and the ε-NH amide, respectively. Following on from 

the protocol of Marques et al concerning the preparation of lysine-based double-chained anionic 

surfactants, saponification of the methyl ester using 1 M NaOH in methanol was then carried out. 

Marques and co-workers report that they carried out the saponification reaction at 0°C. However, 

solubilising 3.9 in methanol proved difficult and required lengthy sonication to get the solid to 

dissolve. Once dissolved, the reaction flask was cooled in an ice-water bath, but upon doing so the 

starting material crashed out of solution as a solid again. Continuing with the method, 1 M NaOH was 

added and the reaction stirred at 0°C for almost 2 h when the ice-water bath was removed and the 

reaction allowed to warm to rt. The reaction was stirred vigorously overnight but the white solid of 

the starting material still remained so a decision was made to heat the reaction to 40°C. After ~30 min 

of heating the solid dissolved and TLC showed that the reaction was complete after a further 30 min 

of stirring. An aqueous workup procedure yielded the product, 3.10, in 83% yield. The absence of the 

methyl ester singlet resonance at 3.68 ppm in the 1H NMR confirmed hydrolysis of the methyl ester 

group. 

The next step was to TBTU couple the hydrochloride salt of the methyl 6-aminohexanoate linker with 

3.10 to provide 3.11 in 85% yield following an acid/base workup. A downfield shift in the 1H NMR 

resonance of CH2NH2 of the methyl 6-aminohexanoate linker upon coupling to the carboxylic acid of 

3.10, from ~2.7 ppm to 3.18-3.12 ppm, due to the newly-formed, adjacent electron-withdrawing 

amide group proved the formation of the product, in addition to the mass spec m/z value of 638.5465 

(78%, [M+H]+). Saponification of the methyl ester using 1 M NaOH in methanol and refluxing at 

60°C then yielded the target hydrophobic fragment, 3.12, in 73% yield. The absence of the methyl 

ester singlet resonance at 3.64 ppm in the 1H NMR confirmed hydrolysis of the methyl ester group. 
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Scheme 3.7 – Reaction scheme showing the overall synthesis of C12-Lys(C12)-(CH2)5-C(O)OH, 3.12. 

For the synthesis of the TEG linker (Scheme 3.8), tetraethyleneglycol was activated at one end with 

tosyl chloride to yield the monotosylated intermediate.269 This was reacted on in situ by refluxing with 

sodium azide in ethanol to yield mono azide 3.13 in 50% yield after silica column purification.269 An 

upfield shift in the CH2CH2OH 1H NMR resonance from the overlapping multiplets at 3.73-3.59 ppm 

to an individual 2H triplet at 3.39 ppm upon converting to the electron-shielding, azide-functionalised 

analogue CH2CH2N3, confirmed formation of the product. A Williamson-ether synthesis then 

afforded 3.14 in 54% yield by reacting 3.13 with 2-bromoacetic acid in the presence of sodium hydride 

in dry THF. 1H NMR confirmed the structure of the product owing to the appearance of a 2H singlet 

peak at 4.12 ppm corresponding to the OCH2C(O)OH portion of the molecule. ESI-MS detected the 

product with m/z value 300.1165 (100%, [M+Na]+). 
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Scheme 3.8 – Reaction scheme showing the synthesis of the tetraethyleneglycol (TEG) linker, 3.14. 

Synthesis of the protected hydrophilic fragment was then completed by TBTU coupling compounds 

3.14 and 2.8 to provide conjugate 3.15 in 52% yield after acid/base workup and silica column 

purification (Scheme 3.9). In the 1H NMR, a downfield shift of the arginine α-H from 3.44 ppm to 

4.61-4.55 ppm due to the adjacent electron-withdrawing amide group, and the appearance of a third 

amide NH resonance, were strong evidence for the formation of the product. To allow amide 

coupling of the two halves of the target molecule, the azide functionality was reduced under catalytic 

hydrogenation to form the amine terminated 3.16 in quantitative yield. The most conclusive form of 

evidence for the synthesis of the product was the reduction in the m/z value from 970.4893 (100%, 

[M+H]+) (for 3.15) to 944.4978 (100%, [M+H]+) (for 3.16). 

 

Scheme 3.9 – Reaction scheme showing the synthesis of the protected H2N-TEG-RGD conjugate, 

3.16. Original in colour. 
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The penultimate step in the synthesis involved TBTU-coupling of fragments 3.12 and 3.16 to provide 

the target molecule in protected form, 3.17, in a fairly low 26% yield (Scheme 3.10). The appearance 

of a 7th amide NH resonance was one of the most conclusive forms of evidence for the successful 

formation of the product, as well as its detection by ESI-MS at a m/z value of 775.5089 (100%, 

[M+2H]2+). The reason for such a low yield may be due to: (i) inefficient coupling of the two 

fragments, (ii) loss of material in the aqueous workup due to the presence of the hydrophilic TEG 

linker, or (iii) loss of material during the silica column purification step. In any case, this still provided 

enough material to proceed with TFA deprotection to produce the final target molecule, 3.18, in 41% 

yield. 1H NMR resonances corresponding to the Pbf CH2’s and CH3’s, as well as the tert-butyl methyl 

groups in 3.17 were absent in product 3.18 (see appendix – spectrum 3.4). ESI-MS detected the 

product with a m/z value of 593.4052 (100%, [M+2H]2+). 

 

Scheme 3.10 – Reaction scheme showing the formation of 3.17 and subsequent deprotection 

conditions to form 3.18. Original in colour. 

3.3 Self-Assembly Studies 

To determine whether the peptide amphiphiles self-assembled in aqueous solution, we employed a 

phase-transfer-type encapsulation experiment using the hydrophobic dye Nile Red (Fig. 3.3).270 In 

water, Nile Red is insoluble and its fluorescence emission is ‘switched off’. In organic solvents, or the 

hydrophobic interior of self-assembled aggregates, Nile Red is solubilised and its fluorescence 

emission is ‘switched on’. The fluorescence emission intensity is proportional to the amount of 

solubilised dye, which in turn is proportional to the concentration of self-assembling peptide in 

solution. 
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Fig. 3.3 – The structure of Nile Red. 

We first studied the ability of C12-RGD (3.2) to self-assemble and encapsulate Nile Red. Increasing 

the concentration of C12-RGD led to an increase in the fluorescence emission intensity of the dye, 

which was direct evidence of increased levels of solubilisation in the interior of self-assembled 

aggregates (Fig. 3.4). Plotting the fluorescence emission intensity at λmax (635 nm) vs. log[peptide] 

allows for the determination of the critical aggregation concentration (CAC) (Fig. 3.5). The CAC is 

calculated at the point where the two lines of best fit intersect. For C12-RGD, the CAC was calculated 

as ~300 μM in phosphate buffered saline (PBS) at pH 7.4. 

 

Fig. 3.4 – Averaged Nile Red fluorescence emission spectra in the presence of increasing 

concentrations of C12-RGD. λex = 550 nm. Experiments were run in triplicate. Original in colour. 
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Fig. 3.5 – Averaged Nile Red fluorescence emission intensities at 635 nm plotted against  

log[C12-RGD]. λex = 550 nm. Experiments were run in triplicate. 

Conversely, the dendritic compounds studied in Chapter 2, Z-G1-[RGD]3 (Fig. 3.6) and Z-G2-

[RGD]9 (Fig. 3.7), caused no increase in Nile Red fluorescence emission at any concentration up to 1 

mM which, as expected, implies that no self-assembly occurs for these compounds in the range of 

concentrations tested. 

 

Fig. 3.6 – Nile Red fluorescence emission spectra in the presence of increasing concentrations of  

Z-G1-[RGD]3. λex = 550 nm. Original in colour. 
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Fig. 3.7 – Nile Red fluorescence emission spectra in the presence of increasing concentrations of  

Z-G2-[RGD]9. λex = 550 nm. Original in colour. 

Transmission electron microscopy (TEM) was then used to determine the morphology of the 

aggregates formed from the self-assembly of C12-RGD. At high concentration (1 mM), bundled 

structures comprised of small spherical micelles (~5 nm diameter) were observed in TRIS 

(tris(hydroxymethyl)aminomethane) (Fig. 3.8A) and PBS buffers (not shown) at pH 7.4. The micellar 

radius is therefore in accordance with the estimated head-to-tail molecular length of ~3 nm for the 

C12-RGD amphiphile (Fig. 3.9). However, larger unilamellar structures can be seen on dilution to just 

above the CAC (400 μM) (Fig. 3.8B). This is clear visual evidence that self-assembly of C12-RGD is 

taking place, although the actual mode of self-assembly is dependent on the concentration. 

We would like to take this opportunity to point out that as with all images obtained by TEM, the 

artefacts observed are subject to drying effects as the material in solution is cast onto a TEM grid and 

allowed to dry. The images obtained are therefore open to interpretation and do not necessarily 

represent the structures that would be found in their native ‘wet’ state. 

                                                            
 Calculated using ChemBioDraw Ultra 11.0 
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Fig. 3.8 – TEM images of assemblies formed by C12-RGD in TRIS buffer (pH 7.4) at: A) 1 mM, scale 

bar = 50 nm, and B) 400 μM, scale bar = 2 μm. Negatively stained with uranyl acetate. 

 

Fig. 3.9 – Structure showing the head-to-tail molecular length of C12-RGD. Original in colour. 

We then studied the ability of Py-RGD (3.4) to self-assemble and encapsulate Nile Red. As we 

expected, increasing the concentration of Py-RGD led to an increase in the fluorescence emission 

intensity of the dye (Fig. 3.10). Plotting the fluorescence emission intensity at λmax (650 nm) vs. 

log[peptide] (Fig. 3.11), the CAC was calculated to be ~110 μM in PBS at pH 7.4. 
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Fig. 3.10 – Averaged Nile Red fluorescence emission spectra in the presence of increasing 

concentrations of Py-RGD. λex = 550 nm. Experiments were run in triplicate. Original in colour. 

 

Fig. 3.11 – Averaged Nile Red fluorescence emission intensities at 650 nm plotted against  

log[Py-RGD]. λex = 550 nm. Experiments were run in triplicate. 

The UV-Vis absorption spectrum of Py-RGD is shown in Fig. 3.12. Py-RGD does not absorb at 550 

nm, therefore, exciting Nile Red at this wavelength does not induce any fluorescence emission 

contributions from Py-RGD (Fig. 3.13). This confirms that the Nile Red encapsulation study is 

unperturbed by the presence of the pyrene unit. 
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Fig. 3.12 – UV-Vis absorption spectrum of Py-RGD (0.01 mg/ml in PBS, pH 7.4). 

 

Fig. 3.13 – Fluorescence emission spectrum of Py-RGD (1 mM in PBS, pH 7.4). λex = 550 nm. 

However, the photophysical properties of the pyrene unit itself are useful in investigating the phase 

separation of pyrene lipids. The fluorescence emission spectra of various Py-RGD sample 
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would be expected that the fluorescence emission of free pyrene should increase as the concentration 

of Py-RGD increases. This result therefore indicates that aggregation of the pyrenes (initially as 

dimers, trimers etc, in the early stages of pyrene stacking below the CAC, and then in the core of the 

micelles above the CAC) results in quenching of the pyrene fluorescence. We therefore hypothesised 

that the CAC could also be calculated by plotting the pyrene monomer emission (at 382 nm) against 

[Py-RGD] (Fig. 3.15). A similar method has been employed by other researchers.271, 272 The CAC (122 

μM) was calculated at the point where the two lines of best fit intersect. Using the direct fluorescence 

quenching of pyrene as a fluorescent probe, intrinsic to the Py-RGD molecule, was found to produce 

a CAC value which matched quite favourably with that obtained from the Nile Red assay, and 

confirms that using Nile Red as an indirect method appears to be an accurate way of determining the 

critical micelle/aggregation concentration of our amphiphilic molecules. 

 

Fig. 3.14 – Averaged Py-RGD fluorescence emission spectra at different concentrations of Py-RGD.  

λex = 343 nm. Experiments were run in triplicate. Original in colour. 
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Fig. 3.15 – Py-RGD monomer emission (at 382 nm) versus [Py-RGD]. λex = 343 nm. 

TEM images of Py-RGD at high concentration (1 mM), show bundled structures comprised of small 

spherical micelles (<5 nm diameter) in PBS (pH 7.4) (Fig. 3.16A), similar to those observed for C12-

RGD. The micellar radius is therefore in accordance with the head-to-tail molecular length of ~2.5 

nm for the Py-RGD amphiphile (Fig. 3.17). Similar structures are observed on dilution to just above 

the CAC (200 μM) (Fig. 3.16B). Unlike C12-RGD, large unilamellar structures were not observed for 

Py-RGD upon dilution, therefore, the mode of self-assembly is different and seemingly not as 

concentration dependent. This may be accredited to the different driving forces involved for the self-

assembly of Py-RGD (π-π stacking and hydrophobicity) compared with those of C12-RGD (van der 

Waals interactions and hydrophobicity). 

 

Fig. 3.16 – TEM images of assemblies formed by Py-RGD in PBS buffer (pH 7.4) at: A) 1 mM, scale 

bar = 100 nm, and B) 200 μM, scale bar = 200 nm. Negatively stained with uranyl acetate. 
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Fig. 3.17 – Structure showing the head-to-tail molecular length of Py-RGD. Original in colour. 

A Nile Red study was then conducted on C22-RGD (3.6). As we expected, increasing the 

concentration of C22-RGD led to an increase in the fluorescence emission intensity of the dye (Fig. 

3.18). It should be noted at this point that the fluorescence emission intensities are several orders of 

magnitude higher than those observed when C12-RGD, Py-RGD and C12-Lys(C12)-(CH2)5-TEG-

RGD were studied, as a different spectrofluorimeter was used to acquire the data, therefore making it 

difficult to reason that the higher intensities are due to the assemblies formed from C22-RGD being 

better at solubilising/incorporating Nile Red. Plotting the fluorescence emission intensity at λmax (640 

nm) vs. log[peptide] gave an unusual trend (Fig. 3.19). Nonetheless, the CAC was estimated to be 

around 30 μM in PBS at pH 7.4. Interestingly, a less than 2-fold extension of the hydrocarbon tail 

from C12-RGD (CAC ≈ 300 μM) to C22-RGD appears to induce a 10-fold reduction in the CAC 

value, presumably owing to an enhancement in the hydrophobic effect for the longer alkyl chain. 

 

Fig. 3.18 – Nile Red fluorescence emission spectra in the presence of increasing concentrations of 

C22-RGD. λex = 550 nm. Original in colour. 
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Fig. 3.19 – Nile Red fluorescence emission intensities at 640 nm plotted against log[C22-RGD].  

λex = 550 nm. 

Instead of the usual bundled spherical micelle aggregates seen for the previous compounds, TEM 

imaging of C22-RGD (1 mM in PBS, pH 7.4) yielded rod-like micelle assemblies with diameters of 

~20 nm (Fig. 3.20). Extension of the hydrocarbon tail from C12- to C22- evidently significantly 

modifies the mode of self-assembly from spherical to cylindrical morphologies, due to the more 

efficient packing of the longer C22 tail into the latter shape. This is in accordance with Israelachvili’s 

critical packing principles33 – the smaller head group area with respect to the longer hydrophobic 

chain length causes C22-RGD to adopt a truncated cone shape which preferentially self-assembles 

into cylindrical micelles. The head-to-tail molecular length of C22-RGD is ~4 nm (Fig. 3.21), 

therefore, the rod-like micelles formed by C22-RGD are probably composed of bundles of fibres 

aggregated together. 

 

Fig. 3.20 – TEM image of assemblies formed by 1 mM C22-RGD in PBS buffer (pH 7.4), scale bar = 

500 nm. Imaged without stain. 
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Fig. 3.21 – Structure showing the head-to-tail molecular length of C22-RGD. Original in colour. 

Interestingly, this bundling of rod-like micelles produced a fibrous network which was able to restrict 

the flow of solvent molecules and induced gel formation in DMSO-d6 when we tried to characterise 

the molecule by NMR (Fig. 3.22). 

 

Fig. 3.22 – Inverted vial method to demonstrate gel formation of C22-RGD in DMSO-d6. Original in 

colour. 

Finally, the twin-tailed system, C12-Lys(C12)-(CH2)5-TEG-RGD (3.18), was studied for its potential 

self-assembling properties. As we expected, increasing the concentration of C12-Lys(C12)-(CH2)5-

TEG-RGD led to an increase in the fluorescence emission intensity of Nile Red (Fig. 3.23). Plotting 

the fluorescence emission intensity at λmax (635 nm) vs. log[peptide] (Fig. 3.24), the CAC was 

calculated to be ~6 μM in PBS at pH 7.4. In this case, doubling the number of hydrocarbon tails from 

C12-RGD (CAC ≈ 300 μM) to C12-Lys(C12)-(CH2)5-TEG-RGD induces a 50-fold reduction in the 

CAC value. 
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Fig. 3.23 – Averaged Nile Red fluorescence emission spectra in the presence of increasing 

concentrations of C12-Lys(C12)-(CH2)5-TEG-RGD. λex = 550 nm. Experiments were run in 

triplicate. Original in colour. 

 

Fig. 3.24 – Averaged Nile Red fluorescence emission intensities at 635 nm plotted against  

log[C12-Lys(C12)-(CH2)5-TEG-RGD]. λex = 550 nm. Experiments were run in triplicate. 

TEM images both at 1 mM and 100 μM show similar rod-like micelles to those of C22-RGD (Fig. 
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the self-assembly in water of their lysine-based double-chained anionic surfactant, C12-Lys(C12)-O- 

Na+, after heating to 40-45°C to induce solubilisation and then cooling to rt.273 

 

Fig. 3.25 – TEM images of assemblies formed by C12-Lys(C12)-(CH2)5-TEG-RGD in PBS buffer 

(pH 7.4) at: A) 1 mM, scale bar = 200 nm, and B) 100 μM, scale bar = 500 nm.  

Negatively stained with uranyl acetate. 

Isolated structures are observed and their dimensions can be calculated; here an individual rod is 

shown with dimensions 11.5 × 152 nm (Fig. 3.26). The micellar radius is roughly in accordance with 

the head-to-tail molecular length of ~6 nm (Fig. 3.27). However, as with all the molecules drawn in 

this chapter, this is a rigid depiction and the molecule will likely adopt a less linear conformation in 

solution. 

 

Fig. 3.26 – TEM images of assemblies formed by 100 μM C12-Lys(C12)-(CH2)5-TEG-RGD in PBS 

buffer (pH 7.4): A) scale bar = 500 nm, and B) scale bar = 50 nm.  

Negatively stained with uranyl acetate. 
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A  B

 

A  B



Daniel J. Welsh      Chapter 3 – Self-Assembling Linear RGD Peptides 

100 

 

Fig. 3.27 – Structure showing the head-to-tail molecular length of C12-Lys(C12)-(CH2)5-TEG-RGD. 

Original in colour. 

In summary, we found that functionalising the linear RGD peptide with a C12 alkyl chain (C12-RGD, 

CAC ≈ 300 μM) or aromatic pyrene unit (Py-RGD, CAC ≈ 110 μM) yielded amphiphilic structures 

which self-assembled into spherical micelles. Conversely, a larger C22 alkyl chain (C22-RGD, CAC ≈ 

30 μM) or a branched/twin-tailed C12 system (C12-Lys(C12)-(CH2)5-TEG-RGD, CAC ≈ 6 μM) 

generated amphiphilic structures which adopted cylindrical/rod-like micelle morphologies. 

3.4 Integrin Binding Studies 

We then went on to investigate, firstly, whether C12-RGD (3.2) could bind integrin αvβ3, and 

determine if a non-covalent self-assembling strategy produces multivalent RGD ligand arrays with 

higher integrin affinities than those found using the more synthetically demanding covalent dendritic 

approach, such as Z-G1-[RGD]3 (2.16) and Z-G2-[RGD]9 (2.17). Unlike non-self-assembling PEG-

RGD (2.19), lipopeptide C12-RGD was able to reduce the normalised FP signal down to below 50% 

of the initial value at an effective concentration of ~200 μM (shown in orange, Fig. 3.28). Using the 

Cheng-Prusoff equation (Eq. 2.1) the Ki = 197 μM ≈ EC50 (as discussed in Chapter 2). We propose 

that this binding concentration is evidence of a multivalency effect, as the self-assembly of C12-RGD 

can generate a multivalent ligand display and therefore bind integrin proteins significantly better than 

the non-self-assembling, monovalent control PEG-RGD. 

As the integrin is held in the Triton X-100 surfactant assemblies, we had concerns over whether the 

C12-RGD lipopeptide was giving a false positive result in the FP assay by disrupting the stability of 

the integrin-Triton assemblies rather than directly binding with the integrin itself. We therefore used 

sodiumdodecylsulfate (SDS) as a model monoanionic surfactant (Fig. 3.29), also comprised of a twelve 

carbon hydrophobic tail, and tested its ability to affect the FP signal (shown in red, Fig. 3.28). The 

signal did not decrease, unequivocally demonstrating that the decreasing FP signal for C12-RGD can 

be attributed to interactions between the RGD head group and the protein, rather than the surfactant-

like nature of the compound disrupting the integrin stability. 
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Fig. 3.28 – Normalised titration curves for the displacement of 5(6)-FL-c[RGDfK] probe (10 nM) 

from integrin αvβ3 (280 nM) on the addition of the synthetic ligands: Z-G1-[RGD]3 (blue), C12-RGD 

(orange), PEG-RGD (green) and SDS (red) after incubating at 29 °C for 5 min. 

 

Fig. 3.29 – The structure of sodiumdodecylsulfate (SDS). 

Interestingly, on a per RGD basis, C12-RGD (200 μM) is a stronger integrin binder than Z-G1-

[RGD]3 (375 μM) (Fig. 3.30). We speculate that the reversible nature of the self-assembly process 

generates large arrays with a greater degree of flexibility, and potentially a better ability to satisfy the 

binding requirements of the integrin (Fig. 3.31). The mechanism of binding, rather than a high local 

concentration of ligand around just one integrin (Fig. 3.31A), is speculated to be a multiple binding 

event with the bundles of spherical micelles interacting across clusters of integrins in the integrin-

Triton assemblies (Fig. 3.31B). Indeed, it is also plausible that the larger unilamellar structures, which 

also arise from C12-RGD self-assembling, interact across integrin clusters (Fig. 3.31C). 
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Fig. 3.30 – Comparison of dendritic and self-assembled approaches to multivalency. 

 

Fig. 3.31 – The possible mechanisms of multivalency in integrin recognition by C12-RGD. 

It should be noted that C12-RGD (EC50 = 200 μM) appears to bind integrin at a concentration lower 

than its apparent CAC (~300 μM). Two possibilities are suggested for this: (i) the presence of the 

integrin causes the peptide amphiphile to self-assemble below its apparent CAC, possibly initiated 

upon binding, or (ii) the lipopeptide inserts itself into the Triton X-100 assemblies and the overall 

RGD-displaying aggregate is then able to bind to adjacent integrin-Triton assemblies. In support of 

the latter possibility, TEM images indicate that the integrin-Triton assemblies are somewhat perturbed 

by the presence of C12-RGD (Fig. 3.32). This work comparing dendritic and self-assembling 

strategies to multivalency, with respect to RGD peptide-integrin interactions, has recently been 

published.274 
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Fig. 3.32 – TEM images of integrin-Triton X-100 assemblies: A) prior to the addition of C12-RGD 

peptide, scale bar = 500 nm, and B) post-FP assay of C12-RGD, scale bar = 500 nm. 

Imaged without stain. 

Py-RGD (3.4) was then investigated for its ability to bind integrins and found to decrease the FP 

signal to 50% of its initial intensity at a concentration of ~110 μM (shown in light blue, Fig. 3.33). 

Using the Cheng-Prusoff equation (Eq. 2.1) the Ki = 108 μM ≈ EC50 (as discussed in Chapter 2). 

Once again, this is evidence of a multivalency effect as Py-RGD binds better than the non-self-

assembling monovalent control PEG-RGD. We can speculate that the reason for the EC50 of Py-

RGD being almost two-fold less than that of C12-RGD is a consequence of Py-RGD having a lower 

CAC value i.e. it spontaneously forms aggregates with a multivalent display of RGD surface groups at 

a much lower concentration. The mechanism of binding, however, is likely to be similar to that of 

C12-RGD (Fig. 3.31B or C) as Py-RGD also aggregates to form large clusters of spherical micelles 

thereby possessing the ability to bind several integrins on one assembly at once. It should be noted 

that the CAC of Py-RGD is the same as its EC50 binding value, indicating that Py-RGD binds 

integrin at the point at which it spontaneously self-assembles. This may be coincidental, however, as 

the binding curve for Py-RGD, like C12-RGD, decreases much more dramatically than that 

represented by PEG-RGD signifying self-assembly and enhanced integrin binding is taking place 

below the calculated CAC, and the reasoning for this is the same as that discussed for C12-RGD. 

Contrary to the promising results we have obtained with C12/Py-RGD, when we tested synthetic 

ligands C22-RGD (3.6) and C12-Lys(C12)-(CH2)5-TEG-RGD (3.18), which form rod-like micelles 

above their CACs, they were found to drastically underperform in this assay (Fig. 3.33); so much so 

that the binding profile for C12-Lys(C12)-(CH2)5-TEG-RGD (shown in purple) overlays that of the 

weakly binding PEG-RGD, while C22-RGD (shown in red) fluctuates very little below the initial 

normalised signal of 100 mP units. 

A  B
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Fig. 3.33 – Normalised titration curves for the displacement of 5(6)-FL-c[RGDfK] probe (10 nM) 

from integrin αvβ3 (280 nM) on the addition of the synthetic ligands: Z-G1-[RGD]3 (blue), C12-RGD 

(orange), Py-RGD (light blue), C22-RGD (red), C12-Lys(C12)-(CH2)5-TEG-RGD (purple) and 

PEG-RGD (green) after incubating at 29 °C for 5 min. 

We hypothesise that although the cylindrical structures formed by these two amphiphiles will also 

possess a multivalent surface comprised of RGD ligands, either: (i) the cylindrical morphology is too 

rigid and does not possess the degree of flexibility required to satisfy the binding requirements of the 

integrin protein – this would explain why C12-Lys(C12)-(CH2)5-TEG-RGD which has a flexible 

TEG linker appears to be slightly better at interacting with integrin than C22-RGD; (ii) in relation to 

(i), it may be that on a less curved cylindrical surface the RGD ligand is less able to bind to the active 

site of integrin than it is on a highly curved spherical micelle surface; or (iii) the viscosity of the assay 

solution increases because of the formation of these rod-like fibres which lowers the rotational 

mobility of the probe (whether bound as the probe:protein complex or unbound), and hence the FP 

signal does not decrease as much as it would have if the viscosity of the solution remained unchanged, 

even if the probe is being displaced from the integrin by the synthetic ligand. It is known that probes 

used in biophysical studies utilising fluorescence polarisation are sensitive to changes in viscosity.263 

Evidence for the latter hypothesis was the observation of gel-like turbidity during the titration of C22-

RGD into the assay cuvette. Further experimental evidence to prove this would need to investigate 

any change in viscosity of the C22-RGD and C12-Lys(C12)-(CH2)5-TEG-RGD assay solutions with 
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increasing C22-RGD and C12-Lys(C12)-(CH2)5-TEG-RGD concentration, respectively, in more 

detail.  

In support of this, TEM images indicate that the integrin-Triton assemblies (Fig. 3.34A) although not 

perturbed themselves, unlike the case of C12-RGD (Fig. 3.32), are ‘tangled up’ in the rod-like fibres 

that C22-RGD forms (Fig. 3.34B). Any reduction in the FP signal by displacement of probe from the 

integrin binding site would most likely be outweighed by the restricted rotation of free probe and 

probe:integrin complexes in the fibrous mass which formed – a similar effect on the FP signal to that 

of the non-specific aggregation of the synthetic ligands discussed in Chapter 1. In the case of C12-

Lys(C12)-(CH2)5-TEG-RGD, the fibres were so dense that it was difficult to observe any integrin-

Triton assemblies (Fig. 3.34C). Or perhaps C22-RGD and C12-Lys(C12)-(CH2)5-TEG-RGD are 

unable to insert into the Triton assemblies, which was one hypothesis for the improved binding of 

C12-RGD, as they are possibly more stable in their own rod-like micelles (as evidenced by the 

unchanged integrin-Triton assemblies in Fig. 3.34B). 

 

 

 

 

 

 

These results suggest that the rod-like micelle forming compounds are poor ligands, but perhaps the 

choice of spectroscopic study, sensitive to changes in viscosity, limits the types of synthetic ligands 

that can be employed. A summary of the CAC and EC50 for each compound is given in Table 3.1. 

 

A  B

 

C 
Fig. 3.34 – TEM images of integrin-Triton X-100 

assemblies: A) prior to the addition of synthetic 

ligand, scale bar = 500 nm, B) post-FP assay of 

C22-RGD, scale bar = 5 μm, and C) post-FP 

assay of C12-Lys(C12)-(CH2)5-TEG-RGD, 

scale bar = 500 nm. Imaged without stain. 
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Synthetic Ligand Compound No. 
Micelle 

Morphology 
CAC (μM) 

EC50 ‘per RGD’ 
(μM) 

Z-G1-[RGD]3 2.16 - - 375 
C12-RGD 3.2 Spherical ~300 200 
Py-RGD 3.4 Spherical ~110 110 

C22-RGD 3.6 Rod-like ~30 - 
C12-Lys(C12)-
(CH2)5-TEG-

RGD 
3.18 Rod-like ~6 - 

 

Table 3.1 – Summary of synthetic ligands, their aggregate morphologies, CACs and EC50s. 

3.5 Conclusions 

In conclusion, we have synthesised an array of self-assembling, linear RGD peptide amphiphiles. C12-

RGD and Py-RGD self-assembled to produce spherical micelle-type aggregates, whereas the longer 

hydrophobic-tailed C22-RGD and twin-tailed system, C12-Lys(C12)-(CH2)5-TEG-RGD, generated 

rod-like micelles above their CACs. We then went on to test their ability to bind integrin αvβ3 in our 

established fluorescence polarisation assay. 

Multivalency effects were observed when we compared the monovalent control, PEG-RGD, with 

C12-RGD and Py-RGD. However, C22-RGD and C12-Lys(C12)-(CH2)5-TEG-RGD surprisingly 

underperformed and could not reduce the FP signal to 50% of its initial value. This was reasoned to 

be due to either ineffective binding of the rigid rod-like structures formed, or a possible increase in 

viscosity as the concentration of the synthetic ligand increases meaning the FP assay is inappropriate 

for these types of surfactant. Further work is required to monitor these suspected changes in viscosity 

and an alternative binding assay, possibly cell-based, would provide further comparative evidence as to 

whether or not C22-RGD and C12-Lys(C12)-(CH2)5-TEG-RGD are indeed poor ligands for 

binding of integrin αvβ3. 

We have successfully shown that a self-assembly (non-covalent) approach to multimerising the linear 

RGD ligand has led to even further improvements in integrin αvβ3 binding ability compared to that of 

a dendritic (covalent) approach, and suggest that this is a consequence of the greater flexibility and 

responsiveness of self-assembled micellar systems. 
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4 Linear RGD Peptide Conjugate Hydrogelators 

4.1 Introduction 

As discussed in the introduction, low MW peptide-based hydrogels are currently generating interest as 

promising smart materials for a wide variety of applications, ranging from pollutant capture and 

removal225 to nerve regeneration.224 In this chapter, a small library of linear RGD peptide amphiphiles 

and bolaamphiphiles was designed (Fig. 4.1), comprising a variety of different aliphatic or aromatic 

chains conjugated to the peptide through urea linkages, and their hydrogelation properties under 

thermal and sonochemical stimuli were studied. We decided to use urea linkages, not only for their 

relative ease of synthesis, but also because of their proven importance in underpinning supramolecular 

gels as a consequence of their intermolecular urea-urea hydrogen bonding, even in competitive 

solvents such as water.252 Related bis-urea bolaamphiphilic hydrogelators possessing different length 

aliphatic chains have previously been synthesised and studied by Hamilton and co-workers, but these 

had a much simpler single amino acid (glutamic acid) as the head group.251, 275  

We report on amphiphile vs. bolaamphiphile, the effects of changing the aliphatic chain length and 

aliphatic vs. aromatic chain type and how this impacts on gelation ability, providing insight into 

structure-gelation relationships for low MW linear RGD peptide conjugate hydrogelators. By 

incorporating lysine (K) into the RGD structure (RGDK) (Fig. 4.1), an understanding of charge 

and/or packing effects on gelation is reported. We also compare and contrast the gelation ability of 

the urea-based RGD compounds with an amide-based ‘twin-tailed’ system (Fig. 4.2) and two urea-

based, oligo(phenylene ethynylene), linear RGD peptide conjugates (Fig. 4.3). 

We then move on to examine gelator C12-[urea-RGD]2, 4.4, in more detail: controlling hydrogelation 

by varying temperature, while the role played by the urea functionality and the effect of different 

anions on gelation will also be explored. These studies provide fundamental insight into how factors 

external to the gelator can control gel formation and breakdown. Finally, a small molecule 

encapsulation-release study with the hydrogel of 4.4 demonstrates the feasibility of using such 

hydrogels in controlled drug delivery as well as tissue engineering applications. 
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Fig. 4.1 – Our library of urea-based linear RGD(K) peptide amphiphiles and bolaamphiphiles. 

Original in colour. 
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Fig. 4.2 – Our amide-based ‘twin-tailed’ system: C12-RGD-C12. Original in colour. 

 

Fig. 4.3 – Our urea-based, linear and triangular-shaped oligo(phenylene ethynylene) (OPE), linear 

RGD peptide conjugates, 4.23 and 4.27, respectively. Original in colour. 
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4.2 Synthesis 

4.2.1 Synthesis of C12-urea-RGD 

Dodecyl isocyanate (in DCM) and compound 2.8 (in DCM) were combined at a 1:1 molar ratio, then 

a further portion of dodecyl isocyanate was added (providing a final molar ratio of 2:1) after 1.5 h, 

because TLC analysis indicated that the reaction was incomplete, and stirred overnight at rt. Silica 

column purification of the crude reaction mixture afforded 4.1 in 77% yield (Scheme 4.1). This was 

confirmed in the 1H NMR by a downfield shift in the arginine α-H from 3.44 ppm to 4.31-4.22 ppm 

on coupling 2.8 to the isocyanate to generate the adjacent electron-withdrawing urea functional group. 

ESI-MS analysis also confirmed the formation of product with a m/z value of 922.5692 (100%, 

[M+H]+). 

TFA deprotection of the RGD peptide generated final product C12-urea-RGD, 4.2, in 80% yield 

(Scheme 4.1). The loss of peaks in the 1H NMR (see appendix – spectrum 4.1) corresponding to the 

Pbf methylene (2.93 ppm) and methyl groups at 2.55, 2.50, 2.06 and 1.44 ppm, as well as the tert-butyl 

methyl groups at 1.44 and 1.39 ppm, confirmed successful reaction. Further evidence was provided by 

ESI-MS which revealed the absence of peaks for the precursor compound and the presence of a new 

peak with a m/z value of 558.3621 (100%, [M+H]+), corresponding to the product. 

 

Scheme 4.1 – Reaction scheme showing the formation of 4.1 and subsequent deprotection conditions 

to form C12-urea-RGD, 4.2. Original in colour. 

4.2.2 Synthesis of C12-[urea-RGD]2 

1,12-diisocyanatododecane (in DCM) and compound 2.8 (in DCM) were combined at a 1:2 molar 

ratio, and stirred for 21.5 h at rt. It should be noted that a white gel-like precipitate had formed 

overnight from an initially colourless and clear solution, indicating that the reaction had progressed. 

Silica column purification of the crude reaction mixture afforded di-substituted product, 4.3, in 80% 
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yield (Scheme 4.2). This was confirmed in the 1H NMR by a downfield shift in the arginine α-H on 

coupling 2.8 to the isocyanate to generate the adjacent electron-withdrawing urea functional group. 

ESI-MS analysis also confirmed the formation of product with a m/z value of 837.4638 (100%, 

[M+2H]2+). Repeating the reaction using a 1:2.4 molar ratio of 1,12-diisocyanatododecane:2.8, 

followed by the same purification procedure gave 4.3 in an improved 98% yield, confirming that an 

excess of the peptide nucleophile helps to drive the nucleophilic addition reaction to completion.  

 

Scheme 4.2 – Reaction scheme showing the formation of 4.3 and subsequent deprotection conditions 

to form C12-[urea-RGD]2, 4.4. Original in colour. 

TFA deprotection of the RGD peptide generated final product C12-[urea-RGD]2, 4.4, in near 

quantitative yields (Scheme 4.2). The loss of peaks in the 1H NMR (see appendix – spectrum 4.2) 

corresponding to the Pbf methylene and methyl groups, as well as the tert-butyl methyl groups, 

confirmed the reaction was successful. Further evidence was provided by ESI-MS which revealed the 

absence of peaks for the precursor compound and the presence of a new peak at a m/z value of 

473.2538 (100%, [M+2H]2+), corresponding to the product. 

4.2.3 Synthesis of C6-urea-RGD 

Hexyl isocyanate (in DCM) and compound 2.8 (in DCM) were combined at a 1:1 molar ratio, and 

stirred for 3 days at rt. Silica column purification of the crude reaction mixture afforded 4.5 in 89% 

yield (Scheme 4.3). As seen previously, a downfield shift in the arginine α-H on coupling 2.8 to the 

isocyanate, a consequence of the newly formed adjacent electron-withdrawing urea functional group, 
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was observed in the 1H NMR. ESI-MS analysis also confirmed the formation of product with a m/z 

value of 838.4734 (100%, [M+H]+). 

TFA deprotection of the RGD peptide generated final product C6-urea-RGD, 4.6, in 87% yield 

(Scheme 4.3). Peaks corresponding to the Pbf methylene and methyl protons in 4.5, including the tert-

butyl methyl protons, were absent in the 1H NMR of 4.6 (see appendix – spectrum 4.3) which 

confirmed the structure and purity of the product. Further evidence was provided by ESI-MS which 

revealed the absence of peaks for the precursor compound and the presence of the product peak at a 

m/z value of 474.2681 (100%, [M+H]+). 

 

Scheme 4.3 – Reaction scheme showing the formation of 4.5 and subsequent deprotection conditions 

to form C6-urea-RGD, 4.6. Original in colour. 

4.2.4 Synthesis of C6-[urea-RGD]2 

1,6-Diisocyanatohexane (in DCM) and compound 2.8 (in DCM) were combined at a 1:2 molar ratio, 

and stirred for 17 h at rt. It should be noted that although the reaction mixture remained clear, it 

became very viscous after a few minutes of stirring following the addition of the diisocyanate, 

indicating that the reaction had progressed. Silica column purification of the crude reaction mixture 

afforded di-substituted product, 4.7, in 92% yield (Scheme 4.4). As usual, a downfield shift in the 

arginine α-H on coupling 2.8 to the isocyanate was observed. ESI-MS detected the product with a m/z 

value of 795.4137 (100%, [M+2H]2+).  

TFA deprotection of the RGD peptide generated final product C6-[urea-RGD]2, 4.8, in near 

quantitative yield (Scheme 4.4). The loss of peaks in the 1H NMR (see appendix – spectrum 4.4) 

corresponding to the Pbf methylene and methyl groups, including the tert-butyl methyl groups, 

confirmed the isolation of the product. Peaks in the ESI-MS corresponding to the precursor 

compound were absent, and a new peak was detected at a m/z value of 431.2016 (100%, [M+2H]2+) 

for the product. 
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Scheme 4.4 – Reaction scheme showing the formation of 4.7 and subsequent deprotection conditions 

to form C6-[urea-RGD]2, 4.8. Original in colour. 

4.2.5 Synthesis of CH2-[Ar-urea-RGD]2 

4,4'-Methylenebis(phenyl isocyanate) (in DCM) and compound 2.8 (in DCM) were combined at a 

1:2.4 molar ratio, and stirred for 3 days at rt. It should be noted that the initially colourless and clear 

solution became viscous and a white gel-like precipitate formed after a few minutes of stirring 

following the addition of the diisocyanate, indicating that the reaction had progressed. Silica column 

purification of the crude reaction mixture afforded di-substituted product, 4.9, in 93% yield (Scheme 

4.5). Again, a downfield shift in the arginine α-H on coupling 2.8 to the isocyanate was observed in 

the 1H NMR. ESI-MS analysis also confirmed the formation of product with a m/z value of 836.4090 

(100%, [M+2H]2+).  

TFA deprotection of the RGD peptide generated final product CH2-[Ar-urea-RGD]2, 4.10, in 95% 

yield (Scheme 4.5). The structural integrity and purity of the product was confirmed using 1H NMR 

(see appendix – spectrum 4.5), as peaks corresponding to the Pbf and tert-butyl protecting groups in 

the precursor compound, 4.9, were absent in the spectrum of 4.10. The product was detected with a 

m/z value of 943.3989 (100%, [M+H]+) in the ESI-MS. 
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Scheme 4.5 – Reaction scheme showing the formation of 4.9 and subsequent deprotection conditions 

to form CH2-[Ar-urea-RGD]2, 4.10. Original in colour. 

4.2.6 Synthesis of C12-RGD-C12 

The solution-phase synthesis of amide-based twin-tailed system C12-RGD-C12, 4.18, using Z-

protecting group methodology is summarised in Scheme 4.6. Firstly, dodecylamine was amide coupled 

to Z-Asp(OtBu)-OH using TBTU to provide 4.11 in 68% yield after an aqueous workup and silica 

column purification to remove residual dodecylamine. 1H NMR identified an apparent broad triplet at 

6.54 ppm corresponding to the newly formed amide C(O)NH group, along with the ESI-MS product 

peak at a m/z value of 491.3462 (100%, [M+H]+). 

Catalytic hydrogenolysis to remove the benzyl carbamate afforded 4.12 in 90% yield without the need 

for further purification. Loss of peaks in the 1H NMR corresponding to the aromatic protons at 7.34-

7.27 ppm; carbamate NH at 6.05 ppm and benzyl CH2 at 5.10 ppm in the precursor compound were 

key evidence for the formation of the deprotected product, along with an upfield shift from 4.50-4.45 

to 3.63 ppm of the aspartic acid α-H. Peaks for the precursor compound were also absent in the ESI-

MS and a new peak was assignable to the product at a m/z value of 357.3114 (100%, [M+H]+).  

Z-Gly-OH was then TBTU coupled to the free amine of 4.12 yielding pure 4.13 in excellent 

quantitative yield after only an acid/base workup. Doublet and multiplet peaks at 7.55 and 4.79-4.74 

ppm in the 1H NMR were assignable to the newly formed amide C(O)NH group and the aspartic acid 

α-H (shifted downfield from 3.63 ppm in 4.12) respectively. ESI-MS showed a new peak at a m/z 

value of 570.3511 (100%, [M+Na]+).  
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Catalytic hydrogenolysis was achieved in 87% yield, to give free amine 4.14. Again, an absence of 

peaks at 7.34-7.28, 6.12 and 5.13-5.09 ppm corresponding to the aromatic protons, carbamate NH and 

benzyl CH2, respectively, in the precursor compound, were evidence for the formation of the 

deprotected product, along with an upfield shift of the glycine CH2 peak from 3.93-3.77 to 3.55-3.48 

ppm. ESI-MS detected the product with a m/z value of 414.3324 (100%, [M+H]+).  

Z-Arg(Pbf)-OH was then reacted with 4.14, using TBTU as the coupling agent, which resulted in the 

formation of product 4.15 in a slightly lower than expected, but still acceptable, yield of 57% post-

silica column purification. A downfield shift in the glycine CH2 peak from 3.55-3.48 to 4.16-3.74 ppm, 

along with the formation of a new apparent broad singlet peak at 8.19 ppm corresponding to the 

newly formed amide C(O)NH group, confirmed the formation of the product. ESI-MS also detected 

the product at a m/z value of 956.5553 (100%, [M+H]+). 

Catalytic hydrogenolysis afforded free amine, 4.16, in 92% yield. As usual, an absence of peaks at 7.32-

7.23, 6.03 and 5.12-4.99 ppm, corresponding to the aromatic protons, carbamate NH and benzyl CH2 

in the precursor compound, respectively, were evidence for the formation of the deprotected product, 

along with an upfield shift of the arginine α-H peak from 4.42-4.28 to 3.99-3.75 ppm. ESI-MS 

detected the product with a m/z value of 822.5171 (100%, [M+H]+). 

The penultimate step in the synthesis involved TBTU-mediated coupling of lauric acid to 4.16. 

Reaction progress was confirmed, in addition to TLC analysis, by the change in appearance from a 

clear solution to a thick, gel-like, white precipitate in DCM. Product 4.17 was obtained following silica 

column purification in 74% yield. The arginine α-H peak shifted from 3.99-3.75 ppm in the precursor 

compound to 4.53-4.41 ppm in the product, and a new apparent broad singlet peak formed at 6.97 

ppm corresponding to the newly formed amide C(O)NH group. ESI-MS also confirmed successful 

formation of the product with a peak at m/z 1004.6823 (100%, [M+H]+).  

Finally, the protecting groups in 4.17 were removed using TFA, and the compound precipitated using 

Et2O and freeze-dried to afford final product C12-RGD-C12, 4.18, in 78% yield. The loss of peaks in 

the 1H NMR (see appendix – spectrum 4.6) corresponding to the Pbf methylene (2.92 ppm) and 

methyl groups at 2.56, 2.48, 2.06 and 1.44 ppm, as well as the tert-butyl methyl groups at 1.37 ppm, 

confirmed the isolation of the product. Further evidence was provided by ESI-MS which revealed the 

absence of peaks for the precursor compound and the presence of a new peak at a m/z value of 

696.5389 (100%, [M+H]+), corresponding to the product. 
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Scheme 4.6 – Reaction scheme showing the synthesis of 4.11-4.17 using a Z-protecting group strategy 

and subsequent deprotection conditions to form C12-RGD-C12, 4.18. Original in colour. 

4.2.7 Attempted synthesis of linear oligo(phenylene ethynylene)-[RGD]2 

Reacting protected RGD 2.8 with 4-iodophenyl isocyanate (Scheme 4.7), followed by silica column 

purification yielded 4-I-phenyl-urea-R(Pbf)GD(OtBu)-OtBu, 4.19, in 91% yield. This was confirmed 

by 1H NMR owing to a downfield shift in the arginine α-H from 3.44 ppm in 2.8 to 4.22 ppm in the 

product due to the adjacent electron-withdrawing urea functional group. Further evidence was 
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provided by the molecular ion peak in the ESI-MS, assigned to a m/z value of 956.3057 (100%, 

[M+H]+). 

 

Scheme 4.7 – Reaction scheme showing the synthesis of 4-I-phenyl-urea-R(Pbf)GD(OtBu)-OtBu, 

4.19. Original in colour. 

The synthesis of 1,4-diethynylbenzene, 4.21, is outlined in Scheme 4.8 and was adapted from 

published methodology detailing the synthesis of 1,3,5-triethynylbenzene.276, 277 Utilising the 

Sonogashira cross-coupling reaction278 between mono-protected trimethylsilylethyne and 1,4-

dibromobenzene afforded protected compound 4.20276 in 83% yield, following purification by silica 

column chromatography. Although we were unable to detect the product by ESI-MS or EI-MS 

techniques, a problem we concluded that was intrinsic to the molecule, 1H NMR did not show a peak 

in the region 1.5-3 ppm which is indicative of an alkyne proton. Instead, singlet peaks at 7.39 and 0.25 

ppm, assigned to the aromatic protons and methyl protons, respectively, confirmed the conversion of 

trimethylsilylethyne into the product.  

 

Scheme 4.8 – Reaction scheme showing the synthesis of 1,4-diethynylbenzene, 4.21. 

Deprotection of the trimethylsilyl groups in the presence of 1 M NaOH gave the desired product, 

4.21,277 in 80% yield after a simple workup procedure. We were unable to obtain a mass spectrum for 

the compound using either ESI-MS or EI-MS which, again, we concluded was a problem intrinsic to 

the molecule. 1H NMR showed a singlet peak at 7.42 ppm for the aromatic protons and a new singlet 

peak at 3.15 ppm for the unmasked alkyne protons, while the singlet peak at 0.25 ppm for the methyl 
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protons in the precursor molecule was absent, confirming the deprotection reaction had gone to 

completion. 

A 2-fold excess of aromatic iodide 4.19 (4 eq) was then used to couple to 1,4-diethynylbenzene, 4.21, 

using Sonogashira chemistry, providing protected linear oligo(phenylene ethynylene) (OPE)-

[R(Pbf)GD(OtBu)OtBu]2, 4.22, in 97% yield (Scheme 4.9). Pleasingly, the Pd-coupling chemistry is 

compatible with the structure of the peptide; generating the desired product, in protected form and in 

good yield after silica column purification. 1H NMR (see appendix – spectrum 4.7) did not show a 

singlet peak at 3.15 ppm, representative of the alkyne protons in precursor compound 4.21, which 

confirmed the conversion of 4.21 into the product. In addition, the presence of 3 × aromatic C and 3 

× aromatic CH resonances ( 140.33 (aromatic C); 132.84, 131.86 (aromatic CH × 2); 123.74 

(aromatic C); 119.06 (aromatic CH); 117.19 (aromatic C)) and two signals diagnostic of the triple 

bonds ( 91.96 and 88.72 (alkyne C × 2)) of the OPE framework, confirmed the C2 symmetry of the 

molecule. ESI-MS verified isolation of the product with a m/z value of 891.9160 (100%, 

[M{13C}+2H]2+). 

 

Scheme 4.9 – Reaction scheme showing the synthesis of linear OPE-[R(Pbf)GD(OtBu)OtBu]2, 

4.22, and the deprotection conditions used in an attempt to form linear OPE-[RGD]2, 4.23. Original 

in colour. 
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It should be noted that the product was obtained with 97% purity due to the presence of residual 

diethylamine from the Sonogashira coupling conditions – 1H NMR (see appendix – spectrum 4.7) 

shows quartet and triplet peaks at 3.02 and 1.30 ppm for the methylene and methyl protons, 

respectively. We believe this may coordinate to one of the urea groups (a ratio of 0.8:1 diethylamine to 

product was determined by 1H NMR) and is very difficult to fully remove – even after drying the 

compound under vacuum at 60°C overnight (the b.p. of diethylamine is 55.5°C), or after precipitating 

the product out of DCM/MeOH (9:1) using Et2O. An aqueous acid extraction of the organic base 

was not a plausible option due to the limited solubility of the compound in water immiscible solvents, 

therefore, a decision was made to deprotect the compound regardless of the residual diethylamine. 

Employing exactly the same conditions as those used for previous RGD peptide deprotections, 4.22 

was deprotected using TFA, precipitated using Et2O and lyophilised in an attempt to form linear 

OPE-[RGD]2, 4.23. A yellow powder was obtained in near quantitative yield. However, the 1H NMR 

of this material, dissolved in a mixture of TFA-d/D2O (see appendix – spectrum 4.8) and also in 

DMSO-d6 (spectrum not shown), is very broad and untidy and therefore difficult to interpret, bringing 

into question the identity of the product. The spectrum should appear similar to that of the starting 

material (see appendix – spectrum 4.7), but without peaks corresponding to the Pbf methylene (2.93 

ppm) and methyl groups at 2.56, 2.49, 2.05 and 1.43 ppm, as well as the tert-butyl methyl groups at 

1.42 and 1.40 ppm, following the deprotection. We are unsure of the reason for this unexpected 

appearance of the spectrum, but we speculate that peak broadening occurs due to aggregation of the 

molecules in the NMR solvent used for dissolution of the compound. The presence of residual 

diethylamine before deprotecting with trifluoroacetic acid undoubtedly produces the corresponding 

diethylammonium-trifluoroacetate salt and this also contributes to the untidiness and erroneous 

integrations within the spectrum. In any case, due to the synthetic effort involved, we decided to 

check the solubility and possible self-assembly properties of this material regardless of its questionable 

identity (see ‘4.3 Gelation Studies’ for a discussion). 

4.2.8 Attempted synthesis of triangular-shaped oligo(phenylene ethynylene)-[RGD]3 

The synthesis of 1,3,5-triethynylbenzene, 4.25,276, 277 is outlined in Scheme 4.10. Following a literature 

procedure, trimethylsilylethyne was Sonogashira cross-coupled to 1,3,5-tribromobenzene, and after 

refluxing overnight and then purifying the crude material by column chromatography (SiO2), this 

afforded protected compound 4.24276 in 77% yield. 1H NMR did not show a peak in the region 1.5-3 

ppm which is indicative of an alkyne proton. Instead, singlet peaks at 7.49 and 0.23 ppm, assigned to 

the aromatic protons and methyl protons, respectively, confirmed the conversion of 

trimethylsilylethyne into the product. Unlike analogous compound 4.20, we were able to detect the 

product by EI-MS with a m/z of 366.1668 (18%, M+•) for the molecular ion peak. The base peak at 

m/z 41.0195 was assigned to the fragment ion Si≡C-H+. 
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Scheme 4.10 – Reaction scheme showing the synthesis of 1,3,5-triethynylbenzene, 4.25. 

Deprotection of the trimethylsilyl groups in the presence of 1 M NaOH produced 1,3,5-

triethynylbenzene, 4.25,277 in 56% yield after a simple workup procedure. 1H NMR showed a singlet 

peak at 7.57 ppm for the aromatic protons and a new singlet peak at 3.11 ppm for the unmasked 

alkyne protons, while the singlet peak at 0.23 ppm for the methyl protons in the precursor molecule 

was absent, confirming the deprotection reaction had gone to completion. EI-MS detected a peak at 

m/z 150.0461 (29%, M+•) assigned to the molecular ion of the product. The base peak at m/z 83.9512 

was assigned to a fragment of 4.25 or a by-product of the deprotection reaction. 

The penultimate step involved Sonogashira cross-coupling three equivalents of aromatic iodide 4.19 

(present in a 2-fold excess) onto the trivalent 1,3,5-triethynylbenzene, 4.25, yielding protected 

triangular-shaped OPE-[R(Pbf)GD(OtBu)OtBu]3, 4.26, in 82% yield after refluxing overnight and 

then purifying by column chromatography (SiO2) (Scheme 4.11). Unambiguous confirmation of the 

proposed structure for conjugate 4.26 was obtained from 1H and 13C NMR spectra. For example, 1H 

NMR (see appendix – spectrum 4.9) did not show a singlet peak at 3.11 ppm, representative of the 

alkyne protons in precursor compound 4.25, which confirmed the conversion of 4.25 into the 

product. Additionally, in the 13C NMR spectrum, the presence of 3 × aromatic C and 3 × aromatic 

CH resonances ( 140.26 (aromatic C); 133.29, 132.98 (aromatic CH × 2); 124.85 (aromatic C); 119.00 

(aromatic CH); 117.02 (aromatic C)) and two signals diagnostic of the triple bonds ( 91.24 and 87.62 

(alkyne C × 2)) of the OPE framework, confirmed the C3 symmetry of the molecule. ESI-MS verified 

isolation of the product with m/z values of 878.7668 (100%, [M{13C}+3H]3+) and 1317.6704 (100%, 

[M{13C}+2H]2+).  
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Scheme 4.11 – Reaction scheme showing the synthesis of triangular-shaped OPE-

[R(Pbf)GD(OtBu)OtBu]3, 4.26, and the deprotection conditions used in an attempt to form 

triangular-shaped OPE-[RGD]3, 4.27. Original in colour. 

Analogous to the synthesis of 4.22, the product was obtained with 97% purity due to the presence of 

residual diethylamine from the coupling procedure – 1H NMR (see appendix – spectrum 4.9) shows 

quartet and triplet peaks at 3.02 and 1.30 ppm for the methylene and methyl protons, respectively. 

Once again, this was very difficult to fully remove, therefore a decision was made to deprotect the 

compound regardless of the residual diethylamine.  

We employed exactly the same conditions as those used for previous RGD peptide deprotections. 

Compound 4.26 was deprotected using TFA, precipitated using Et2O and lyophilised in an attempt to 

form triangular-shaped OPE-[RGD]3, 4.27. A beige powder was obtained in 90% yield. 
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Unsurprisingly, the 1H NMR of this material, dissolved in a mixture of TFA-d/D2O (see appendix – 

spectrum 4.10) and also in DMSO-d6 (spectrum not shown), is very broad and untidy and therefore 

difficult to interpret in much the same way as that of linear OPE-[RGD]2, 4.23, yet again bringing 

into question the identity of the product. The spectrum should appear similar to that of the starting 

material (see appendix – spectrum 4.9), but without peaks corresponding to the Pbf methylene (2.94 

ppm) and methyl groups at 2.56, 2.49, 2.06 and 1.43 ppm, as well as the tert-butyl methyl groups at 

1.43 and 1.42 ppm, following the deprotection. We speculate that the suspected aggregation in 

solution of linear OPE-[RGD]2, 4.23, also occurs with triangular-shaped OPE-[RGD]3, 4.27. In 

any case, due to the synthetic effort involved, we decided to check the solubility and possible self-

assembly properties of this material regardless of its questionable identity (see ‘4.3 Gelation Studies’ 

for a discussion). 

4.2.9 Synthesis of the Protected Linear RGDK Peptide 

The solution-phase synthesis of protected linear RGDK, 4.33, using Z-protecting group methodology 

is summarised in Scheme 4.12. Firstly, Z-Asp(OtBu)-OH was amide coupled to H2N-Lys(Boc)-

OtBu.HCl in the presence of DIPEA and coupling reagent, TBTU. Following an aqueous workup 

procedure, this afforded pure product Z-Asp(OtBu)-Lys(Boc)-OtBu, 4.28, in 98% yield. This was 

confirmed in the 1H NMR by the appearance of a broad doublet at 7.04 ppm corresponding to the 

amide NH peak, and a downfield shift in the aspartic acid α-H from below 4.00 ppm to 4.60-4.51 

ppm due to the formation of the adjacent electron-withdrawing amide functional group. ESI-MS 

analysis also confirmed the formation of the product with a m/z value of 608.3555 (100%, [M+H]+). 

Deprotection of the benzyl carbamate by stirring under an atmosphere of H2 for 17.5 h in the 

presence of Pd/C catalyst in ethanol yielded H2N-Asp(OtBu)-Lys(Boc)-OtBu, 4.29, in 98% yield after 

removing the catalyst by filtration over Celite. The absence of a multiplet at 7.39-7.29 ppm; a broad 

doublet at 6.05 ppm and a singlet at 5.13 ppm corresponding to the aromatic protons, benzyl 

carbamate NH and benzyl CH2 protons, respectively, in the precursor molecule, along with an upfield 

shift in the aspartic acid α-H to 3.75-3.66 ppm, were clear evidence that the hydrogenolysis reaction 

had gone to completion. ESI-MS analysis also confirmed the formation of the product with a m/z 

value of 474.3182 (100%, [M+H]+). 

Compound 4.30 was then synthesised by amide coupling Z-Gly-OH with 4.29 using DIPEA and 

TBTU. Aqueous workup of the crude reaction mixture produced 4.30 in a good 88% yield. Two 

amide NH peaks at 7.42 and 7.10 ppm, along with a downfield shift in the aspartic acid α-H to 4.80-

4.75 ppm were indicative of the amide-coupled product. ESI-MS confirmed the mass of the product 

with a m/z value of 687.3569 (100%, [M+Na]+).  
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Scheme 4.12 – Reaction scheme for the solution-phase synthesis of protected linear RGDK, 4.33, 

using a Z-protecting group strategy. Original in colour. 
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Deprotection of the benzyl carbamate by stirring under an atmosphere of H2 for 23 h in the presence 

of Pd/C catalyst in ethanol yielded H2N-Gly-Asp(OtBu)-Lys(Boc)-OtBu, 4.31, in a good 81% yield 

after removing the catalyst by filtration over Celite. The absence of a multiplet at 7.33-7.25 ppm; a 

broad singlet at 5.96 ppm and a singlet at 5.09 ppm corresponding to the aromatic protons, benzyl 

carbamate NH and benzyl CH2 protons, respectively, in the precursor molecule, along with an upfield 

shift of the glycine CH2 peak from 3.92-3.84 to 3.39 ppm, were clear evidence that the hydrogenation 

reaction had gone to completion. ESI-MS detected the product with a m/z value of 531.3402 (100%, 

[M+H]+).  

Amide coupling Z-Arg(Pbf)-OH with 4.31 provided Z-Arg(Pbf)-Gly-Asp(OtBu)-Lys(Boc)-OtBu, 4.32, 

in a moderate 57% yield following a silica column purification step. Three amide NH peaks at 8.00 

ppm (Arg-Gly), 7.56 ppm (Gly-Asp) and 7.29-7.23 ppm (Asp-Lys); including a downfield shift of the 

glycine CH2 peak to 4.01-3.78 ppm, confirmed the formation of product. ESI-MS detected the 

product with a m/z value of 1073.5533 (100%, [M+H]+).  

Finally, the benzyl carbamate group in 4.32 was removed using catalytic hydrogenolysis over a 2 day 

period to produce H2N-Arg(Pbf)-Gly-Asp(OtBu)-Lys(Boc)-OtBu, 4.33, in excellent 94% yield after 

removing the catalyst by filtration over Celite. As usual, an absence of peaks at 7.29-7.23 and 5.09-5.01 

ppm corresponding to the aromatic protons and benzyl CH2, respectively, in the precursor 

compound, were evidence for the formation of the deprotected product, along with an upfield shift of 

the arginine α-H peak from 4.37-4.21 to 4.02-3.94 ppm (see appendix – spectrum 4.11). ESI-MS 

detected the product with a m/z value of 939.5189 (100%, [M+H]+). 

4.2.10 Synthesis of C12-urea-RGDK 

Dodecyl isocyanate (in DCM) and protected RGDK, 4.33, (in DCM) were combined and stirred 

overnight at rt. Silica column purification of the crude reaction mixture afforded 4.34 in a rather 

modest 45% yield (Scheme 4.13). This was confirmed in the 1H NMR by a downfield shift in the 

arginine α-H from 4.02-3.94 ppm to 4.22-4.19 ppm on coupling 4.33 to the isocyanate to generate the 

adjacent electron-withdrawing urea functional group. ESI-MS analysis also confirmed the formation 

of product with a m/z value of 1150.7165 (100%, [M+H]+).  

TFA deprotection of the RGDK peptide generated final product C12-urea-RGDK, 4.35, in 56% 

yield. The loss of peaks in the 1H NMR (see appendix – spectrum 4.12) corresponding to the Pbf 

methylene (3.00 ppm) and methyl groups at 2.58, 2.52, 2.08 and 1.45 ppm, as well as the tert-butyl 

methyl groups at 1.43 and 1.42 ppm, confirmed the isolation of the product. Further evidence was 

provided by ESI-MS which revealed the absence of the peak for the precursor compound and the 

presence of a new peak at a m/z value of 343.7310 (100%, [M+2H]2+), corresponding to the product. 
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Scheme 4.13 – Reaction scheme showing the formation of 4.34 and subsequent deprotection 

conditions to form 4.35. Original in colour. 

4.2.11 Synthesis of C12-amide-RGDK 

Lauric acid (in DCM) and protected RGDK, 4.33, (in DCM) were combined and stirred overnight at 

rt in the presence of DIPEA and TBTU. Silica column purification of the crude reaction mixture 

afforded 4.36 in good 75% yield (Scheme 4.14). This was confirmed in the 1H NMR by a downfield 

shift in the arginine α-H from 4.02-3.94 ppm to 4.28-4.19 ppm on coupling 4.33 to lauric acid to 

generate the adjacent electron-withdrawing amide functional group. ESI-MS analysis also confirmed 

the formation of the product with a m/z value of 1121.6819 (100%, [M+H]+).  

TFA deprotection of the RGDK peptide generated final product C12-amide-RGDK, 4.37, in 65% 

yield. Peaks corresponding to the Pbf methylene and methyl groups, as well as the tert-butyl methyl 

groups, were absent in the 1H NMR (see appendix – spectrum 4.13) and confirmed the isolation of 

the product. Further evidence was provided by ESI-MS which revealed the absence of the peak for 

the precursor compound and the presence of a new peak at a m/z value of 329.2185 (100%, 

[M+2H]2+), corresponding to the product. 

 

Scheme 4.14 – Reaction scheme showing the formation of 4.36 and subsequent deprotection 

conditions to form 4.37. Original in colour. 

 



Daniel J. Welsh     Chapter 4 – Linear RGD Peptide Conjugate Hydrogelators 

127 

4.3 Gelation Studies 

Having synthesised this family of RGD-derived amphiphiles and bolaamphiphiles, we then went on to 

investigate their gelation potential. 

Preparation of a gel sample involved weighing out a known amount of compound into a 2 ml 

Eppendorf tube, 1 ml of Millipore ultrapure water at natural (i.e. unbuffered) pH was added using a 

Gilson pipette and then the tube was sealed. One of two methods for inducing gelation was then 

employed: (i) an alternating process of sonicating for 15-30 min, vortexing, then sonicating for 15-30 

min over the course of a day, then allowing the sample to stand at rt, or (ii) heating the sample with a 

heat gun to near boiling point to form a homogeneous suspension of the material and then allowing it 

to cool to rt induced self-assembly of the sample with subsequent gel formation. The sample was 

deemed to be a gel if it survived for longer than 1 min using the tube inversion method, and identified 

as loose or strong depending on how long it took to collapse. Analysis was always carried out on 

freshly prepared gel samples. 

As it collapsed shortly after 1 min of inversion, compound C12-urea-RGD (4.2) formed a loose, 

translucent gel after subjecting it to sonication in water at a minimum gel concentration (MGC) of 1.0 

wt % (10 mg/ml, 15 mM) in the range of concentrations tested (0.1-1.0 wt %, Fig. 4.4). At lower 

concentrations, a gel-like precipitate formed but did not result in a sample-spanning gel network. The 

compound did not become fully solubilised using either of the two gel preparation methods and, 

hence, did not form a gel under thermal conditions.  

 

Fig. 4.4 – C12-urea-RGD sonicated in water (from left to right: 0.1, 0.2, 0.5 and 1.0 wt %). Original in 

colour. 

The proposed mode of self-assembly is a stacked arrangement of the molecules, primarily directed by 

hydrogen bonding between the urea groups, and a hydrophobic effect coupled with van der Waals 

interactions between the aliphatic hydrocarbon chains (Scheme 4.15). By bringing the molecules 
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together in this fashion, intermolecular hydrogen bonding interactions between the amides of the 

peptide head groups are also possible. 

 

Scheme 4.15 – Proposed mode of self-assembly of C12-urea-RGD. Dashed lines signify 

intermolecular hydrogen bonding interactions. Amino acid side-chains are omitted for clarity. Original 

in colour. 

To test the importance of the urea functionality in C12-urea-RGD, compound C12-RGD (3.2), 

which uses an amide group to connect the hydrophobic tail to the hydrophilic peptide head group, 

was used as a control compound. We checked the gelation ability of C12-RGD and found that even at 

concentrations as high as 1.0 wt % (15.6 mM) the material fully solubilised during heating and then 

precipitated as an amorphous white solid on cooling, indicating that the urea group in C12-urea-RGD 

plays an important role in mediating the supramolecular self-assembly and prevents crystallisation in 

pure water. 

After incorporating lysine (K) into the peptide, we found that compound C12-urea-RGDK (4.35) did 

not form hydrogels either; in fact, the compound was completely solubilised in water at rt, forming a 

clear solution. Inclusion of the bulky lysine into the peptide head group, which bears a 1+ charge and 

therefore changes the charge state of the peptide, implies that charge and/or packing considerations 

are also important in controlling the gelation-solubilisation balance. In fact, it is known that lysine is 

not desirable for the design of self-assembling peptide amphiphiles that form nanofibres with β-sheet 

characteristics, as it tends to break the β-sheet formation in proteins,279 as well as peptide 

amphiphiles.280 For this reason, we declined to synthesise the bolaamphiphile derivative of this 

compound as we hypothesised it would also solubilise in water. However, due to the amphiphilic 

structure we propose that C12-urea-RGDK, and its amide-based analogue C12-amide-RGDK (4.37), 

would demonstrate some propensity to undergo micellisation in water using the previously employed 

(Chapter 3) Nile Red encapsulation study and TEM imaging. We therefore propose that the lysine (K) 

unit changes the mode of self-assembly from cylindrical fibrillar aggregates to spherical micelles – 

either as a consequence of its larger size changing the Israelachvili critical packing parameter of the 
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lipid structure,33 or the change in charge state of the peptide minimising head group repulsions. 

Nevertheless, compounds 4.35 and 4.37 constitute possible self-assembling integrin-binding peptides 

and form the basis of future work. 

Impressively however, bolaamphiphile structured C12-[urea-RGD]2 (4.4) formed stronger gels than 

C12-urea-RGD at a much lower MGC of 0.06 wt % (0.6 mg/ml, 0.5 mM); to our knowledge one of 

the lowest MGCs reported in the literature for any sort of gelator and as such constitutes a “super” 

hydrogel, with water gelation being achieved at extremely low concentrations (for a super gel, the 

concentration of gelator is usually below 0.1 wt %).165, 281-283 To put this into perspective, and quite 

remarkably, at this MGC one molecule of our gelator ‘immobilises’ approximately 109,000 water 

molecules. To the best of our knowledge, the MGC of our C12-[urea-RGD]2 system is comparable 

to the most efficient super hydrogelators published thus far in the literature.239, 284-286 Unlike C12-urea-

RGD, gelation could be induced thermally; solubilising the compound to form a clear suspension 

after prolonged heating and then allowing it to cool. This process was found to be thermoreversible – 

heating the gel to a clear suspension and then allowing the sample to cool induced gelation again. 

When the concentration of gelator was increased, hydrogelation kinetics were promoted to a matter of 

minutes or less, however, the gels became more opaque in appearance – indicative of either some 

undissolved material, or the formation of larger microscale aggregates (Fig. 4.5). Although gelation 

could also be initiated using sonication (Fig. 4.6), the MGC was higher (1.0 wt %, 8.5 mM) and the gel 

stability was less, and very similar to that of C12-urea-RGD. This may be a consequence of sonication 

limiting the persistence length of fibre formation by encouraging a greater number of nucleation 

sites.287 In view of this, the C12-[urea-RGD]2 gels were all produced thermally for subsequent 

studies. 

 

Fig. 4.5 – C12-[urea-RGD]2 after heating then cooling in water (from left to right: 0.1, 0.2, 0.5 and 

1.0 wt %). Original in colour. 
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Fig. 4.6 – C12-[urea-RGD]2 sonicated in water (from left to right: 0.1, 0.2, 0.5 and 1.0 wt %). Original 

in colour. 

In the same respect as C12-urea-RGD, the proposed mode of self-assembly is a parallel arrangement 

of the molecules, primarily directed by hydrogen bonding between the urea groups, and a 

hydrophobic effect coupled with van der Waals interactions between the aliphatic hydrocarbon chains 

(Scheme 4.16). Again, additional intermolecular hydrogen bonding interactions between the amides of 

the peptide head groups are also possible. The bolaamphiphilic structure leads to better 

preorganisation of the hydrophilic and hydrophobic units for fibrillar self-assembly and should 

enhance intermolecular contacts, and hence, we reason the MGC is lowered compared to that of C12-

urea-RGD. We also believe this to be the reason for its enhanced solubility in water under thermal 

conditions – the double RGD head group providing a 2-fold increase in the number of stabilising 

contacts with the surrounding water molecules at elevated temperatures. 

 

Scheme 4.16 – Proposed mode of self-assembly of C12-[urea-RGD]2. Dashed lines signify 

intermolecular hydrogen bonding interactions. Amino acid side-chains are omitted for clarity. Original 

in colour. 
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A phase diagram was plotted showing Tgel values as a function of concentration for C12-[urea-RGD]2 

(Fig. 4.7). A Tgel is the temperature at which the gel-sol transition occurs and we denote it, in this case, 

as the point at which the gel collapses, although in some cases the point at which solvent flows from 

the gel structure can also be used to signify the onset of the gel-sol transition.288 A freshly prepared gel 

sample was placed in a high precision thermoregulated oil bath and heated from 20°C at a rate of 1°C 

min-1. The Tgel value increased at concentrations upto 0.09 wt % and then above this concentration 

plateaued at about 58°C. This means that gel samples with concentrations upwards of 0.09 wt % 

remain, for the most part, intact until a temperature of 58°C ± 1°C is reached, as network formation is 

complete, and adding more gelator does not significantly enhance the thermal stability of the network. 

To check the long-term stability of the gels, samples were prepared ranging from 0.1 to 0.5 wt % in 

concentration, inverted and left to stand at rt. All samples had good long-term stability and retained 

their structure for at least 6 months. 

 

Fig. 4.7 – Phase diagram for C12-[urea-RGD]2: Tgel values as a function of concentration. 

We were also interested in what effect amide coupling a C12 tail to the C-terminus, as well as the N-

terminus, had on the self-assembling properties of the RGD peptide. In this way the hydrophilic 

hydrogen bonding unit is at the centre of the structure flanked by two hydrophobic units. Inverse 

bolaamphiphile C12-RGD-C12 (4.18) was therefore examined for its self-assembling properties. 

Initially, we tried to dissolve the compound by heating it in water; however its solubility was limited. 

Quite commonly in the literature, an alternative method of generating a hydrogel is to prepare a 

relatively concentrated stock solution of the gelator in a solvent such as dimethyl sulfoxide (DMSO) 

or hexafluoroisopropanol (HFIP) and add water or buffer to this.209, 210, 289 Gratifyingly, we were able 

to form a transparent gel from 0.1 wt % C12-RGD-C12 (1 mg/ml, 1.2 mM) in a 1:9 mixture of 

DMSO/water from an initial gelling agent concentration of 10 mg/ml in DMSO (Fig. 4.8). However, 
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we understand that this is not strictly a pure “hydrogel”. In addition to this, sonicating the material in 

pure water lead to an opaque gel, albeit at a higher MGC of 1.0 wt % (12 mM) (Fig. 4.9). 

 

Fig. 4.8 – 0.1 wt % C12-RGD-C12 in 1:9 DMSO/water. Original in colour. 

 

Fig. 4.9 – 1.0 wt % C12-RGD-C12 sonicated in water. Original in colour. 

It is apparent, therefore, that an additional novel hydrogelator can be prepared from the linear 

tripeptide RGD without the presence of a urea functionality, but this requires attachment of a C12 

hydrophobic tail to both ends of the peptide sequence in order to satisfy the hydrophilic-lipophilic 

balance (HLB) of the gelator molecule. Classification using HLB criteria, with respect to surfactant-

type molecules at least, was first studied by Griffin and subsequently by Davies.290, 291 With the 

presence of urea groups in the structure of our compounds, we see that hydrophobicity is less 

important for gelation as the non-covalent hydrogen bond-directed self-assembly of the ureas is 

ultimately one of the main driving forces and this is confirmed by comparing gelator C12-urea-RGD 

with non-gelator C12-RGD, and also gelator C12-[urea-RGD]2 with the more hydrophobic and 

amide-bearing gelator C12-RGD-C12. We hypothesise, however, that the reason for this efficient 

intermolecular H-bonding between the ureas in C12-[urea-RGD]2 (as well as C12-urea-RGD) is 

possibly due to them being located directly next to a C12 hydrophobic chain. Hence, it is feasible to 
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suggest that they are located within, or are adjacent to, a hydrophobic domain when self-assembled 

and as such water cannot compete with the urea-urea interaction. A similar combination of 

hydrophobic ‘shielding’ of hydrogen bonding interactions is known to stabilise the secondary 

structures of peptide foldamers.292 

We should note at this point that the ‘design paradigms’ (i.e. the Israelachvili packing rules) for various 

amphiphiles and the aggregated structures that they form in solution seem to breakdown in this work. 

For example, although C12-RGD and C12-urea-RGD are similar in size (and hence critical packing 

shape), the former self-assembles into spherical micelles and the latter into nanofibres. We have 

reasoned this to be due to the non-directionality of the dominant C12 hydrophobic/vdWs interactions 

between adjacent C12-RGD molecules, whereas the directionality of the urea-urea hydrogen bonding 

(coupled with the non-directional C12 hydrophobic/vdWs interactions) between adjacent C12-urea-

RGD molecules induces the 1-dimensional β-sheet assembly which underpins the 3-dimensional 

nanofibre formation. This directional self-assembly also applies to the bolaform derivative, C12-

[urea-RGD]2, as previously discussed. C12-RGD-C12 on the other hand is somewhat more difficult 

to explain why it contravenes the Israelachvili rules, as a simplistic view would suggest it has the 

double-chained structure that would normally result in soluble liposome/vesicle or planar bilayer-type 

structures. However, attachment of the C12 chains at opposite ends of the peptide seems to induce 

either the formation of sample-spanning cylindrical micelle-type nanofibres (if the two C12 chains 

point into the supramolecular structure) or an extended supramolecular polymer-type network (if the 

two C12 chains point away from each other) that restricts the flow of water molecules. If the two C12 

chains were conjugated at one end of the peptide (as in the idealised Israelachvili critical packing 

shapes), the amphiphile might behave differently and form the soluble aggregates predicted by the 

Israelachvili rules accordingly, assuming the HLB was not significantly affected (c.f. C12-Lys(C12)-

(CH2)5-TEG-RGD in Chapter 3 which forms soluble rod-like micelles). 

We then went on to investigate the possible gelation ability of our other urea-based RGD peptide 

amphiphiles and bolaamphiphiles. Unfortunately, even at a maximum tested concentration of 1.0      

wt %, neither C6-urea-RGD (4.6) (17 mM) nor C6-[urea-RGD]2 (4.8) (9.2 mM) were able to self-

assemble and form gels in water. C6-urea-RGD formed a clear solution but required heating, whereas 

C6-[urea-RGD]2 solubilised immediately upon the addition of water. This provides further evidence 

that the double RGD head group lends itself to improved solubility of the bolaamphiphilic molecules 

in water. Reducing the aliphatic chain length from C12 to C6 for both the amphiphile and 

bolaamphiphile derivatives, however, clearly results in loss of gelation ability by making the 

compounds too water soluble. To permit gelation, a fine balance between solubilisation and 

precipitation is required i.e. the HLB of the molecule must be carefully considered, therefore, it is 

proposed that a critical chain length between C6 ≤ C12 is optimum to provide enough hydrophobicity 

for the molecules to self-assemble and gel. 
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CH2-[Ar-urea-RGD]2 (4.10) was then synthesised to investigate the effect of an aromatic 

hydrocarbon spacer on the gelation ability of the bolaamphiphile. Unfortunately, at 0.1 wt % (0.85 

mM) the compound remained soluble after heating, and even at a maximum tested concentration of 

1.0 wt % (8.5 mM) the compound solubilised upon heating and then precipitated out upon cooling. 

This suggests that the intermolecular π-π stacking interactions which can form between the aromatic 

groups may be too strong for gelation in water and instead bulk precipitation was observed, again 

clearly illustrating the required balance between solubility and precipitation which is of key importance 

in gelation. 

In a bid to optimise the structure of CH2-[Ar-urea-RGD]2 we either needed to make it more 

hydrophobic or more hydrophilic. To make it more hydrophobic, a flexible aliphatic chain or a rigid 

linker with increased aromaticity were two plausible options. We opted for a rigid aromatic linker so as 

to make a direct comparison with the flexible aliphatic chain gelator molecules we had already 

successfully synthesised. Additional aromatic units were incorporated into the linker by starting from 

commercially available 1,4-dibromobenzene, as shown in Schemes 4.7 through to 4.9, to yield the 

linear, rigid-rod-type structure: linear OPE-[RGD]2 (4.23). In an attempt to make it more 

hydrophilic, and in keeping with a rigid aromatic linker, we needed to incorporate more than two 

RGD peptides into the structure. By simply changing 1,4-dibromobenzene for 1,3,5-tribromobenzene, 

and repeating the same chemistry as that used for the synthesis of 4.23, we were able to dendronise 

the linear, rigid-rod-type structure to generate trivalent derivative: triangular-shaped OPE-[RGD]3 

(4.27) (Schemes 4.10 and 4.11).  

Recently, García et al demonstrated the synthesis and nanofibrillar self-assembly behaviour in aqueous 

solution of triangular-shaped oligo(phenylene ethynylene) (OPE) amphiphiles, decorated at the ends 

with two- and four-branched hydrophilic triethyleneglycol dendron wedges (Scheme 4.17).293 The 

sterically bulky glycol branches induced a twisted face-to-face π-π stacking of the aromatic OPE cores. 

Inspired by this, we were hopeful that our linear and triangular-shaped OPE amphiphiles (see 4.23 

and 4.27, respectively, for predicted structures) would behave in a similar manner, owing to the 

presence of the bulky hydrophilic RGD peptide branches, and possibly even generate a sample-

spanning fibrous gel network – the enhanced self-assembly promoted by the interfacial π-π stacking of 

the OPEs coupled with the intermolecular urea-urea H-bonding at the OPE-RGD conjugation points. 
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Scheme 4.17 – Schematic representation of the self-assembly of dendronised triangular 

oligo(phenylene ethynylene) amphiphiles into long fibrillar structures in aqueous solution, investigated 

by García et al. Original in colour. Image reproduced from the graphical abstract of reference 28. 

Frustratingly, neither 4.23 nor 4.27 formed gels in pure water. In fact, the solubility of both 

compounds was limited to TFA, DMSO or PBS buffered water (pH 7.4). Both were found to be 

insoluble, using either sonication or heating, in pure water and in a variety of polar and non-polar 

organic solvents; including methanol, acetonitrile, THF, ethyl acetate, hexane, toluene, DCM and 

chloroform – although linear OPE-[RGD]2 was more readily soluble than triangular-shaped OPE-

[RGD]3 in a mixture of water/tBuOH when the compounds were being prepared for freeze-drying. It 

is unsurprising that neither compound dissolves or forms gels in non-polar solvents owing to the 

polar RGD head groups. It is also unsurprising that linear OPE-[RGD]2 behaves similarly to CH2-

[Ar-urea-RGD]2; incorporating the oligo(phenylene ethynylene) linker into the structure does not 

help overcome the strong intermolecular π-π stacking interactions of the hydrophobic aromatic units 

in polar solvents, such as water, resulting in insolubility. What is surprising is that the additional polar 

RGD head group in triangular-shaped OPE-[RGD]3 is not enough to counteract the insolubility of 

the four non-polar aromatic units to yield the partial solubility in water that is required to permit 

gelation. Packing considerations may also be key in these rigid aromatic systems, which cannot easily 

conceal the exposed hydrophobic interior of the molecules from the surrounding polar water 

molecules compared to our previous compounds which possess a flexible aliphatic linker. 

Interestingly, in PBS buffered water the compounds are soluble which might indicate the important, 

and in this case disruptive, role of the urea-urea interactions – phosphate perhaps competes with the 

intermolecular H-bonding and allows the molecules to re-assemble in such a way that the aromatic 

and alkyne groups are no longer exposed, thereby inducing solubilisation. 
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To summarise, the key RGD hydrogelator design rules based on the series of compounds synthesised 

in this chapter are: 

i. The RGD peptide must bear an aliphatic chain of at least C12 length at the N-terminus (requires 

further work to determine if the critical length is between C6 and C12) AND be conjugated to the 

peptide via a urea group to provide the amphiphile with enough hydrophobicity and hydrogen 

bonding ability to induce self-assembly into fibrous aggregates (the same applies to the C12-[urea-

RGD]2 bolaform derivative). Conjugation via an amide group does not provide enough hydrogen 

bonding character to induce fibrous self-assembly and merely induces micelle formation (at least for 

the non-bolaform derivative, C12-RGD, investigated in Chapter 3). Further investigation is required 

to determine if the hypothetical bolaamphiphile C12-[amide-RGD]2 would have enough hydrogen 

bonding character to induce hydrogelation compared with C12-[urea-RGD]2. 

ii. The RGD peptide must bear an aliphatic chain of at least C12 length at both the N- and C-termini, 

if the aliphatic chains are conjugated via an amide group, to provide the correct HLB (and also 

possibly the requisite number of hydrogen bonding interactions by having the additional amide group 

at the C-terminus of the peptide) required for hydrogelation by this compound. 

iii. Addition of lysine into the peptide (C12-RGDK) inhibits hydrogelation, whether the C12 chain is 

conjugated via an amide or a urea group, and hence this modification to the peptide conformation 

and/or the additional positive charge prevents the compounds from gelating water. 

iv. Attempts at introducing aromaticity into the amphiphilic structures (to determine the effects of π-π 

stacking on gelation) has so far failed to yield RGD hydrogelators – possibly due to perturbation of 

the sensitive HLB required for hydrogelation and, in conjunction with this, the limited solubility of the 

compounds in pure water. 

Having identified three new gelators: C12-urea-RGD, C12-[urea-RGD]2 and C12-RGD-C12, we 

then went on to investigate these materials in more detail. 

4.4 TEM and SEM Imaging 

TEM and SEM images were obtained for hydrogelators C12-urea-RGD, C12-[urea-RGD]2 and C12-

RGD-C12. For TEM: a small portion of the gel was removed with a spatula and ‘drop-cast’ onto a 

heat-treated (HT) copper TEM grid, excess material was wicked off using filter paper and left to dry 

for 15-30 min prior to imaging. Depending on the sample, a uranyl acetate stain was sometimes used 

for contrast, as denoted in each figure. For SEM: a small portion of the gel was removed with a 

spatula and placed on a copper support, then freeze-dried by immersing in liquid nitrogen and then 

lyophilising overnight. Excess solid material was broken off with a spatula and then the sample was 
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sputter coated with a thin layer (about 12 nm) of gold/palladium to prevent sample charging, before 

placing the sample on a metal SEM stub and imaging. Both methods yield ‘xerogel’ images which is 

another term for the dried-down version of the hydrogel and are subject to drying effects. However, 

the freeze drying used for preparation of the SEM sample is proposed to cause less network 

reorganisation as there is significantly less thermal energy available during the removal of solvent from 

the gel. 

The xerogel of 1.0 wt % C12-urea-RGD showed fibrils, with diameters ranging from approximately 

40-120 nm, which bunch together to form dense areas of interpenetrating nanofibres in the TEM (Fig. 

4.10A-B). This was corroborated with SEM (Fig. 4.10C-D). 

 

Fig. 4.10 – TEM images of 1.0 wt % C12-urea-RGD xerogel: A)-B) scale bar = 1 μm. Imaged 

without stain. SEM images of 1.0 wt % C12-urea-RGD xerogel: C)-D) scale bar = 1 μm. 

The xerogel of 0.5 wt % C12-[urea-RGD]2, compound C12-urea-RGD’s structural analogue, 

showed thin nanoribbons/tapes in the TEM, with widths ranging from approximately 40-100 nm and 

thicknesses of about 10-15 nm or less (Fig. 4.11A-B). The same structures were seen using SEM 

which confirmed the flat morphology of the fibrils (Fig. 4.11C-D). With both imaging techniques, 

rope-like structures formed from intertwined ribbons could be identified (circled in red), which points 
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to a chiral arrangement of the fibres, consistent with transfer of chiral information from the molecular 

level upto the nanoscale. The change from amphiphile (C12-urea-RGD) to bolaamphiphile (C12-

[urea-RGD]2) has caused a significant change in morphology of the self-assembled material, from 

rounded fibrils to slightly narrower, flatter, sheet-like fibrils which bundle together less. We suggest 

this is due to the increased H-bonding between molecules of C12-[urea-RGD]2 and an alternative 

packing arrangement which helps to shield the hydrophobic interior of one fibril from an adjacent 

fibril, thereby reducing the amount of bundling of ‘sticky’ fibrils, although the exact arrangement is 

unknown and forms the basis of future work. Interestingly, it is C12-[urea-RGD]2 which forms the 

more effective transparent gel network, and this is in agreement with the observation of more 

homogenous, narrower, evenly dispersed fibres by electron microscopy methods. 

 

Fig. 4.11 – TEM images of 0.5 wt % DGR-urea-C12-urea-RGD xerogel: A)-B) scale bar = 500 nm. 

Negatively stained with uranyl acetate. SEM images of 0.5 wt % DGR-urea-C12-urea-RGD xerogel: 

C) scale bar = 1 μm, and D) scale bar = 100 nm. 

Fibrils of C12-RGD-C12 were found to have similar morphology to those of C12-urea-RGD – 

rounded, with diameters ranging from approximately 50-100 nm, which then bundle together to form 

denser areas – with no real difference in morphology, whether the hydrogel was formed from 1:9 

DMSO/water (Fig. 4.12A-B) or from sonicating in water (Fig. 4.12C-D). This bundling would 
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therefore appear to be indicative of a material with a greater degree of hydrophobicity, consistent with 

more opaque and less effective gels – particularly in the case of the sonicated sample in pure water. 

 

Fig. 4.12 – Xerogel of 0.1 wt % C12-RGD-C12 in 1:9 DMSO/water: A) TEM image without stain, 

scale bar = 500 nm, and B) SEM, scale bar = 1 μm. Xerogel of 1.0 wt % C12-RGD-C12 sonicated in 

water: C) TEM image without stain, scale bar = 1 μm, and D) SEM, scale bar = 1 μm.  

Artefacts in TEM and SEM images are often caused by drying effects because of the way the sample is 

prepared for these techniques. Atmospheric scanning electron microscopy (ASEM) is a recent 

innovation in electron microscopy which allows the user to capture images of liquid-based samples 

under atmospheric pressure without having to dry them. This yields images of materials which are in 

their native (solvated) state and are more ‘true-to-life’ representations of the sample. ASEM is a hybrid 

of TEM and SEM in that the sample requires staining with uranyl acetate for contrast, but the sample 

is placed on a thin film dish on top of the inverted SEM detector which separates the sample in 

atmosphere from the vacuum of the detector and electron source, and the imaging is achieved using 

backscattered electrons through the silicon nitride window of the dish (Scheme 4.18). The same area 

of view of the sample can also be imaged in real-time through the optical microscope on top. 
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Scheme 4.18 – Schematic representation of the ASEM setup. Image reproduced from www.jeol.com. 

Original in colour.  

Hydrogels of C12-[urea-RGD]2 at concentrations of 0.1, 0.2 and 0.5 wt % were imaged with ASEM 

using uranyl acetate as negative stain, with water containing 10 mg/ml glucose deposited onto the 

sample as a free radical scavenger to try and prevent decomposition under the electron beam (Fig. 

4.13). However, the samples still damaged easily in the beam – so much so that the 0.5 wt % hydrogel 

could not be imaged – and had to be captured quickly before complete degradation occurred. The 

images of the 0.1 and 0.2 wt % gels are much hazier than those obtained with TEM and SEM as the 

samples are within fluid and hence the self-assembled structures are more dynamic compared to when 

they are dried down as the xerogel, although pleasingly nanofibres are still discernible against the 

black, negatively stained background. To the best of our knowledge, this is one of the first times this 

technique has been used for the analysis of a self-assembled hydrogel. 

 
Fig. 4.13 – ASEM images of A) 0.1 wt % C12-[urea-RGD]2 hydrogel, scale bar = 1 μm, and B) 0.2 wt 

% C12-[urea-RGD]2 hydrogel, scale bar = 1 μm. Water containing 10 mg/ml glucose was deposited 

on top of the samples and then negatively stained with uranyl acetate. 

B
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ASEMs were obtained for the hydrogel formed from 1.0 wt % C12-RGD-C12 sonicated in water (Fig. 

4.14). Again, the images are hazier due to the dynamic systems but fibres, with diameters of 

approximately 100 nm or less, can still be observed on closer inspection. 

 
Fig. 4.14 – ASEM images of the hydrogel formed from 1.0 wt % C12-RGD-C12 sonicated in water A) 

scale bar = 2 μm, and B) scale bar = 1 μm. Water containing 10 mg/ml glucose was deposited on top 

of the samples and then negatively stained with uranyl acetate. 

4.5 Further Studies with C12-[urea-RGD]2 

Bolaamphiphile C12-[urea-RGD]2 was our most promising hydrogelator owing to its thermally-

initiated gelation, thermoreversibility, long-term stability, low MGC, and Tgel properties. We therefore 

decided to investigate the gel structure and properties further. 

4.5.1 Circular Dichroism (CD) and Variable Temperature-Circular Dichroism (VT-CD) 

CD spectroscopy294 is a widely used technique for determining the secondary structural motifs of 

proteins (e.g. α-helix, β-sheet etc).295 We employed CD to gain further insight into the nanoscale self-

assembly process responsible for gelation, as it is a useful method for probing the organisation of 

gelator building blocks within a chiral nanostructured environment. Amide groups absorb at ca. 220 

nm due to the n→π* transition of the amide carbonyl (a contribution at ca. 190 nm due to the higher 

energy π→π* transition is also sometimes observed), and the intensity is dependent on the φ and ψ 

torsion angles about the amide group.296 Hence, the shape and magnitude of the CD signal provides 

characteristic information about the arrangement of the gelator molecules within the chiral 

environment of a gel network, mediated by exciton coupling between adjacent amide groups. For 

example, the CD signal for a random coil structure is positive at 212 nm (n→π*) and negative at 195 

nm (π→π*); a β-sheet structure is negative at 218 nm (π→π*) and positive at 196 nm (n→π*); and for 

an α-helix structure, the exciton coupling of the π→π* transition leads to positive (π→π*) 
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perpendicular at 192 nm, negative (π→π*) parallel at 208 nm, and the negative peak at 222 nm is the 

red shifted n→π* transition (Fig. 4.15).296 

 

Fig. 4.15 – Examples of far-UV CD spectra corresponding to various types of secondary structure. 

Solid line, α-helix; long dashed line, antiparallel β-sheet; dotted line, type I β-turn; cross-dashed line, 

extended 31-helix or poly (Pro) II helix; short-dashed line, irregular structure. Image reproduced from 

reference 31. 

CD spectra were collected for 1 and 2 mg/ml C12-[urea-RGD]2 hydrogel samples from 300 to 190 

nm (Fig. 4.16). The signal below 210 nm corresponds to noise, as the CD spectrometer, operated 

under a nitrogen atmosphere not vacuum, was not sensitive enough to collect data into the far and 

vacuum UV region. The band at 220 nm in the CD spectrum of C12-[urea-RGD]2 increases in 

intensity with increasing concentration which is due to an increased concentration of the chiral 

molecules. The broad band shape at this wavelength is evidence that the molecules align into a 

hydrogen-bonded β-sheet arrangement within the fibrils of the gel network,296 as previously proposed 

(see Scheme 4.16).  
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Fig. 4.16 – CD spectra of C12-[urea-RGD]2 hydrogels at 20°C. Original in colour. 

Importantly, VT-CD showed that the CD band decreased in intensity with increasing temperature 

(Fig. 4.17) and clearly indicates that the CD signal therefore corresponds to a temperature-responsive, 

self-assembled system and is not just due to the inherent CD spectrum of individual isolated chiral 

gelator molecules. At higher temperatures (70-90°C) the CD signal does not decrease any further and 

a bathochromic shift to 226 nm occurs. This residual signal is most likely due to the inherent CD 

signal of the individual chiral gelator molecules as a consequence of the complete breakdown of the 

gel network to a sol. 

 

Fig. 4.17 – VT-CD spectra of a 1 mg/ml C12-[urea-RGD]2 hydrogel. Original in colour. 
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Plotting the CD signal intensities at λmax against temperature reveals that the biggest decrease in the 

trend (i.e. the biggest disruption in the self-assembled network) is at the 50-60°C transition, which 

then plateaus out at higher temperatures (Fig. 4.18). This is in agreement with the Tgel phase diagram 

for this compound where we discovered that a 1 mg/ml gel sample collapsed at 58°C, and 

demonstrates that the loss of chiral self-assembly corresponds to the loss of material integrity. 

 

Fig. 4.18 – CD signal at λmax vs. temperature for a 1 mg/ml C12-[urea-RGD]2 hydrogel. 

4.5.2 Variable Temperature-NMR (VT-NMR) 

The fully annotated 1H NMR of C12-[urea-RGD]2, dissolved in CD3OD, is shown in the appendix 

(spectrum 4.2). Fully ‘immobilised’ gel-phase molecules are NMR silent, therefore this technique can 

detect only solubilised individual molecules and small oligomers, and systems which are in fast 

exchange with the gel fibres.297, 298 Hydrogel samples of C12-[urea-RGD]2 in D2O, containing 0.05 wt 

% TSP-d4 as reference, were prepared in situ in NMR tubes at concentrations ranging from 20 mg/ml 

down to 2 mg/ml (Fig. 4.19). The 20 mg/ml sample appeared to be quite opaque, presumably as a 

consequence of undissolved material, while the 2 mg/ml sample appeared to form the most 

translucent and homogenous gel. 
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Fig. 4.19 – Inverted C12-[urea-RGD]2 hydrogel NMR samples, from left to right: 20, 10, 5 and 2 

mg/ml. All samples contained 0.5 ml D2O (+0.05 wt % TSP-d4 as internal standard). Original in 

colour. 

VT-NMR studies of the C12-[urea-RGD]2 hydrogels demonstrated to some degree an increase in the 

broad peak intensities with increasing temperature as the mobility and hence solubility of the C12-

[urea-RGD]2 molecules increased in solution – a consequence of the gel-sol transition. Although the 

2 mg/ml sample formed the most homogenous gel, the more concentrated 20 mg/ml sample 

provided the most discernible spectra (Fig. 4.20). The major peak shifting between 4.8 and 4.2 ppm 

corresponds to the water peak, the hydrogen bonding of which is temperature sensitive. 

 

Fig. 4.20 – VT-NMR of the 20 mg/ml C12-[urea-RGD]2 hydrogel in 0.5 ml D2O  

(+0.05 wt % TSP-d4 as internal standard). 
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Usually, this is a powerful technique for probing the non-covalent intermolecular interactions 

responsible for the gel-phase self-assembly. However, as the study was conducted in D2O, useful 

information about shifts in the urea and amide NH peaks with increasing temperature, as a 

consequence of the breakdown of the H-bonding interactions, could not be ascertained because of the 

absence of these peaks in the 1H NMR due to proton exchange between protic solvent and gelator 

molecule. However, upfield shifts in the aspartic acid CH2 (2.99 ppm, shifting to 2.94 ppm) and α-H 

(4.80 ppm, shifting to 4.77 ppm) peaks as the temperature increased were observed (Fig. 4.21). This 

indicates that the carboxylic acids of the aspartic acid side-chain and C-terminus become increasingly 

more associated with the surrounding water molecules as the sample heats up. Assuming the 

carboxylic acids are in their protonated form in the gel state, as the molecules become more mobile 

and eventually solubilise, deprotonation would occur and upfield (shielded) shifts in the Asp CH2 and 

Asp α-H peaks represents formation of the negative charge adjacent to these groups and the 

increasing degree of deprotonation in the sample. The Arg α-H peak shifts downfield (deshielded) 

slightly (4.14 ppm, shifting to 4.17 ppm) as this is probably a consequence of the disruption in the 

adjacent urea group’s urea-urea H-bonding interaction with increasing temperature. No obvious shifts 

in any of the other peaks could be detected. 

 

Fig. 4.21 – Superimposed spectra of the Asp α-H, Arg α-H, Gly CH2, Arg CH2NH, CH2NHC(O)NH 

and Asp CH2 regions in the VT-NMR of the 20 mg/ml C12-[urea-RGD]2 hydrogel. 

It is widely known that the pKa of an ionisable group can vary depending on whether a molecule is in 

the gel or sol phase.214, 299 Previous studies have shown what effect solution pH has on the 

hydrogelation properties of amphiphilic peptides composed of acidic and basic amino acids, where it 

was demonstrated that deprotonation and protonation occurred at pH values which were, respectively, 

a number of units above or below their nominal pK values.300 Electrostatic ionic screening or 

repulsion forces were associated with this effect. Earlier, we were unable to confirm the ionisation 

state of the peptide head group in the gel (see Scheme 4.16). The information obtained from VT-

NMR now leads us to believe that within the gel the basic guanidine group of the arginine side-chain 

is, as would be expected, protonated as the guanidinium form with trifluoroacetate as the counter 

anion, while the two carboxylic acids of the aspartic acid are protonated, and it is only when the 

sample is heated to a sol that the acids (pKa 4-5) become deprotonated in water that is at natural pH 
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(~7). This scenario seems to satisfy the lower energy requirement for a charge neutral state of the 

peptide head group, or at least one in which the positive charge on the guanidinium group is screened 

by the trifluoroacetate counter anion as shown here (Scheme 4.19), decreasing the head group 

interaction with water, and hence, enabling the individual gelator molecules to come together without 

charge repulsion effects inhibiting self-assembly. In addition to this work, potentiometry would 

provide a means of quantifying the pKa’s of the molecule in the gel and sol states, including the effect 

of pH on gel formation, and this constitutes the basis of future studies. 

 

Scheme 4.19 – Proposed mode of self-assembly of C12-[urea-RGD]2, including the proposed side-

chain and C-termini charge states within the fibrils in water at natural (unbuffered) pH. Original in 

colour. 

4.5.3 Buffer and Anion Sensitivity 

Thus far, we have reported the hydrogelation behaviour of C12-[urea-RGD]2 in ultrapure water as 

the bulk medium. We then moved on to study its gel formation in buffered water. Samples at 1 

mg/ml in concentration were prepared by dissolving the gelator, with heating, in two readily available 

buffers, allowing them to cool, and then the effect on gelation was noted (Table 4.1).  

In phosphate buffered saline (PBS) solution, at pH 7.4, we observed no gel formation, whereas in 

biological SHE buffer, at pH 7, a loose transparent gel formed which collapsed shortly after inverting 

the sample. It should be noted at this point that at higher gelator concentrations, gels (or at least 

stronger ones in the case of the biological SHE buffer) may have been observed, however, the study 

was limited by the amount of gelator that was available. In any case, both buffers contain similar 

concentrations of sodium chloride, and hence, the 10 mM phosphate content in the PBS was reasoned 

to be the cause for the inhibition of gel formation at this concentration of gelator. The mechanism by 

which gel inhibition occurs is reasoned to be due to the anionic phosphate, a strong hydrogen bond 

acceptor, coordinating to the hydrogen bond donating urea groups thereby inhibiting the 

intermolecular urea-urea interactions and preventing the molecules from stacking (Scheme 4.20) – it 
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would be interesting, in the future, to conduct a Nile Red encapsulation study on C12-[urea-RGD]2 

in PBS to check for any self-assembly into colloidal aggregates and, if so, analysis by TEM to check 

the morphology. In addition, weakening of the 1 mg/ml gel sample in biological SHE buffer, 

containing 2 mM HEPES – a sulfonate-based buffer molecule (Fig. 4.22), compared to that of the 

ultrapure water sample further confirmed the anion sensitivity of gel formation. 

Medium Result 
Ultrapure water Transparent gel 

PBS, pH 7.4 
(10mM 

phosphate, 
138mM NaCl) 

Clear solution 

Biol. SHE, pH 7 
(2mM HEPES, 
0.05mM EDTA, 
150mM NaCl) 

Loose, 
transparent gel 

Table 4.1 – The choice of medium dictates the hydrogelation ability of C12-[urea-RGD]2 (1 mg/ml) 

using the heat-cool method. Yellow shading highlights the conditions which permit gel formation. 

Original in colour. 

 

Scheme 4.20 – Proposed structure of the C12-[urea-RGD]2-phosphate coordination complex. Note, 

sodium dihydrogen phosphate is shown as an example, however this is in equilibrium with disodium 

hydrogen phosphate, at pH 7.4, which could also coordinate. Original in colour. 

 

Fig. 4.22 – The structure of HEPES. 

In contrast, 1 mg/ml C12-urea-RGD did form a loose gel in PBS, surviving for over 1 h before 

collapsing (Table 4.2). We predict that higher concentrations of gelator would result in more robust 

gels. This behaviour is surprising because C12-urea-RGD is insoluble in pure water alone, even with 
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heating. However, phosphate seemingly aids dissolution upon heating, with subsequent gelation upon 

cooling to rt. We are unsure of the reason why phosphate promotes gelation in this case if phosphate 

binding to the urea groups prevents gelation for its bolaform analogue. We suggest that interdigitation 

of the hydrophobic chains might still occur if two C12-urea-RGD molecules bind to one phosphate, 

thereby directing self-assembly into fibrillar structures while at the same time providing the partial 

solubility in water that is required for gel formation to occur (Scheme 4.21). Future work involves 

imaging the gel in PBS using TEM/SEM and comparing the fibre morphology with the images 

obtained for hydrogel C12-urea-RGD sonicated in pure water. 

Medium Result 
Ultrapure water Insoluble 

PBS, pH 7.4 
(10mM 

phosphate, 
138mM NaCl) 

Loose, transparent 
gel 

Biol. SHE, pH 7 
(2mM HEPES, 
0.05mM EDTA, 
150mM NaCl) 

Insoluble 

Table 4.2 – The choice of medium dictates the hydrogelation ability of C12-urea-RGD (1 mg/ml) 

using the heat-cool method. Yellow shading highlights the conditions which permit gel formation. 

Original in colour. 

 

Scheme 4.21 – Proposed mechanism of self-assembly of C12-urea-RGD via phosphate coordination 

complexes. Note, sodium dihydrogen phosphate is shown as an example, however this is in 

equilibrium with disodium hydrogen phosphate, at pH 7.4, which could also coordinate. Original in 

colour. 
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To clearly distinguish the gel disrupting effect of phosphate compared to chloride in the case of 

bolaform gelator C12-[urea-RGD]2, 1 mg/ml gelator samples were prepared in various 

concentrations of phosphate buffered water (containing 0.48 M sodium dihydrogen phosphate and 

0.52 M disodium hydrogen phosphate – pH adjusted from 4 to 7 using aqueous NaOH), with no 

sodium chloride present, and these were compared with samples prepared in pure water containing 

different concentrations of sodium chloride (pH unadjusted, pH ~7) (Fig. 4.23).  

 

Fig. 4.23 – The effect of [phosphate] vs. [chloride] on the hydrogelation ability of C12-[urea-RGD]2 

(1 mg/ml). pH was adjusted from 4 to 7 in the case of phosphate buffer but unadjusted (pH ~7) in 

the case of sodium chloride. Original in colour. 

It is evident that gel formation is much more sensitive to phosphate levels than chloride – it is not 

until the concentration of phosphate has decreased to 1 mM that gel formation is observed, whereas 

even at 1 M sodium chloride a partial gel is formed and more stable gels are observed at 

concentrations of 100 mM and below. Interestingly, at 1 mg/ml C12-[urea-RGD]2, the concentration 

of this gelator is 0.85 mM and hence there is 1.7 mM of functionalised ureas in solution owing to the 

gelator bearing two urea groups. Careful analysis of the data seems to indicate a critical phosphate 

concentration: only when the concentration of phosphate is less than the number of ureas in solution 

is gelation permitted via the intermolecular hydrogen bonding of the free/uncoordinated ureas. 

Chloride on the other hand does not seem to disrupt the sample spanning network by interfering with 

this interaction, at least not in the same concentration range tested as for phosphate, as chloride 

concentrations as high as 100 mM can be reached before disruption occurs upwards of this 

concentration. 

We were keen to probe this further and understand whether this effect was due to the differentiation 

of oxy-anions over spherical anions; or perhaps due to anion charge density, as reflected in the anion 

basicity (pKa value). C12-[urea-RGD]2 samples, at concentrations of 1 mg/ml, were screened in the 

   
[phosphate buffer] / mM 

1000  100  10  5  1 

[sodium chloride] / mM 

1000  100  10 
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presence of different salt solutions, containing either oxy- or spherical anions, and the results 

tabulated (Table 4.3).  

  [Anion] / M 
Aniona pKab 1 0.1 

CH3C(O)O- 4.75 S (8.3c) S (7.8c) 
H2PO4- 2.15 S (7d) S (~7d) 
NO3- -1.4 LG (6.3-6.5c) G (6.9c) 
Cl- -6.1 LG (~7c) G (~7c) 
Br- -9 LG (6.5c) G (6.1c) 
I- -9.5 P (9.4c) G (6.8c) 

a Counter-ion: Na+. b pKa of the corresponding acid in water at 25°C, I=0; Pure Appl. Chem., 1969, 20, 

133-236. c Unadjusted pH of the salt solution used. d Adjusted pH of the salt solution used; adjusted 

using aqueous NaOH. S = clear solution, LG = loose gel, G = gel, P = precipitate. 

Table 4.3 – The effect of anion concentration and basicity on the hydrogelation ability of C12-[urea-

RGD]2 (1 mg/ml) using the heat-cool method. Yellow shading highlights the conditions which permit 

gel formation. Original in colour. 

The results reveal that gel formation is still permitted in the presence of different spherical anions 

such as bromide and iodide, in agreement with the observation made with chloride and, in line with 

the results observed with tetrahedral-shaped phosphate, planar-shaped acetate disrupts gel formation 

in the range of concentrations tested. However, in the presence of nitrate, an oxy-anion with a trigonal 

planar geometry like that of acetate, gel formation still occurs. We therefore conclude that the shape 

of the anion is not the determining factor on gelation ability, rather the basicity (or charge density) of 

the anion and this is apparent when the anions are ranked in order of basicity (Table 4.3). The more 

basic, charge dense anions such as acetate and phosphate have a greater affinity for the hydrogen 

bond-donating ureas and hence a greater propensity to disrupt the hydrogen-bonded network, 

whereas the less basic, charge diffuse anions from nitrate to iodide are less likely to coordinate. A 

similar trend has been observed with bis(urea)- and bis(thiourea)-based neutral receptors, in DMSO-

d6, for acetate but with particular selectivity for dihydrogen phosphate.301, 302 

Further spectroscopic analysis of the gels is required to determine conclusively whether or not the 

breakdown of C12-[urea-RGD]2  hydrogels is a consequence of the direct binding of anions such as 

phosphate and acetate in water. If not, then the anion effect on gel stability may be related to their 

effect on the solubility of the compound, perhaps in a Hofmeister fashion. The Hofmeister series is 

shown in Figure 4.24, and Zang and Cremer have published a short review on the interactions 

between macromolecules and ions within the series.303 The more hydrated anions are to the left of Cl- 

and are salting-out (kosmotropes) which were originally found to reduce protein solubility, while the 

less hydrated anions to the right of Cl- are salting-in (chaotropes) and increase protein solubility. 
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Unusually, it is phosphate, a kosmotropic anion, that induces gel breakdown (disaggregation and 

increased solubility) in our C12-[urea-RGD]2 system, whereas the chaotropic anions of nitrate, 

chloride, bromide and iodide all allow aggregation of the gelator to still take place. Hence, the 

observed efficacy seems to be linked to an anti-Hofmeister effect – a trend previously reported on by 

Ogden and co-workers with their proline-functionalised calix[4]arene: halide and nitrate salts triggered 

hydrogelation but sulfate afforded the same homogenous solution that the compound formed in the 

absence of anions.304 To test our theory, attempting to form the gel in the presence of the other 

kosmotropic anions (carbonate, sulfate and thiosulfate) to see if gel formation is inhibited would be 

further evidence for this anti-Hofmeister trend. 

 

Fig. 4.24 – The Hofmeister series. Image reproduced from reference 303. 

These findings are open to interpretation however, as phosphate is both a proton donor and acceptor 

and is therefore able to buffer its aqueous environment, whereas nitrate and the halide anions are non-

buffering ions. This buffering effect on the ionisable groups in the RGD peptide may be the real 

reason for gel breakdown in the presence of phosphate. That said, the origin of the anion effect on 

C12-[urea-RGD]2 gel stability remains an open question and a complex area, due to the number/type 

of equilibria involved, requiring further investigation. 

In any case, these qualitative and preliminary observations on the responsivity of C12-[urea-RGD]2 

offer promising insight in the search for new water-based, anion-tunable soft materials – solution-

phase anion recognition in water in its own right is a highly challenging concept in supramolecular 

chemistry – most anion-responsive gels only work in organic solvents. A current application of anion-

reversible gels includes their use as crystal growth media for templating the growth of both inorganic 

and organic crystals, such as calcite305 – important in understanding biomineralisation;211, 306 and 

comparing gel phase with solution phase crystallisation of pharmaceuticals with different polymorphic 

forms307 – an important issue in tuning the activity of pharmaceutical ingredients,308 albeit these 

examples employ bis(urea) organogels which break down in response to anions allowing isolation of 

the crystalline material. Responsive materials such as C12-[urea-RGD]2 may find their place in 



Daniel J. Welsh     Chapter 4 – Linear RGD Peptide Conjugate Hydrogelators 

153 

molecular sensor technology to monitor phosphate levels in waste water runoff for example, or as a 

controlled release device which breaks down and releases an encapsulated guest species in response to 

increasing levels of phosphate anions in the surrounding environment.  

Further work will involve preparing gels in pure water and standing them with a phosphate solution 

suspended above the gel layer to monitor breakdown of the pure water gels over time; quantifying any 

differences in the response to phosphate compared with acetate; elucidating the selectivity, if any, and 

possible modification of the C12-[urea-RGD]2 structure to try and make it more selective towards 

one type of anion. However, this may prove quite challenging without compromising the current 

interesting gelation behaviour of this material of which its physicochemical properties need to be 

studied in more detail. 

4.5.4 Small Molecule Encapsulation-Release 

As observed by SEM, the fibrillar network of our bolaform gelator contains microcavities which, in 

the native state of the hydrogel, would be fluid-filled. Mixing via convection cannot occur between a 

gel and a surrounding fluid, only by diffusion, hence these microcavities could be utilised for 

encapsulation and controlled drug release.216 In order to monitor the ability of our system to 

encapsulate and gradually release a guest species, the gel was self-assembled in the presence of 

fluorescent molecules of two different molecular sizes – an experiment which can be described as the 

“fishing net” experiment – a study adapted from a previously published method.209 Firstly fluorescein, 

with a molecular weight of 332 g mol-1, a model ‘drug’ compound, and secondly FITC-dextran (FITC: 

fluorescein isothiocyanate), with an average molecular weight of 70,000 g mol-1, were incorporated 

within the gel to determine whether diffusion was limited by molecular size. C12-[urea-RGD]2 (5 

mg/ml) was self-assembled into a hydrogel in an aqueous solution of the fluorescent molecule, 

making sure that all of the solution was incorporated into the hydrogel. To do this, a stock of the 

gelator was made in 200 μL of DMSO, and then 800 μL of a 50 μM stock solution of the fluorescent 

molecule was gently pipetted into the dissolved gelator. Gel formation was rapid and analysis was 

performed immediately afterwards (Fig. 4.25A). 
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Fig. 4.25 – A) C12-[urea-RGD]2 (5 mg/ml ) hydrogel with fluorescein encapsulated within it. B) The 

same gel sample covered with water (1 ml). Original in colour. 

Next, the fluorescent gel sample was covered with 1 ml of Millipore pure water to determine whether 

or not diffusion of the fluorescent molecules occurred into the bulk water phase above the gel. (Fig. 

4.25B). The water covering the gel was replaced with fresh water every 5 min and the fluorescence was 

recorded (Fig. 4.26).  

 

Fig. 4.26 – Normalised fluorescence emission at 512 nm and 521 nm from the water covering the gel, 

containing either fluorescein (blue) or FITC-dextran (red), respectively, as a function of time. Every 5 

min, unless otherwise stated, the water was replaced with fresh water and the fluorescence measured. 

λex = 495 nm. Original in colour. 

0.00

0.05

0.10

0.15

0.20

0.25

5

1
0

1
5

2
0

2
5

3
0

3
5

4
0

4
5

5
0

5
5

6
0

6
5

7
0

7
5

8
0

8
5

9
0

9
5

1
0
0

1
0
5

1
1
0

1
1
5

1
2
0

1
1
1
0

7
0
5
0

N
o
rm

al
is
e
d
 I f
/a
.u
.

Time / min

 

A  B

water 

gel 



Daniel J. Welsh     Chapter 4 – Linear RGD Peptide Conjugate Hydrogelators 

155 

It should be noted at this point that the total normalised fluorescence emission of fluorescein in the 

recovered water samples in this 2 h period was calculated to be almost 200%, which suggests that the 

amount of fluorescein released had doubled over that which we put in, which is obviously erroneous. 

We believe the reason for this error is a consequence of the DMSO/water preparation of the 

hydrogel. Pure water is suspended above the gel phase and if erratic leaching of DMSO from the gel 

into the pure water phase occurs, along with the migration of the fluorescein, then this will affect the 

fluorescence emission, which is solvent-dependent, resulting in a higher total fluorescence emission 

than expected. This was further confirmed, as the gel sample at the end of the 2 h period was still 

strongly fluorescent. An improvement in the experiment would be to prepare a shallower gel as 

fluorescein molecules at the base of the 1 ml gel sample shown here have further to diffuse than the 

ones nearer the surface i.e. the total release of guest is sample thickness-dependent. Nevertheless, this 

data clearly shows that fluorescein, the smaller of the two fluorescent molecules, exhibits typical 

diffusion behaviour from the gel within the experimental time range (5 to 120 min). For FITC-

dextran, which is much larger, we see negligible fluorescence in the suspended water phase – even 

after suspending water above the gel at time point 30 min and leaving it until 1110 min (18 h) or 

beyond this until 7050 min (4 days) – as its diffusion is inhibited by the fibres which encapsulate it and 

is therefore retained in the gel network. We conclude that the hydrogel can retain molecules of size 

70,000 g mol-1 or higher; whereas small molecules of a few hundred g mol-1 can readily diffuse out of 

the structure and into the surrounding environment over time. A more detailed study of the 

encapsulation and release of molecules, intermediate of the two size extremes investigated here, forms 

the basis of future work. 

These results suggest that large molecules, such as proteins, should be trapped within the gel network 

for as long as the gel remains intact.309 This allows us to propose interesting potential applications for 

C12-[urea-RGD]2 hydrogels as soft host materials, capable of size-dependent release or retention of 

guests. Two-stage controlled release of drug/protein combination therapies is one feasible application 

– the smaller drug molecules passively diffuse out of the gel over time, whilst the larger therapeutic 

protein molecules remain trapped until an appropriate anion is introduced to break down the gel and 

initiate a ‘burst-phase’ release of the protein.  

4.6 Conclusions 

A number of amphiphilic and bolaamphiphilic hydrogelators have been synthesised based around the 

linear RGD peptide motif. These materials, or derivatives thereof, have important potential 

applications as tissue engineering scaffolds owing to the multivalent display of the cell-adhesive RGD 

ligand on the gel fibres. The hydrophobic functionality at the N-terminus (and also at the C-terminus 

in the case of C12-RGD-C12), as well as whether the conjugation of the hydrophobe to the peptide is 

via an amide or urea group dictates whether or not these molecules form gels in water. C12-RGD, in 
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which the conjugating group is an amide, did not form hydrogels whereas C12-urea-RGD did after 

long periods of repeated vortexing and sonication, and was also found to gel PBS after heating and 

cooling. This compound no longer formed gels after introduction of lysine at the C-terminus (C12-

urea-RGDK), presumably due to a change in the charge and/or packing constraints required to form 

gels. Bolaamphiphile C12-[urea-RGD]2 on the other hand formed the most thermally stable gels in 

water using the heat-cool method of gel formation – with a Tgel of 58°C and an MGC of 0.06  wt % 

(0.6 mg/ml, 0.5 mM); to the best of our knowledge one of the lowest MGCs reported in the literature 

and therefore constitutes a “super” hydrogel. 

Attempts were made to synthesise linear and triangular-shaped hydrogelators with a more rigid 

aromatic framework (linear OPE-[RGD]2 and triangular-shaped OPE-[RGD]3), however, 

characterisation of the final materials proved difficult, possibly due to aggregation of the compounds 

in solution, and the products were insoluble in a variety of organic solvents and water. Future work 

involves optimising the structures to provide the partial water solubility required to permit hydrogel 

formation, thus providing fundamental insight into the materials properties of hydrogelators which 

have a propensity to π-π stack based on an aromatic framework compared with the analogous 

compounds possessing aliphatic chains discussed throughout this chapter. 

The hydrogelation properties of C12-[urea-RGD]2 were studied in more detail using CD, VT-CD 

and VT-NMR spectroscopy. It was demonstrated that C12-[urea-RGD]2 self-assembles with a β-

sheet arrangement of the molecules and that this arrangement is temperature-responsive, as observed 

by CD and VT-CD. VT-NMR enabled us to propose a charge state for the RGD head group in the 

gel phase; this being one of a protonated guanidinium group on the arginine side-chain, where the 

positive charge is screened by the trifluoroacetate counter anion, and protonated carboxylic acids on 

the aspartic acid side-chain and C-terminus. All peaks in the 1H NMR were found to increase in 

intensity with increasing temperature, which represents gel break down and increased solubility of 

individual molecules and soluble oligomers. In particular, the aspartic acid CH2 and α-H were found 

to gradually shift further upfield with increasing temperature, which represents a gradual shift in the 

acid dissociation equilibrium towards deprotonated carboxylic acids adjacent to the aspartic acid CH2 

and α-H resulting in a shielded environment. 

A check of the buffer and anion-tunability of C12-[urea-RGD]2 revealed that it did not form gels in 

the presence of charge dense, basic anions, such as phosphate and acetate, which strongly compete 

with the intermolecular urea-urea hydrogen bonding interactions, whereas in the presence of less 

basic, more charge diffuse anions, such as nitrate and chloride, gel formation was uninhibited. This 

discovery has important implications in water-based, anion-switchable, low MW supramolecular gels. 

Finally, an encapsulation-release study demonstrated the size-selective ability of C12-[urea-RGD]2 to 

release fluorescein, a small molecule guest encapsulated inside the gel structure, into surrounding 
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water via diffusion. However, the much larger polymeric FITC-dextran was trapped indefinitely inside 

the gel. We propose controlled drug delivery applications of this material, with a time profile of release 

tailored by the size of encapsulated guest; the size of the microcavities within the gel network, tuned 

by gelator concentration which determines the density of gel fibres; and/or the stimulated breakdown 

of the host material in response to anions in the surrounding environment. 



 

 

Chapter 5 
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5 Conclusions & Future Work 

5.1 Chapter 2 – Dendritic Linear RGD Peptides 

In this study we demonstrated the ability to couple linear RGD peptides to the surface of first and 

second generation Newkome-type dendrons, as well as the synthesis of positive and negative control 

peptides, and investigated the effect multivalency had on the integrin αvβ3 binding affinities of the 

dendritic constructs. Interestingly, the first generation dendron, Z-G1-[RGD]3 (2.16), displayed the 

most significant improvement in integrin αvβ3 binding over that of monovalent control PEG-RGD 

(2.19) whilst, rather counter-intuitively, the more highly branched second generation system, Z-G2-

[RGD]9 (2.17), showed a diminished integrin αvβ3 binding profile and a greater degree of non-specific 

ligand-protein interaction in comparison.274 The results suggest that there is an optimum number of 

RGD peptides that can be presented to allow enhanced integrin αvβ3 recognition, but that above this 

number the RGD peptides become sterically crowded and the specific binding affinity drops off 

whilst non-specific aggregation is promoted – at least with this form of RGD peptide and multivalent 

scaffold, as well as this choice of assay (FP) being used to monitor the binding event. 

A non-exhaustive list of ideas for future work includes a systematic study into the effect on binding 

affinity of these dendritic linear RGDs by modifying the peptide in some way. These modifications 

could include flanking the RGD sequence with additional amino acids (e.g. RGDS) (Fig. 5.1A) to 

more accurately mimic the amino acid sequence found in fibronectin – the natural ECM protein for 

integrin αvβ3; conjugating the peptide via its C-terminus to an amine-terminated dendritic scaffold, 

effectively ‘flipping’ the sequence (Fig. 5.1B); or, as attempted at the end of Chapter 2, capping the C-

terminus as a non-ionisable group such as a primary amide (Fig. 5.1C) – the synthesis of which 

requires further development – thereby  rendering the peptide overall charge neutral and potentially 

reducing the amount of non-specific ligand-protein interaction which was thought to be arising from 

the free C-terminus and overall negative charge on the peptide.  

 

Fig. 5.1 – Ideas for future modification of the RGD peptide: A) RGDS sequence, B) conjugation to an 

amine-terminated dendritic scaffold via the C-terminus, C) amide-modified C-terminus. 

An optimum number of linear RGDs exists between three and nine for the current dendritic system 

and, therefore, re-evaluating the structure of the dendron so that the number of branches can be 
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changed systematically – but without significantly changing the basic dendritic structure hence 

allowing direct comparison of analogues – would provide fundamental insight into the optimum 

number of RGDs required for highest affinity integrin binding. The dendritic scaffold could also be 

redesigned to make the branches longer, perhaps addressing flexibility, and thus the nonavalent G2 

system might become less sterically challenged and maybe an improvement would be seen in its 

binding profile. 

Ultimately, priority was given to comparing this covalent, dendritic approach to multivalency with a 

non-covalent, self-assembling strategy, by coupling different hydrophobic moieties to the linear RGD 

peptide and studying the effect on integrin αvβ3 recognition. A discussion of this work was 

subsequently given in Chapter 3. 

5.2 Chapter 3 – Self-Assembling Linear RGD Peptides 

A library of RGD lipopeptides was synthesised and evaluated for their self-assembly and integrin αvβ3 

binding properties. Conjugating a C12 chain or a pyrene group to the RGD unit, C12-RGD (3.2) and 

Py-RGD (3.4) respectively, encouraged self-assembly into aggregates composed of spherical micelles 

and appeared to significantly enhance integrin αvβ3 binding over that of monovalent control PEG-

RGD. Noteworthy is the fact that, in these two cases, this self-assembled (non-covalent) approach 

gave rise to slightly higher integrin binding affinities than that achieved using a first generation 

dendritic (covalent) scaffold to organise a multivalent ligand display.274 We speculate that the dynamic 

nature of self-assembled micellar systems endows them with a greater degree of flexibility and 

responsiveness, and hence ligand arrays are presented with a better ability to recombine and adapt to 

satisfy the requirements of the integrin binding site. This is most evident when comparing self-

assembling C12-RGD and Py-RGD with second generation dendron Z-G2-[RGD]9 – the self-

assembly approach leading to significantly higher integrin αvβ3 affinities. In stark contrast to this, the 

longer hydrophobic-tailed C22-RGD (3.6) and twin-tailed system, C12-Lys(C12)-(CH2)5-TEG-RGD 

(3.18), generated rod-like micelles but significantly underperformed as ligands for integrin αvβ3. We 

reasoned this to be due to either the rigidity of the colloidal structures formed, leading to hindered 

systems which cannot adapt as well to the integrin binding site, or a possible increase in viscosity of 

the solutions as the concentration of rod-like micellar structures increases – FP is an inappropriate 

technique for systems with variable viscosity. 

Future work involves monitoring the solutions comprised of C22-RGD and C12-Lys(C12)-(CH2)5-

TEG-RGD for any change in viscosity with concentration, or if any thixotropic behaviour is 

exhibited, to verify whether or not the weak binding is due to the rigidity of the rod-like self-

assembled structures or whether simply FP is unsuitable for testing these types of colloidal 

dispersions. A cell-based assay would also clarify the results obtained, not just for these two RGD 
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amphiphiles but for all of the dendrons and lipopeptides discussed throughout Chapters 2 and 3. This 

would allow us to compare the binding of our synthetic ligands to integrins held in cell membranes 

with the binding data obtained in the FP assays using purified integrins in solution.  

Another interesting area of future work would involve the synthesis and testing of ‘hybrid’ molecules, 

using the information obtained in each of the previous two chapters to guide the structural design, 

comprised of RGD peptides on the surface of a first generation Newkome-type dendron and either a 

C12 tail or a pyrene unit coupled at the focal point (Fig. 5.2). These structures would have the 

propensity to self-assemble into micellar aggregates and, depending on the shape, possibly provide the 

flexibility and responsiveness required to satisfy the integrin binding site. They also possess a trivalent 

ligand display which was found to be less sterically crowded than that of the nonavalent second 

generation dendron. Synergistically, these two design criteria may well yield synthetic ligands with even 

further improvements in the specific binding affinity of linear RGD for integrin αvβ3. 

 

Fig. 5.2 – Self-assembling dendrons bearing linear RGD peptides – ideal future synthetic ligands for 

integrin αvβ3 based on the information obtained. Original in colour. 

5.3 Chapter 4 – Linear RGD Peptide Conjugate Hydrogelators 

Three new hydrogelators based around the linear RGD peptide motif – non-bolaform C12-urea-

RGD (4.2), bolaform C12-[urea-RGD]2 (4.4) and inverse bolaform C12-RGD-C12 (4.18) – have 

been designed, synthesised and studied. Gelation of C12-urea-RGD, under sonochemical stimulus, 

was compared to non-gelator C12-RGD (3.2) (conjugation of the C12 chain via an amide bond). This 

confirmed the important role played by the urea group in the self-assembly of C12-urea-RGD in pure 

water to form a hydrogen-bonded, sample-spanning, fibrous network, with contributions from the 

hydrophobic effect and van der Waals interactions of the alkyl chains also presumably playing a 

stabilising role. Hydrogels of the bolaform analogue, C12-[urea-RGD]2, under thermal stimulus, 

demonstrated significantly improved and quantifiable stability (Tgel) and very low MGC values in pure 

water constituting a “super” hydrogel – consequences we believe to be due to: (i) the double RGD 
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head groups provide better water solubility at elevated temperatures and hence more material gets into 

solution to initiate gelation at lower concentrations using the heat-cool method of gel formation, 

compared with sonication which limits the persistence length of fibre formation, and (ii) the 

bolaamphiphilic structure leads to better preorganisation of the hydrophilic and hydrophobic units for 

fibrillar self-assembly and should enhance intermolecular contacts. 

Shorter alkyl chains than C12 (C6-urea-RGD (4.6) and C6-[urea-RGD]2 (4.8)) did not permit 

gelation and resulted in water soluble materials, whereas attempts at swapping the linear aliphatic 

spacer for an aromatic one (CH2-[Ar-urea-RGD]2 (4.10), linear OPE-[RGD]2 (4.23), and 

triangular-shaped OPE-[RGD]3 (4.27)) yielded precipitates and insoluble materials – confirming 

that not only is the urea group important, but the length of hydrocarbon tail/spacer (and type of 

spacer) also dictates whether a molecule is a gelator or not. In contrast to these examples, hydrogels 

arising from bolaform C12-RGD-C12, under sonochemical stimulus, proved that urea groups were 

not always necessary to direct self-assembly. However, it is apparent that the hydrophobicity of the 

molecule had to be increased, by amide-coupling a C12 chain to the C-terminus as well as the N-

terminus of the peptide, in order to promote gelation via the hydrophobic effect and van der Waals 

interactions. 

Further studies with C12-[urea-RGD]2 using CD, VT-CD and VT-NMR demonstrated the 

temperature-responsive and thermoreversible nature of the gel, a β-sheet arrangement of the 

molecules in the gel fibrils, and an indication of the charge state of the RGD head group in pure water 

gels. Anion-triggered gel breakdown was demonstrated in the presence of phosphate and acetate 

anions. Another external chemical stimulus which could be considered for breaking down the gels 

includes enzymes such as ureases. Small molecule encapsulation-release from the gel was also 

observed, whilst large molecules were trapped within the gel network. Future work is required to 

investigate the encapsulation and release of molecules that are intermediate of the two size extremes 

of fluorescein (a small molecule) and FITC-dextran (a large polysaccharide). Collectively, these 

observations lend this functional material to potential applications ranging from controlled drug 

delivery implants to anion-tunable soft materials in sensor devices. 

Other methods of physical property characterisation, for future reference, include rheology which can 

be used to measure the viscosity as well as the elastic modulus (G’) with respect to the loss modulus 

(G’’) of a gel under oscillatory shear at constant or increasing temperature; AFM as an alternative 

means of imaging the xerogel fibres on a surface providing height profiles of the material as well as 

other useful sizing information; and small angle X-ray/neutron scattering (SAXS/SANS) which are 

also useful for obtaining fibre dimensions and elucidating the spatial orientation of the self-assembled 

molecules within the gel fibres based on computer modelling of the data. pKa measurements of the 

RGD head group in our gelators would provide quantitative insight into the charge state of the 
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peptide when in the gel state compared to the sol state, as well as the effect of pH on gel 

formation/breakdown. 

There are a number of possibilities for developing these materials further. Examples include, but are 

not limited to, extending the length of the tail/spacer beyond C12 to look at the effect on gelation, 

and synthesising derivatives of C6/C12-[urea-RGD]2 with spacer lengths between C6 and C12 to 

determine what length is limiting to gelation. Covalent cross-linking of the fibres formed from a future 

derivative of the structure discussed in this work, via a chemically- or photo-initiated reaction for 

example, may result in more robust materials that possess greater thermal stability and are more stable 

towards mechanical stress. An example would be the incorporation of a polymerisable diacetylene 

segment into the backbone of C12-[urea-RGD]2. If nanofibres are still able to form after derivatising 

the molecule in this way (formed by physical interaction only), irradiation with UV light can be used to 

permanently hold the self-assembled structures together (Fig 5.3) thereby improving the toughness of 

the material (although it is appreciated that anion-responsivity would perhaps no longer be observed). 

Stupp and co-workers have carried out similar work on chemically cross-linked RGD peptide 

amphiphile hydrogelators, albeit with more elaborate versions of the peptide and using non-bolaform 

amphiphiles.310 
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Fig. 5.3 – Photochemical cross-linking of diacetylenes in a hypothetical, self-assembling derivative of 

C12-[urea-RGD]2. 

Preliminary attempts to grow cells on the surface of the gels indicated toxicity, which may be 

associated with the TFA counter anion in C12-[urea-RGD]2, as the pH indicator in the cell culture 
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medium indicated an increasingly acidic solution with increasing gelator concentration which was 

extremely detrimental to cell viability. To overcome this, an idea would be to exchange the TFA with a 

more biocompatible anion such as chloride using either an anion exchange column or dialysis. This 

might not be as trivial as it first seems though due to the compounds having either limited or no water 

solubility, therefore, the synthesis would have to be readdressed at the protecting group level so that 

the Pbf protecting group on the arginine is swapped for one that is labile to a reagent other than TFA. 

It should be noted that work towards this goal was carried out in an attempt to deprotect the peptide 

using 4 M HCl in 1,4-dioxane, commonly used in the deprotection of Boc-protected amines,311 which 

would have resulted in chloride being the counter anion associated with the protonated guanidinium 

of the arginine side-chain, but unfortunately this was not a strong enough acid to hydrolyse the Pbf 

group. Nevertheless, anion exchange should be approached with caution – exchanging the TFA, 

possibly of significant importance to the gel forming process, for an alternative anion might result in 

the material no longer forming hydrogels (although chloride anions were still compatible with 

gelation). 



 

 

Chapter 6 

Experimental 
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6 Experimental 

6.1 General Materials and Methods 

All solvents and reagents were commercially available and used as supplied without further 

purification unless otherwise stated. Human integrin αvβ3 Triton X-100 formulation purified protein 

was purchased from Millipore and used without further purification. Column chromatography was 

performed on silica using silica gel 60 provided by Fluka Ltd. (35-70 μm) while TLC was performed 

on Merck aluminium-backed plates, coated with 0.25 mm silica gel 60. Spots were visualised either by 

UV, or by use of an appropriate stain (ninhydrin solution 0.2% (by mass) in ethanol or cerium 

molybdate stain: 180 ml H2O, 20 ml conc. H2SO4, 5 g ammonium dimolybdate, 2 g cerium sulfate). 

Preparative gel permeation chromatography was carried out using Bio-Beads SX-1 supplied by Bio-

Rad. Preparative gel filtration chromatography was carried out using Sephadex LH-20 purchased from 

Sigma Aldrich. 

Nuclear magnetic resonance chemical shifts (δ) are reported in ppm using residual solvent as internal 

reference, as noted, and peak assignments were deduced with 13C/DEPT-135 as well as 2D NMR 

experiments such as COSY and HSQC. All spectra were recorded on either a JEOL ECX400 or a JEOL 

ECS400 (1H 400 MHz, 13C 100 MHz) spectrometers or a JEOL EX270 (1H 270 MHz, 13C 68 MHz) 

spectrometer, as noted. In some cases a Bruker 500 (1H 500 MHz, 13C 125 MHz) spectrometer was used.  

All J values are reported to the nearest 0.5 Hz. ESI and HR ESI mass spectra were recorded on Thermo-

Finnigan LCQ and Bruker Daltonics MicrOTOF mass spectrometers, respectively. In some cases, a 

Bruker Daltonics MicrOTOF II mass spectrometer was used to record both ESI and HR ESI mass 

spectra. EI mass spectra were recorded on a Waters GCT Premier TOF mass spectrometer. In the mass 

spectra, all compounds presented the expected isotope patterns. Infrared spectra were recorded using a 

Shimadzu IR Prestige-21 FT-IR spectrometer. Melting points were measured on a Gallenkamp or Stuart 

melting point apparatus and are uncorrected. Optical rotation was measured as [α]D on a JASCO DIP-

370 digital polarimeter. UV-Vis spectra were recorded on a Shimadzu UV 2401 PC UV-Vis 

spectrophotometer. Fluorescence data was collected on a Hitachi F-4500 and FluoroMax-4 

spectrofluorimeters. Fluorescence polarisation data was collected on FluoroMax-3 and FluoroMax-4 

spectrofluorimeters. Circular dichroism spectra were recorded on a Jasco J810 CD spectrophotometer. 

Tgel values were recorded on a high precision thermoregulated oil bath. TEM was carried out on a FEI 

Tecnai 12 BioTWIN running at 120 kV. SEM was carried out on a JEOL JSM-7500F. ASEM was 

carried out on a JEOL Clairscope, JASM-6200. 

Dendritic compounds 2.9-2.12259 and 2.1310 have been previously reported but are included with full 

characterisation for completeness and to assist reproduction of the work as some of the methods have 

been adapted. The synthesis of c[R(Pbf)GD(OtBu)fK(Z)], 2.21, was adapted from previously 
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published methods.97, 127, 262 The solid-phase methodology of our solution-phase-synthesised 5(6)-FL-

c[RGDfK], 2.24, has been previously reported although no characterisation data was provided by the 

authors.75 Compounds 3.2,267 3.9,268 3.10,268 3.13269 and 3.14269 have been made previously but are 

included with full characterisation for completeness and to assist reproduction of the work as some of 

the methods have been adapted.  Compounds 4.24276 and 4.25277 were obtained according to literature 

procedures, and the synthesis of 4.20 and 4.21 was adapted from these methods. 

Note, amino acids are referred to using either three or one letter abbreviations and are used 

interchangeably throughout this chapter. 

6.2 Chapter 2 – Dendritic Linear RGD Peptides 

Synthesis of Fmoc-Gly-Asp(OtBu)-OtBu (2.1) 

 

H2N-Asp(OtBu)-OtBu.HCl (2.85 g, 10.1 mmol, 1.0 eq) and Fmoc-Gly-OH (3.01 g, 10.1 mmol, 1.0 eq) 

were dissolved in DCM (100 ml) upon addition of DIPEA (3.52 ml, 20.2 mmol, 2.0 eq) with stirring. 

The solution was cooled in an ice-water bath to 0°C and then T3P (50 wt. % in EtOAc, 7.25 ml, 12.3 

mmol, 1.2 eq) was added dropwise over 20 min. The ice-water bath was removed and the reaction 

mixture was stirred at rt for 24 h. The reaction was quenched with water (100 ml), and then the 

organic layer was washed with saturated NaHCO3 (100 ml), 1.33 M NaHSO4 (100 ml), saturated 

NaHCO3 (100 ml), neutralising to pH 7 and finally water (100 ml). The organic layer was dried over 

MgSO4 and filtered before removing the solvent in vacuo to produce the product 2.1 as a white foam 

(4.90 g, 93%). No further purification was required.  

Rf 0.64 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +22.9° (c = 1.0, CHCl3). M.p: 54.4-60.2°C. 

1H NMR (CDCl3, 400 MHz)  7.76 (d, CH aromatic, J = 8.0 Hz, 2H); 7.60 (d, CH aromatic, J = 8.0 

Hz, 2H); 7.40 (t, CH aromatic, J = 8.0 Hz, 2H); 7.31 (t, CH aromatic, J = 8.0 Hz, 2H); 6.86 (d, NH 

amide, J = 8.0 Hz, 1H); 5.45 (br s, NH carbamate, 1H); 4.70 (dt, Asp α-H, J = 8.0 Hz and 4.0 Hz, 

1H); 4.39 (d, Fmoc CH2, J = 7.0 Hz, 2H); 4.24 (t, Fmoc CH, J = 7.0 Hz, 1H); 3.98 (dd, Gly CHA, J = 

17.0 Hz and 5.0 Hz, 1H); 3.92 (dd, Gly CHB, J = 17.0 Hz and 5.0 Hz, 1H); 2.91 (dd, Asp CHA, J = 

17.0 Hz and 4.5 Hz, 1H); 2.72 (dd, Asp CHB, J = 17.0 Hz and 4.5 Hz, 1H); 1.45 (s, C(CH3)3, 9H); 1.42 

(s, C(CH3)3, 9H). 13C NMR (CDCl3, 100 MHz)  170.30, 169.60, 168.69 (C(O)OtBu × 2, C(O)NH 

amide); 156.53 (C(O)NH carbamate); 143.92, 141.35 (C aromatic); 127.80, 127.19, 125.24, 120.06 (CH 
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aromatic); 82.66, 81.82 (C(CH3)3 × 2); 67.36 (Fmoc CH2); 49.19 (Asp α-CH); 47.16 (Fmoc CH); 44.40 

(Gly CH2); 37.44 (Asp CH2); 28.11, 27.97 (C(CH3)3 × 2). ߥmax (cm-1) (solid): 3314w (N-H amide 

stretch); 3086w (C-H arene stretch); 2979w (C-H alkyl stretch); 1723s (C=O ester stretch); 1665s (C=O 

amide stretch); 1506s (N-H amide bend and C=C arene stretch); 1478w, 1450m, 1394w, 1367m (C-H 

alkyl bends); 1244s, 1224s, 1145s, 1045m, 1002w (C-O ester and C-N amide stretches, C-H arene 

bends); 948w, 845m, 759s, 739s (C-H arene bends). ESI-MS (m/z): Calc. for C29H36N2NaO7 547.2415; 

found: 547.2411 (100%, [M+Na]+); 491.1782 (15%, [M+Na–C4H8]+); 435.1157 (79%, [M+Na–

2C4H8]+). 

Synthesis of H2N-Gly-Asp(OtBu)-OtBu (2.2) 

 

Compound 2.1 (4.58 g, 8.74 mmol) was stirred in a solution of 20% piperidine in DCM (30 ml). The 

solvent was removed in vacuo after stirring for 4 h to produce a pale yellow crude solid (6.62 g). The 

crude solid was purified by column chromatography (SiO2, 9:1 DCM/MeOH) to yield 2.2 as a clear 

colourless oil (2.16 g, 82%).  

Rf 0.20 (9:1 DCM/MeOH, ninhydrin stain). [α]D = +36.5° (c = 1.0, CHCl3). 1H NMR (CDCl3, 400 

MHz)  7.99 (d, NH amide, 8.0 Hz, 1H); 4.71 (dt, Asp α-H, J = 8.5 Hz and 4.5 Hz, 1H); 3.39 (d, Gly 

CHA, J = 17.5 Hz, 1H); 3.34 (d, Gly CHB, J = 17.5 Hz, 1H); 2.89 (dd, Asp CHA, J = 17.0 Hz and 4.5 

Hz, 1H); 2.70 (dd, Asp CHB, J = 17.0 Hz and 4.5 Hz, 1H); 1.53 (br s, NH2, 2H); 1.45 (s, C(CH3)3, 

9H); 1.44 (s, C(CH3)3, 9H). 13C NMR (CDCl3, 100 MHz)  172.61, 169.95, 169.79 (C(O)OtBu × 2, 

C(O)NH amide); 82.10, 81.43 (C(CH3)3 × 2); 48.58 (Asp α-CH); 44.68 (Gly CH2); 37.71 (Asp CH2); 

27.99, 27.86 (C(CH3)3 × 2). ߥmax (cm-1) (oil): 3357w (N-H amine and amide stretches); 2978w, 2936w 

(C-H alkyl stretches); 1726s (C=O ester stretch); 1666s (C=O amide stretch); 1509s (N-H amide 

bend); 1480w, 1458w, 1394w, 1367s, 1350m (C-H alkyl bends); 1288m, 1249m, 1226m, 1145s (C-O ester 

and C-N stretches); 1079w; 1051w; 1032w; 845m; 752w; 732w. ESI-MS (m/z): Calc. for C14H26N2NaO5 

325.1734; found: 325.1739 (60%, [M+Na]+); 303.1953 (100%, [M+H]+); 247.129 (17%, [M+H–

C4H8]+); 191.0659 (10%, [M+H–2C4H8]+). 
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Synthesis of Fmoc-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (2.3) 

 

Compound 2.2 (2.02 g, 6.68 mmol, 1.0 eq) and Fmoc-Arg(Pbf)-OH (4.33 g, 6.68 mmol, 1.0 eq) were 

dissolved in DCM (120 ml) upon addition of DIPEA (2.42 ml, 13.9 mmol, 2.0 eq) with stirring. The 

solution was cooled in an ice-water bath to 0°C and then T3P (50 wt. % in EtOAc, 5.00 ml, 8.49 

mmol, 1.2 eq) was added dropwise over 20 min. The ice-water bath was removed and the reaction 

mixture was stirred at rt for 24 h. The reaction was quenched with water (100 ml), and then the 

organic layer was washed with saturated NaHCO3 (100 ml), 1.33 M NaHSO4 (100 ml), saturated 

NaHCO3 (100 ml), neutralising to pH 7 and finally water (100 ml), upon which the organic phase 

became milky white. The organic layer was dried over MgSO4 and filtered before removing the solvent 

in vacuo to produce the product 2.3 as a white foam (4.90 g, 79%). No further purification was 

required.  

Rf 0.51 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +8.6° (c = 1.0, CHCl3). M.p: 114.0-120.0°C. 

1H NMR (CDCl3, 400 MHz)  7.73 (d, CH aromatic, J = 7.5 Hz, 2H); 7.70 (m, NH amide (Arg-Gly), 

1H); 7.58 (m, CH aromatic, 2H); 7.36 (t, CH aromatic, J = 7.0 Hz, 2H); 7.26 (t, CH aromatic, J = 7.5 

Hz, 2H); 7.11 (d, NH amide (Gly-Asp), J = 7.5 Hz, 1H); 6.33 (br s, NH2 guanidine, 2H); 6.12 (br s, 

NH guanidine, 1H); 6.04 (d, NH carbamate, J = 7.5 Hz, 1H); 4.64 (dt, Asp α-H, J = 8.0 Hz and 5.0 

Hz, 1H); 4.44-4.37 (m, Arg α-H, 1H); 4.34 (d, Fmoc CH2, J = 7.0 Hz, 2H); 4.16 (t, Fmoc CH, J = 7.0 

Hz, 1H); 4.06 (dd, Gly CHA, J = 16.5 Hz and 5.5 Hz, 1H); 3.91 (dd, Gly CHB, J = 17.0 Hz and 5.0 Hz, 

1H); 3.42-3.28 (m, Arg CHANH, 1H); 3.24-3.14 (m, Arg CHBNH, 1H); 2.92 (s, Pbf CH2, 2H); 2.82 

(dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.66 (dd, Asp CHB, J = 17.0 Hz and 4.5 Hz, 1H); 2.59 (s, 

Pbf CH3Ar, 3H); 2.51 (s, Pbf CH3Ar, 3H); 2.07 (s, Pbf CH3Ar, 3H); 2.01-1.89 (m, Arg CHCHA, 1H); 

1.76-1.66 (m, Arg CHCHB, 1H); 1.65-1.50 (m, Arg CH2CH2NH, 2H); 1.43 (s, Pbf CH3 × 2, 6H); 1.40 

(s, C(CH3)3 × 2, 18H). 13C NMR (CDCl3, 100 MHz)  173.07, 170.17, 169.82, 169.39 (C(O)OtBu × 2, 

C(O)NH amide × 2); 158.79, 156.68, 156.56 (Pbf aromatic C-O, C=N guanidine, C(O)NH 

carbamate); 143.96, 143.84, 141.30, 141.28 (Fmoc aromatic C); 138.46, 132.86, 132.37 (Pbf aromatic 
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C); 127.73, 127.15, 125.31 (Fmoc aromatic CH); 124.67 (Pbf aromatic C); 119.97 (Fmoc aromatic 

CH); 117.56 (Pbf aromatic C); 86.42 (Pbf CH2C(CH3)2O); 82.66, 81.73 (C(CH3)3 × 2); 67.14 (Fmoc 

CH2); 54.33 (Arg α-CH); 49.45 (Asp α-CH); 47.14 (Fmoc CH); 43.28, 42.90, 40.20 (Pbf ArCH2, Gly 

CH2, Arg CH2NH); 37.37 (Asp CH2); 29.88 (Arg CHCH2); 28.65 (Pbf CH2C(CH3)2O); 28.08, 27.92 

(C(CH3)3 × 2); 25.28 (Arg CH2CH2NH); 19.43, 18.08, 12.57 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 

3422w, 3321w (N-H amide stretches); 2974w, 2932w (C-H alkyl and arene stretches); 1724m (C=O 

ester stretch); 1667m, 1620m (C=O amide stretches); 1543s (N-H amide bend and C=C arene stretch); 

1450m, 1408w, 1393w, 1366m (C-H alkyl bend and S=O stretch); 1281m, 1246s, 1150s, 1103s, 1088s (C-

O ester and C-N amide stretches, C-H arene bends); 1034m, 991m, 849m, 818w, 756w, 737m, 660m (C-

H arene bends); 640m; 617m; 598m. ESI-MS (m/z): Calc. for C48H65N6O11S 933.4427; found: 933.4426 

(100%, [M+H]+). 

Synthesis of H2N-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (2.4) 

 

Compound 2.3 (4.51 g, 4.84 mmol) was stirred in a solution of 20% piperidine in DCM (30 ml). The 

solvent was removed in vacuo after stirring for 3 h to produce a pale yellow crude solid (7.5 g). The 

crude solid was purified by column chromatography (SiO2, 9:1 DCM/MeOH) to yield 2.4 as a fluffy 

white solid (2.75 g, 80%).  

Rf 0.15 (9:1 DCM/MeOH, UV and ninhydrin stain). [α]D = +18.2° (c = 1.0, CHCl3). M.p: 83.0-

84.0°C. 1H NMR (CDCl3, 400 MHz)  7.98 (t, NH amide (Arg-Gly), J = 6.0 Hz, 1H); 7.10 (d, NH 

amide (Gly-Asp), J = 8.0 Hz, 1H); 6.32 (br s, NH2 guanidine, 2H); 6.14 (br s, NH guanidine, 1H); 4.64 

(dt, Asp α-H, J = 8.0 Hz and 4.5 Hz, 1H); 4.02 (dd, Gly CHA, J = 17.0 Hz and 5.5 Hz, 1H); 3.90 (dd, 

Gly CHB, J = 17.0 Hz and 6.0 Hz, 1H); 3.49-3.46 (m, Arg α-H, 1H); 3.27-3.15 (br m, Arg CH2NH, 

2H); 2.95 (s, Pbf CH2, 2H); 2.86 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.70 (dd, Asp CHB, J = 

17.0 Hz and 4.5 Hz, 1H); 2.57 (s, Pbf CH3Ar, 3H); 2.50 (s, Pbf CH3Ar, 3H); 2.08 (s, Pbf CH3Ar, 3H); 

1.82-1.74 (m, Arg CHCHA, 1H); 1.72-1.53 (m, Arg CHCHB and Arg CH2CH2NH, 3H); 1.45 (s, Pbf 

CH3 × 2, 6H); 1.424, 1.418 (s × 2, C(CH3)3 × 2, 18H). 13C NMR (CDCl3, 100 MHz)  176.41, 170.32, 

169.79, 169.34 (C(O)OtBu × 2, C(O)NH amide × 2); 158.69, 156.49 (Pbf aromatic C-O, C=N 
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guanidine); 138.30, 133.05, 132.23, 124.62, 117.48 (Pbf aromatic C); 86.42 (Pbf CH2C(CH3)2O); 82.61, 

81.76 (C(CH3)3 × 2); 54.54 (Arg α-CH); 49.27 (Asp α-CH); 43.28, 42.76, 40.61 (Pbf ArCH2, Gly CH2, 

Arg CH2NH); 37.38 (Asp CH2); 32.08 (Arg CHCH2); 28.66 (Pbf CH2C(CH3)2O); 28.09, 27.93 

(C(CH3)3 × 2); 25.42 (Arg CH2CH2NH); 19.36, 18.02, 12.55 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 

3320w (N-H amide stretch); 2972w (C-H alkyl stretch); 1735w (C=O ester stretch); 1647w (C=O amide 

stretch); 1540w (N-H amide bend, C-H alkyl bend, C=C arene stretch and S=O stretch); 1251w, 1145w 

(C-O ester and C-N amide stretches). ESI-MS (m/z): Calc. for C33H55N6O9S 711.3746; found: 

711.3761 (93%, [M+H]+); 733.3608 (100%, [M+Na]+); 367.1796 (73%, [M+H+Na]2+). 

Synthesis of Z-Gly-Asp(OtBu)-OtBu (2.5) 

 

H2N-Asp(OtBu)-OtBu.HCl (5 g, 17.8 mmol, 1.0 eq) was dissolved in DCM (100 ml) and DIPEA (6.2 

ml, 35.6 mmol, 2.0 eq) was added. The reaction flask was cooled over an ice-water bath then Z-Gly-

OH (3.72 g, 17.8 mmol, 1.0 eq) was added as a solid. TBTU (5.71 g, 17.8 mmol, 1.0 eq) was added as a 

solid and the reaction was stirred at 0°C for a further 20 min before removing the ice-water bath and 

stirring the reaction at rt for 17 h. The organic phase was washed successively with 1.33 M NaHSO4 

(300 ml), saturated NaHCO3 (300 ml), 1.33 M NaHSO4 (300 ml), saturated NaHCO3 (300 ml), water 

(300 ml), and finally brine (300 ml). The organic phase was dried over MgSO4 and filtered before 

removing the solvent in vacuo to produce the product as a clear, colourless oil which turned to a white 

solid overnight (~9 g). 1H NMR indicated that the product still contained some urea by-product from 

the TBTU reaction and so the residue was re-dissolved in EtOAc (100 ml) and washed with water (3 x 

100 ml). The organic phase was dried over MgSO4 and filtered before removing the solvent in vacuo to 

produce the product 2.5 as a white solid (7.26 g, 94%). No further purification was required. 

Rf 0.62 (9:1 DCM/MeOH, cerium stain). [α]D = +29.4° (c = 1.0, CHCl3). M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  7.34-7.27 (m, CH aromatic, 5H); 6.98 (d, NH amide, J = 8.0 Hz, 1H); 5.59 (br t, 

NH carbamate, J = 5.0 Hz, 1H); 5.10 (s, CH2 benzylic, 2H); 4.68 (dt, Asp α-H, J = 8.0 Hz and 4.5 Hz, 

1H); 3.91 (br m, Gly CH2, 2H); 2.86 (dd, Asp CHA, J = 17.0 Hz and 4.5 Hz, 1H); 2.70 (dd, Asp CHB, J 

= 17.0 Hz and 4.0 Hz, 1H); 1.43, 1.41 (s × 2, C(CH3)3 × 2, calc 18H, found 17H). 13C NMR (CDCl3, 

100 MHz)  170.01, 169.39, 168.60. 156.37 (C(O)OtBu × 2, C(O)NH amide, C(O)NH carbamate); 

136.11 (C aromatic); 128.38, 128.02, 127.96 (CH aromatic); 82.32, 81.51 (C(CH3)3 × 2); 66.94 (CH2 

benzylic); 48.93 (Asp α-CH); 44.24 (Gly CH2); 37.26 (Asp CH2); 27.88, 27.75 (C(CH3)3 × 2). ߥmax (cm-
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1) (solid): 3256w (N-H amide stretch); 3055w (C-H arene stretch); 2932w (C-H alkyl stretch); 1721s 

(C=O ester stretch); 1659s (C=O amide stretch); 1535s (N-H amide bend and C=C arene stretch); 

1450m, 1366w, 1342m (C-H alkyl bends); 1250s, 1219m, 1126s, 1080m, 1042s (C-O ester and C-N 

amide stretches, C-H arene bends); 957s, 926s, 841s, 748s (C-H arene bends). ESI-MS (m/z): Calc. for 

C22H33N2O7 437.2282; found: 437.2282 (78%, [M+H]+). Calc. for C22H32N2NaO7 459.2102; found: 

459.2107 (100%, [M+Na]+). 

Synthesis of H2N-Gly-Asp(OtBu)-OtBu (2.6) 

 

Compound 2.5 (7.19 g, 16.5 mmol) was dissolved in EtOH (80 ml) followed by the addition of Pd/C 

catalyst (1.44 g, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 22.5 

h under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 2.6 as a clear colourless oil (5 g, quantitative yield). No further 

purification was required. 

Rf 0.28 (9:1 DCM/MeOH, cerium stain). [α]D = +46.5° (c = 1.0, CHCl3). 1H NMR (CDCl3, 400 MHz) 

 7.94 (d, NH amide, J = 8.5 Hz, 1H); 4.64 (dt, Asp α-H, J = 9.0 Hz and 4.5 Hz, 1H); 3.33 (d, Gly 

CHA, J = 17.5 Hz, 1H); 3.28 (d, Gly CHB, J = 17.5 Hz, 1H); 2.82 (dd, Asp CHA, J = 17.0 Hz and 4.5 

Hz, 1H); 2.63 (dd, Asp CHB, J = 17.0 Hz and 4.5 Hz, 1H); 1.69 (br s, NH2, 2H); 1.39, 1.37 (s × 2, 

C(CH3)3 × 2, 18H). 13C NMR (CDCl3, 100 MHz)  172.72, 170.01, 169.83 (C(O)OtBu × 2, C(O)NH 

amide); 82.20, 81.52 (C(CH3)3 × 2); 48.65 (Asp α-CH); 44.73 (Gly CH2); 37.75 (Asp CH2); 28.04, 27.90 

(C(CH3)3 × 2). ߥmax (cm-1) (oil): 3325w, 3256w (N-H amine and amide stretches); 2978m (C-H alkyl 

stretches); 1721s (C=O ester stretch); 1659s (C=O amide stretch); 1528s (N-H amide bend); 1366s (C-

H alkyl bends); 1288m, 1250m, 1150s (C-O ester and C-N stretches). ESI-MS (m/z): Calc. for 

C14H27N2O5 303.1914; found: 303.1921 (100%, [M+H]+); 325.1734 (4%, [M+Na]+). 
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Synthesis of Z-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (2.7) 

 

Z-Arg(Pbf)-OH.CHA (5.52 g, 8.37 mmol) was taken up in EtOAc (200 ml) and washed with NaHSO4 

(3 × 50 ml). The organic layer was then separated off and evaporated in vacuo to yield Z-Arg(Pbf)-OH 

as a white solid. Z-Arg(Pbf)-OH (4.69 g, 8.37 mmol, 1.0 eq) was dissolved in DCM (50 ml), cooled 

over an ice-water bath, followed by the addition of DIPEA (2.92 ml, 16.7 mmol, 2.0 eq) and TBTU 

(2.70 g, 8.37 mmol, 1.0 eq). The reaction mixture was stirred at 0°C for 20 min, then H2N-Gly-

Asp(OtBu)-OtBu (2.6) (2.55 g, 8.44 mmol, 1.0 eq) was taken up in DCM (25 ml) and added in one 

portion to the reaction flask, and a further portion of DCM (25 ml) used to rinse any residual H2N-

Gly-Asp(OtBu)-OtBu into the reaction flask. The reaction was stirred at 0°C for a further 20 min 

before removing the ice-water bath and stirring the reaction at rt for 20 h. The organic phase was 

washed with 1.33 M NaHSO4 (2 × 100 ml), saturated NaHCO3 (2 × 100 ml), water (3 × 100 ml) and 

finally brine (100 ml). The organic phase was dried over MgSO4 and filtered before removing the 

solvent in vacuo to produce the crude product as a pale yellow solid (6.8 g, 97%). Purification by 

column chromatography (SiO2, 100% DCM, to 98:2 DCM/MeOH, to 95:5 DCM/MeOH) yielded 2.7 

as a white solid (6.02 g, 85%). 

Rf 0.46 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +7.1° (c = 0.5, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  7.76 (app br t, NH amide (Arg-Gly), 1H); 7.33-7.26 (m, CH aromatic, 5H); 

7.22 (d, NH amide (Gly-Asp), J = 8.0 Hz, 1H); 6.33 (br s, NH2 guanidine, 2H); 6.16 (br s, NH 

guanidine, 1H); 6.09 (d, NH carbamate, J = 7.0 Hz, 1H); 5.08 (d, CHA benzylic, J = 12.0 Hz, 1H); 5.03 

(d, CHB benzylic, J = 12.5 Hz, 1H); 4.64 (br dt, Asp α-H, J = 7.5 Hz and 5.0 Hz, 1H); 4.37-4.32 (br m, 

Arg α-H, 1H); 3.98 (dd, Gly CHA, J = 17.0 Hz and 5.5 Hz, 1H); 3.91 (dd, Gly CHB, J = 17.0 Hz and 

5.5 Hz, 1H); 3.38-3.21 (br m, Arg CHANH, 1H); 3.19-3.07 (br m, Arg CHBNH, 1H); 2.92 (s, Pbf CH2, 

2H); 2.79 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.66 (dd, Asp CHB, J = 17.0 Hz and 5.0 Hz, 

1H); 2.56 (s, Pbf CH3Ar, 3H); 2.48 (s, Pbf CH3Ar, 3H); 2.06 (s, Pbf CH3Ar, 3H); 1.96-1.79 (m, Arg 

CHCHA, 1H); 1.74-1.62 (m, Arg CHCHB, 1H); 1.59-1.50 (m, Arg CH2CH2NH, 2H); 1.44 (s, Pbf CH3 

× 2, 6H); 1.40, 1.39 (s × 2, C(CH3)3 × 2, calc 18H, found 17H). 13C NMR (CDCl3, 100 MHz)  

173.01, 170.17, 169.82, 169.38, 158.79, 156.68, 156.54 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH 
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carbamate, Pbf aromatic C-O, C=N guanidine); 138.47 (Pbf aromatic C); 136.40 (Z group aromatic C); 

132.90, 132.38 (Pbf aromatic C); 128.56, 128.16, 128.06 (Z group aromatic CH); 124.65, 117.55 (Pbf 

aromatic C); 86.43 (Pbf CH2C(CH3)2O); 82.64, 81.73 (C(CH3)3 × 2); 67.01 (CH2 benzylic); 54.31 (Arg 

α-CH); 49.47 (Asp α-CH); 43.32, 42.88 (Pbf ArCH2, Gly CH2); 40.35 (Arg CH2NH); 37.42 (Asp CH2); 

29.91 (Arg CHCH2); 28.69 (Pbf CH2C(CH3)2O); 28.11, 27.94 (C(CH3)3 × 2); 25.31 (Arg CH2CH2NH); 

19.40, 18.06, 12.57 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3318w (N-H amide stretches); 2974w, 2932w 

(C-H alkyl and arene stretches); 1724m (C=O ester stretch); 1667m (C=O amide stretches); 1543s (N-

H amide bend and C=C arene stretch); 1450m, 1404w, 1366m (C-H alkyl bend and S=O stretch); 

1288m, 1242m, 1150s, 1088w (C-O ester and C-N amide stretches, C-H arene bends); 1042m; 910m; 

849m, 779m (C-H arene bends). ESI-MS (m/z): Calc. for C41H60N6O11S 845.4114; found: 845.4092 

(100%, [M+H]+); 867.3909 (30%, [M+Na]+). 

Synthesis of H2N-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (2.8) 

 

Compound 2.7 (6.02 g, 7.13 mmol) was dissolved in EtOH (75 ml) followed by the addition of Pd/C 

catalyst (1.20 g, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 16 h 

under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 2.8 as a white solid (4.50 g, 89%). No further purification was 

required. 

Rf 0.15 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +23.0° (c = 0.25, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  8.04 (br t, NH amide (Arg-Gly), J = 5.0 Hz, 1H); 7.19 (d, NH amide 

(Gly-Asp), J = 8.0 Hz, 1H); 6.39 (br s, NH2 guanidine, 2H); 6.29 (br s, NH guanidine, 1H); 4.63 (dt, 

Asp α-H, J = 8.0 Hz and 5.0 Hz, 1H); 3.98 (dd, Gly CHA, J = 17.0 Hz and 5.5 Hz, 1H); 3.91 (dd, Gly 

CHB, J = 17.0 Hz and 5.0 Hz, 1H); 3.44 (app br t, Arg α-H, J = 7.0 Hz, 1H); 3.26-3.12 (br m, Arg 

CH2NH, 1H); 2.93 (s, Pbf CH2, 2H); 2.82 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.68 (dd, Asp 

CHB, J = 17.0 Hz and 5.0 Hz, 1H); 2.55 (s, Pbf CH3Ar, 3H); 2.48 (s, Pbf CH3Ar, 3H); 2.06 (s, Pbf 

CH3Ar, 3H); 1.94 (br s, NH2, 2H); 1.84-1.73 (m, Arg CHCHA, 1H); 1.68-1.49 (m, Arg CHCHB, Arg 

CH2CH2NH, overlapping, 3H); 1.43 (s, Pbf CH3 × 2, 6H); 1.401, 1.395 (s × 2, C(CH3)3 × 2, calc 18H, 



Daniel J. Welsh        Chapter 6 – Experimental 

175 

found 17H). 13C NMR (CDCl3, 100 MHz)  176.11, 170.16, 169.62, 169.14, 158.56, 156.34 (C(O)OtBu 

× 2, C(O)NH amide × 2, Pbf aromatic C-O, C=N guanidine); 138.17, 132.97, 132.11, 124.47, 117.33 

(Pbf aromatic C); 86.26 (Pbf CH2C(CH3)2O); 82.46, 81.60 (C(CH3)3 × 2); 54.37 (Arg α-CH); 49.15 

(Asp α-CH); 43.16, 42.64 (Pbf ArCH2, Gly CH2); 40.48 (Arg CH2NH); 37.25 (Asp CH2); 31.91 (Arg 

CHCH2); 28.52 (Pbf CH2C(CH3)2O); 27.95, 27.80 (C(CH3)3 × 2); 25.28 (Arg CH2CH2NH); 19.21, 

17.86, 12.39 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3318w (N-H amide stretch); 2986w, 2974w, 2932w 

(C-H alkyl stretch); 1735m (C=O ester stretch); 1659m (C=O amide stretch); 1543s, 1450w, 1404w, 

1366m (N-H amide bend, C-H alkyl bend, C=C arene stretch and S=O stretch); 1296m, 1242m, 1150s 

(C-O ester and C-N amide stretches). ESI-MS (m/z): Calc. for C33H55N6O9S 711.3746; found: 

711.3756 (100%, [M+H]+); 733.3572 (47%, [M+Na]+). 

Synthesis of Tris{[2-(tert-butoxycarbonyl)ethoxy]methyl}methylamine (H2N-G1-

[C(O)OtBu]3) (2.9)259 

 

TRIS (12.03 g, 100 mmol) in a solvent mixture of DMSO/H2O (90:10, 20 ml) was cooled in an ice-

water bath. 5 M NaOH (2 ml) was then added with stirring, followed by a dropwise addition of tert-

butyl acrylate (50 ml, 340 mmol) over 2 h. The ice-water bath was removed and the reaction was then 

stirred at rt for 24 h. The excess tert-butyl acrylate and most of the DMSO were then removed in vacuo 

at high temperature. Subsequently, the crude residue (41.5 g) was purified by column chromatography 

(SiO2, 2:1 EtOAc/cyclohexane + 0.05% NH4OH) to yield 2.9 as a pale yellow oil (13.23 g, 26%). 

Rf 0.21 (2:1 EtOAc/cyclohexane, cerium stain). 1H NMR (CDCl3, 400 MHz)  3.63 (t, OCH2CH2, J = 

6.5 Hz, 6H); 3.30 (s, CCH2O, 6H); 2.45 (t, CH2CH2C(O), J = 6.5 Hz, 6H); 1.67 (br s, NH2, 2H); 1.44 

(s, (CH3)3C, 27H). 13C NMR (CDCl3, 100 MHz)  170.90 (C(O)OtBu); 80.38 (C(CH3)3); 72.85 

(CCH2O); 67.09 (OCH2CH2); 55.91 (CCH2O); 36.29 (CH2CH2C(O)); 28.07 ((CH3)3C). IR not 

acquired. ESI-MS (m/z): Calc. for C25H48NO9 506.3324; found: 506.3327 (11%, [M+H]+); 450.2704 

(27%, [M+H-C4H8]+); 394.2080 (44%, [M+H-2C4H8]+); 338.1466 (100%, [M+H-3C4H8]+). 
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Synthesis of Benzyl N-Tris{[2-(tert-butoxycarbonyl)ethoxy]methyl}methylcarbamate (Z-G1-

[C(O)OtBu]3) (2.10)259 

 

Compound 2.9 (1.39 g, 2.74 mmol) was dissolved in DCM (20 ml) and aqueous Na2CO3 (25% w/v, 

10 ml) was added with stirring. Benzyl chloroformate (1.2 ml, 8.4 mmol) was added rapidly in one 

portion and the reaction was stirred at rt for 24 h. The product was extracted with DCM (50 ml), dried 

over MgSO4, and then the solvent was removed in vacuo. The crude product (2.42 g) was purified by 

column chromatography (SiO2, 2:1 cyclohexane/EtOAc) to yield 2.10 as a clear colourless oil (1.37 g, 

78%). 

Rf 0.60 (2:1 cyclohexane/EtOAc, cerium stain). 1H NMR (CDCl3, 400 MHz)  7.28-7.34 (m, CH 

aromatic, 5H); 5.31 (br s, NH carbamate, 1H); 5.03 (s, CH2 benzylic, 2H); 3.66 (s, CCH2O, 6H); 3.63 

(t, OCH2CH2, J = 6.5 Hz, 6H); 2.43 (t, CH2CH2C(O), J = 6.5 Hz, 6H); 1.43 (s, (CH3)3C, 27H). 13C 

NMR (CDCl3, 100 MHz)  170.89 (C(O)OtBu); 155.14 (C(O)NH); 127.94, 128.02, 128.44, 136.79 (CH 

aromatic); 80.50 (C(CH3)3); 69.41 (CCH2O); 67.12 (OCH2CH2); 66.14 (CH2 benzylic); 58.77 (CCH2O); 

36.26 (CH2CH2C(O)); 28.14 ((CH3)3C). IR not acquired. ESI-MS (m/z): Calc. for C33H53NNaO11 

662.3511; found: 662.3494 (100%, [M+Na]+); 606.2876 (68%, [M+Na-C4H8]+); 550.2261 (37%, 

[M+Na-2C4H8]+); 494.1643 (21%, [M+Na-3C4H8]+); 472.1804 (21%, [M+H–3C4H8]+). 
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Synthesis of Benzyl N-Tris[(2-carboxyethoxy)methyl]methylcarbamate (Z-G1-[C(O)OH]3) 

(2.11)259 

 

Compound 2.10 (0.85 g, 1.32 mmol) was stirred in formic acid (96%, 15 ml) for 18 h. The formic acid 

was then removed in vacuo at 50°C. The resultant oil was dissolved in methanol which was then 

removed in vacuo. This process of dissolving in methanol and then rotary evaporating was repeated a 

further two times to yield 2.11 as a viscous, colourless oil (0.62 g, quantitative yield). 

Rf 0.23 (9:1 DCM/MeOH, cerium stain). 1H NMR (CD3C(O)CD3, 400 MHz)  7.27-7.36 (m, CH 

aromatic, 5H); 5.78 (br s, NH carbamate, 1H); 5.02 (s, CH2 benzylic, 2H); 3.68 (s, CCH2O, 6H); 3.68 

(t, OCH2CH2, J = 6.5 Hz, 6H); 2.53 (t, CH2CH2C(O), J = 6.5 Hz, 6H). 13C NMR (CD3C(O)CD3, 100 

MHz)  172.90 (C(O)OH); 155.50 (C(O)NH); 138.12, 128.90, 128.28, 128.24 (CH aromatic); 69.64 

(CCH2O); 67.40 (OCH2CH2); 65.86 (CH2 benzylic); 59.54 (CCH2O); 34.86 (CH2CH2C(O)). IR not 

acquired. ESI-MS (m/z): Calc. for C21H29NNaO11 494.1633; found: 494.1643 (100%, [M+Na]+); 

472.1817 (50%, [M+H]+). 
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Synthesis of Benzyl N-Tris[(2-{[(tris{[2-(tert-

butoxycarbonyl)ethoxy]methyl}methyl)amino]carbonyl}ethoxy)methyl]methylcarbamate (Z-

G2-[C(O)OtBu]9) (2.12)259 
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Method A (using T3P as the coupling reagent):  

Compounds 2.11 (0.41 g, 0.86 mmol, 1.0 eq) and 2.9 (1.59 g, 3.14 mmol, 3.6 eq) were dissolved in dry 

THF (10 ml) and TEA (0.43 ml, 3.08 mmol, 3.6 eq) with stirring. The solution was cooled in an ice-

water bath to 0°C and then T3P (50 wt. % in EtOAc, 1.85 ml, 3.14 mmol, 3.6 eq) was added dropwise 

over 20 min. The ice-water bath was removed and the reaction mixture was stirred at rt for 18 h under 

N2. TLC analysis revealed no obvious product spot. The reaction was then refluxed at 50°C for 2.5 h. 

TLC analysis gave a faint spot corresponding to the product by UV and cerium stain. The solvent was 

removed in vacuo and the residue dissolved in DCM, then washed with 0.5 M HCl (3 × 30 ml) and brine 

(3 × 30 ml). The organic layer was dried over MgSO4 before removing the solvent in vacuo and column 

chromatography (SiO2, 2:1 EtOAc/cyclohexane) produced 2.12 as a colourless oil (200 mg, 12%). 
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Method B (using HBTU as the coupling reagent):  

HBTU (1.29 g, 3.39 mmol, 3.6 eq) and TEA (0.48 ml, 3.4 mmol, 3.6 eq) were added to compound 

2.11 (0.44 g, 0.94 mmol, 1.0 eq) in dry acetonitrile (10 ml). Compound 2.9 (1.72 g, 3.38 mmol, 3.6 eq) 

dissolved in dry acetonitrile (10 ml) was then added rapidly and the reaction was stirred at rt for 24 h 

under N2. Following the removal of the solvent in vacuo, the residue was dissolved in Et2O and 

subsequently washed with 0.5 M HCl then saturated brine solution. The organic layer was then dried 

over MgSO4 and the solvent removed in vacuo to yield a crude pale yellow oil. Purification by column 

chromatography (SiO2, 2:1 EtOAc/cyclohexane) produced 2.12 as a pale yellow oil (1.4 g, 77%). 

Rf = 0.27 (2:1 EtOAc/cyclohexane, cerium stain). 1H NMR (CDCl3, 400 MHz)  7.28-7.36 (m, CH 

aromatic, 5H); 6.28 (br s, NH amides, 3H); 5.58 (br s, NH carbamate, 1H); 5.03 (s, CH2 benzylic, 2H); 

3.60-3.66 (m, OCH2CH2 gen. 1 & 2, CCH2O gen. 1 & 2, 48H); 2.43 (t, CH2CH2C(O) gen. 2, J = 6.5 

Hz, 18H); 2.43 (t, CH2CH2C(O) gen. 1, J = 6.5 Hz, 6H); 1.43 (s (CH3)3C, 81H). 13C NMR (CDCl3, 100 

MHz)  170.97 (C(O)OtBu); 170.91 (C(O)NH amides); 155.16 (C(O)NH carbamate); 127.95, 128.09, 

128.47, 136.91 (CH aromatic); 80.49 (C(CH3)3); 69.38 (CCH2O, gen. 1); 69.16 (CCH2O, gen. 2); 67.62 

(OCH2CH2, gen. 1); 67.08 (OCH2CH2, gen. 2); 66.08 (CH2 benzylic); 59.81 (CCH2O, gen. 2); 58.90 

(CCH2O, gen. 1); 37.38 (CH2CH2C(O), gen. 1); 36.18 (CH2CH2C(O), gen. 2); 28.18 ((CH3)3C). IR not 

acquired. ESI-MS (m/z): Calc. for C96H165N4O35 1934.1249; found: 1934.1289 (11%, [M+H]+); 

1951.1566 (32%, [M+NH4]+); 1956.1190 (5%, [M+Na]+); 968.0652 (100%, [M+2H]2+). 
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Synthesis of Benzyl N-Tris[(2-{[(tris[(2-

carboxyethoxy)methyl]methyl)amino]carbonyl}ethoxy)methyl]methylcarbamate (Z-G2-

[C(O)OH]9) (2.13)10 

 

Compound 2.12 (217 mg, 0.11 mmol) was stirred in formic acid (96%, 3.5 ml) for 24 h. The formic 

acid was then removed in vacuo at 50°C. The resultant oil was dissolved in methanol which was then 

removed in vacuo. This process of dissolving in methanol and then rotary evaporating was repeated a 

further two times to yield 2.13 as a viscous, colourless oil (160 mg, quantitative yield). 

Rf = 0.20 (9:1 DCM/MeOH, cerium stain). 1H NMR (CD3C(O)CD3, 270 MHz)  7.28-7.47 (m, CH 

aromatic, 5H); 6.84 (br s, NH amides, 3H); 6.01 (br s, NH carbamate, 1H); 5.07 (s, CH2 benzylic, 2H); 

3.66-3.73 (m, OCH2CH2 gen. 1 & 2, CCH2O gen. 1 & 2, 48H); 2.54 (t, CH2CH2C(O) gen. 2, J = 6.0 

Hz, 18H); 2.43 (t, CH2CH2C(O) gen. 1, J = 6.0 Hz, 6H). 13C NMR (CD3C(O)CD3, 68 MHz)  173.50 

(C(O)OH); 172.73 (C(O)NH amides); 172.65 (C(O)NH carbamate); 128.61, 128.75, 129.24 (CH 

aromatic); 70.00 (CCH2O, gen. 1); 69.79 (CCH2O, gen. 2); 68.32 (OCH2CH2, gen. 1); 67.75 

(OCH2CH2, gen. 2); 60.99 (CCH2O, gen. 2); 60.01 (CCH2O, gen. 1); 37.86 (CH2CH2C(O), gen. 1); 

35.25 (CH2CH2C(O), gen. 2). IR not acquired. ESI-MS (m/z): Calc. for C60H91N4O35 1427.5469; 

found: 1427.5479 (100%, [M-H]-); 1449.5 (42%, [M-2H+Na]-); 1471.5 (16%, [M-3H+2Na]-); 1493.5 

(7%, [M-4H+3Na]-); 1515.5 (3%, [M-5H+4Na]-). 
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Synthesis of Z-G1-[Arg(Pbf)-Gly-Asp(OtBu)-OtBu]3 (2.14) 

 

Method A (reaction performed under ambient conditions, using 3.6 eq of 2.8(2.4) and 3.6 eq of T3P): 

Compounds 2.11 (96 mg, 0.2 mmol, 1.0 eq) and 2.8(2.4) (0.52 g, 0.73 mmol, 3.6 eq) were suspended in 

dry DCM (10 ml), then DIPEA (0.22 ml, 1.22 mmol, 6 eq) was added and the reaction flask cooled 

over an ice-water bath. T3P (50 wt. % in EtOAc, 0.44 ml, 0.73 mmol, 3.6 eq) was added dropwise 

over 20 min. The ice-water bath was removed and the reaction mixture was stirred for 22 h at rt. The 

reaction mixture was diluted with DCM (100 ml), quenched with water (50 ml), and then the organic 

layer was washed with saturated NaHCO3 (100 ml), 1.33 M NaHSO4 (100 ml), and finally water (100 

ml). The organic layer was dried over MgSO4 and filtered before removing the solvent in vacuo to 

produce the product as a crude white solid/oil (~0.5 g, ~96% crude yield) which was purified by 

column chromatography (SiO2, 9:1 DCM/MeOH) to produce the product 2.14 as a white solid (0.4 g, 

77%). 

Method B (reaction performed under dry conditions, using 6.0 eq of 2.8(2.4) and 6.0 eq of T3P): 

Compound 2.11 (0.2 g, 0.42 mmol, 1.0 eq) was dissolved in dry DCM (10 ml). To this was added 

2.8(2.4) (1.75 g, 2.5 mmol, 6.0 eq) in dry DCM (10 ml), then DIPEA (0.44 ml, 2.5 mmol, 6.0 eq) in 

dry DCM (5 ml) was added and the reaction flask cooled over an ice-water bath. T3P (50 wt. % in 

EtOAc, 1.5 ml, 2.5 mmol, 6.0 eq) was added dropwise over 15 min, then a further portion of dry 

DCM (5 ml) was used to rinse any residual T3P into the reaction flask. The ice-water bath was 

removed and the reaction mixture was stirred at rt for 18 h under N2. Following TLC analysis, a 
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further portion of T3P (50 wt. % in EtOAc, 1.5 ml, 2.5 mmol, 6.0 eq) in dry DCM (5 ml) was added 

dropwise over 10 min and the reaction was stirred overnight at rt under N2. The reaction mixture was 

quenched with water (100 ml), and then the organic layer was washed with saturated NaHCO3 (100 

ml), 1.33 M NaHSO4 (100 ml), and finally brine (100 ml). The organic layer was dried over MgSO4 

and filtered before removing the solvent in vacuo to produce the product as a crude white solid (~2.0 

g) which was purified by column chromatography (SiO2, 100% DCM to 98:2 DCM/MeOH to 95:5 

DCM/MeOH to 9:1 DCM/MeOH) to produce the product 2.14 as a white solid (0.7 g, 65%). 

Rf 0.36 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -2.0° (c = 0.25, CHCl3). M.p: 131.7-137.0°C. 

1H NMR (CDCl3, 400 MHz)  7.70-7.68 (br m, NH amide × 3, 3H); 7.33-7.28 (m, NH amide × 6 and 

CH aromatic × 5, 11H); 6.35 (br s, NH2 guanidine × 3, 6H); 6.22 (br s, NH guanidine × 3, 3H); 5.50 

(br s, NH carbamate, 1H); 5.01 (s, CH2 benzylic, 2H); 4.65 (dt, Asp α-H × 3, J = 8.0 Hz and 5.0 Hz, 

3H); 4.54 (m, Arg α-H × 3, 3H); 4.00 (dd, Gly CHA × 3, J = 17.0 Hz and 5.5 Hz, 3H); 3.85 (dd, Gly 

CHB × 3, J = 17.0 Hz and 5.5 Hz, 3H); 3.68-3.57 (m, CCH2O × 3, OCH2CH2 × 3, 12H); 3.30-3.15 (m, 

Arg CH2NH × 3, 6H); 2.93 (s, Pbf CH2 × 3, 6H); 2.78 (dd, Asp CHA × 3, J = 17.0 Hz and 5.0 Hz, 

3H); 2.68 (dd, Asp CHB × 3, J = 17.0 Hz and 5.0 Hz, 3H); 2.56 (s, Pbf CH3 × 3, 9H); 2.49 (s, Pbf CH3 

× 3, 9H); 2.47-2.40 (m, CH2CH2C(O) × 3, 6H); 2.07 (s, Pbf CH3 × 3, 9H); 1.91-1.83 (m, Arg CHCHA 

× 3, 3H); 1.76-1.67 (m, Arg CHCHB × 3, 3H); 1.63-1.56 (m, Arg CH2CH2NH × 3, 6H); 1.44 (s, [(Pbf 

CH3 × 2)] × 3, 18H); 1.41, 1.40 (s, [(tBu CH3 × 6)] × 3, 54H). 13C NMR (CDCl3, 100 MHz)  173.08, 

172.47, 170.16, 169.99, 169.43 (C(O)OtBu × 2, C(O)NH amide × 3); 158.72, 156.59 (Pbf aromatic C-

O, C=N guanidine); 138.35 (Pbf aromatic C); 136.67 (Benzyl aromatic C); 132.96, 132.27 (Pbf 

aromatic C); 128.55, 128.09 (Benzyl aromatic CH); 124.63, 117.50 (Pbf aromatic C); 86.42 (Pbf 

CH2C(CH3)2O); 82.56, 81.64 (C(CH3)3 × 2); 69.38 (CCH2O); 67.53 (OCH2CH2); 66.28 (CH2 benzylic); 

59.11 (CCH2O); 53.15 (Arg α-CH); 49.44 (Asp α-CH); 43.28, 42.73, 40.33 (Pbf ArCH2, Gly CH2, Arg 

CH2NH); 37.44 (Asp CH2); 36.63 (CH2CH2C(O)); 29.28 (Arg CHCH2); 28.66 (Pbf CH2C(CH3)2O); 

28.08, 27.92 (C(CH3)3 × 2); 25.43 (Arg CH2CH2NH); 19.38, 18.03, 12.55 (Pbf ArCH3 × 3). ߥmax (cm-1) 

(solid): 3306w (N-H amide stretch); 2975w (C-H alkyl and arene stretches); 1727m (C=O ester stretch); 

1648m (C=O amide stretch); 1543s (N-H amide bend and C=C arene stretch); 1453w, 1367w (C-H 

alkyl bend and S=O stretch); 1243m, 1151s, 1094s (C-O ether, C-O ester and C-N amide stretches, C-

H arene bends). ESI-MS (m/z): Calc. for C120H185N19Na2O35S3 1297.1114; found: 1297.1096 (100%, 

[M+2Na]2+), 2572.2 (11%, [M+Na]+). 
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Synthesis of Z-G2-[Arg(Pbf)-Gly-Asp(OtBu)-OtBu]9 (2.15) 

 

Compounds 2.13 (110 mg, 77 μmol, 1.0 eq) and 2.8(2.4) (0.98 g, 1.39 mmol, 18.0 eq) were suspended 

in dry DCM (10 ml), then DIPEA (0.24 ml, 1.39 mmol, 18.0 eq) was added and the reaction flask 

cooled over an ice-water bath. T3P (50 wt. % in EtOAc, 0.82 ml, 1.39 mmol, 18.0 eq) was added 

dropwise over 10 min. The ice-water bath was removed and the reaction mixture was stirred for 2 

days at rt. The reaction mixture was diluted with DCM (100 ml), quenched with water (100 ml), and 

then the organic layer was washed with saturated NaHCO3 (100 ml), 1.33 M NaHSO4 (100 ml), 

saturated NaHCO3 (100 ml), 1.33 M NaHSO4 (100 ml), and finally water (100 ml). The organic layer 

was dried over MgSO4 and filtered before removing the solvent in vacuo to produce a crude white solid 

(~1.2 g) which was purified by column chromatography (SiO2, 95:5 DCM/MeOH to 9:1 

DCM/MeOH) to produce the product 2.15 as a white solid (0.45 g, 76%). 
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Rf 0.29 (9:1 DCM/MeOH, UV and cerium stain). [α]D not acquired. M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  7.79 (br s, NH amide × 9, 9H); 7.54 (br s, NH amide × 9, 9H); 7.38 (d, NH 

amide × 9, 9H); 7.30-7.28 (m, CH aromatic × 5, 5H); 6.75 (br s, NH amide of branching × 3, 3H); 

6.38 (br s, NH2 guanidine × 9, 18H); 6.29 (br s, NH guanidine × 9, 9H); 5.81 (br s, NH carbamate, 

1H); 5.02 (s, CH2 benzylic, 2H); 4.65 (dt, Asp α-H × 9, J = 8.0 Hz and 5.0 Hz, 9H); 4.55 (m, Arg α-H 

× 9, 9H); 4.03 (dd, Gly CHA × 9, J = 17.0 Hz and 5.0 Hz, 9H); 3.89 (dd, Gly CHB × 9, J = 17.0 Hz 

and 5.0 Hz, 9H); 3.71-3.63 (m, CCH2O × 3 gen. 1, CCH2O × 9 gen. 2, OCH2CH2 × 3 gen. 1, 

OCH2CH2 × 9 gen. 2, 48H); 3.30-3.15 (m, Arg CH2NH × 9, 18H); 2.93 (s, Pbf CH2 × 9, 18H); 2.76 

(dd, Asp CHA × 9, J = 17.0 Hz and 5.5 Hz, 9H); 2.68 (dd, Asp CHB × 9, J = 17.0 Hz and 5.5 Hz, 9H); 

2.56 (s, Pbf CH3 × 9, 27H); 2.49 (s, Pbf CH3 × 9, 27H); 2.47-2.40 (m, CH2CH2C(O) × 3 gen.1, 

CH2CH2C(O) × 9 gen. 2, 24H); 2.07 (s, Pbf CH3 × 9, 27H); 1.94-1.84 (m, Arg CHCHA × 9, 9H); 

1.79-1.69 (m, Arg CHCHB × 9, 9H); 1.66-1.54 (m, Arg CH2CH2NH × 9, 18H); 1.44 (s, [(Pbf CH3 × 

2)] × 9, 54H); 1.40 (s, [(tBu CH3 × 6)] × 9, 162H). 13C NMR (CDCl3, 100 MHz)  173.15, 172.55, 

172.43, 170.14, 170.00, 169.45 (C(O)OtBu × 2, C(O)NH amide × 4); 158.68, 156.60 (Pbf aromatic C-

O, C=N guanidine); 138.31, 133.01, 132.25 (Pbf aromatic C); 128.55, 127.96 (Benzyl aromatic CH); 

124.60, 117.45 (Pbf aromatic C); 86.39 (Pbf CH2C(CH3)2O); 82.49, 81.57 (C(CH3)3 × 2); 69.38 

(CCH2O, gen. 1 and 2, multiple overlapping peaks); 67.56 (OCH2CH2, gen. 1 and 2, multiple 

overlapping peaks); 60.21 (CCH2O gen. 1 and 2, multiple overlapping peaks); 53.23 (Arg α-CH, 

multiple overlapping peaks); 49.45 (Asp α-CH, multiple overlapping peaks); 43.28, 42.72, 40.45 (Pbf 

ArCH2, Gly CH2, Arg CH2NH, multiple overlapping peaks); 37.45 (Asp CH2, multiple overlapping 

peaks); 36.46 (CH2CH2C(O), gen. 1 and 2, multiple overlapping peaks); 29.38 (Arg CHCH2, multiple 

overlapping peaks); 28.66 (Pbf CH2C(CH3)2O); 28.07, 27.91 (C(CH3)3 × 2); 25.56 (Arg CH2CH2NH, 

multiple overlapping peaks); 19.38, 18.04, 12.54 (Pbf ArCH3 × 3). IR not acquired. ESI-MS (m/z): 

Calc. for C357H563N58O107S9 2555.9; found: 2555.9 (26%, [M+3H]3+), 1916.9 (91%, [M+4H]4+), 1534.0 

(100%, [M+5H]5+). 
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Synthesis of Z-G1-[Arg-Gly-Asp]3 (2.16) 

 

Method A: 

Compound 2.14 (100 mg, 39 μmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (500 μL, 95:2.5:2.5) and shaken for 2.5 h, after which time TLC indicated that the deprotection 

reaction was complete. The volatile organics were removed in vacuo, then the residue was dissolved in 

10% aqueous acetic acid (2 ml) and washed three times with a twofold excess of chloroform to extract 

the non-polar by-products. The volatiles were evaporated in vacuo and the residue was redissolved in 

10% aqueous acetic acid, shell frozen and lyophilised to yield the product 2.16 as a fluffy white solid 

(72 mg, quantitative yield as TFA salt). 

Method B: 

Compound 2.14 (92 mg, 36 μmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (500 μL, 95:2.5:2.5) and shaken for 4 h, after which time TLC indicated that the deprotection 

reaction was complete. The volatile organics were removed in vacuo, then the residue was dissolved in 

10% aqueous acetic acid (2 ml) and washed three times with a twofold excess of chloroform to extract 

the non-polar by-products. The aqueous acetic acid layer was evaporated in vacuo and the residue was 

redissolved in water (5 ml), shell frozen and lyophilised to yield the product 2.16 as a fluffy white solid 

(58 mg, 89% as TFA salt). 

Rf 0.00 (9:1 DCM/MeOH, cerium stain). [α]D = -10.8° (c = 0.5, D2O). M.p: 80.9-88.9°C. 1H NMR 

(D2O, 400 MHz)  7.26-7.18 (m, CH aromatic, 5H); 4.89 (s, CH2 benzylic, 2H); 4.61 (t, Asp α-H × 3, J 

= 6.0 Hz, 3H); 4.14 (dd, Arg α-H × 3, J = 8.5 Hz and 6.0 Hz, 3H); 3.77 (s, Gly CH2 × 3, 6H); 3.59-
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3.39 (m, CCH2O × 3, OCH2CH2 × 3, 12H); 2.99 (t, Arg CH2NH × 3, J = 7.0 Hz, 6H); 2.78 (d, Asp 

CH2 × 3, J = 5.5 Hz, 6H); 2.45-2.31 (m, CH2CH2C(O) × 3, 6H); 1.75-1.39 (m, Arg CHCH2 × 3, Arg 

CH2CH2NH × 3, 12H). 13C NMR (D2O, 100 MHz)  174.70, 174.64, 174.54, 174.34, 171.16, 157.05 

(C(O)OH × 2, C(O)NH amide × 3, C(O)NH carbamate × 1); 137.50 (Benzyl aromatic C); 129.13, 

128.72, 127.94 (Benzyl aromatic CH); 69.20, 67.76 (CCH2O, OCH2CH2, CH2 benzylic, multiple 

overlapping peaks); 59.44 (CCH2O); 53.89 (Arg α-CH); 49.44 (Asp α-CH); 42.60, 40.87 (Gly CH2, Arg 

CH2NH); 36.17, 35.93 (Asp CH2, CH2CH2C(O)); 28.59 (Arg CHCH2); 24.80 (Arg CH2CH2NH). ߥmax 

(cm-1) (solid): 3690w (O-H acid and N-H amide/guanidino stretches); 3019w (C-H alkyl and arene 

stretches); 1735w (C=O acid stretch); 1656m (C=O amide stretch); 1543m (N-H amide bend and C=C 

arene stretch); 1475w, 1420w (C-H alkyl bends); 1181m, 1137m, 1110m, 1048m (C-O acid, C-O ether 

and C-N amide stretches, C-H arene bends). ESI-MS (m/z): Calc. for C57H91N19O26 728.8186; found: 

728.8169 (100%, [M+2H]2+), 1456.4682 (2%, [M+H]+). 

Synthesis of Z-G2-[Arg-Gly-Asp]9 (2.17) 
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Method A: 

Compound 2.15 (110 mg, 14 μmol) was dissolved in a mixture of TFA, water and TIS (500 μL, 

95:2.5:2.5) and shaken for 4 h, after which time TLC indicated that the deprotection reaction was 

complete. The volatile organics were removed in vacuo, then the residue was dissolved in 10% aqueous 

acetic acid (2 ml) and washed three times with a twofold excess of chloroform to extract the non-polar 

by-products. The volatiles were evaporated in vacuo and the residue was redissolved in 10% aqueous 

acetic acid, shell frozen and lyophilised to yield the product 2.17 as a fluffy white solid (76 mg, 98% as 

TFA salt). 

Method B: 

Compound 2.15 (116 mg, 15 μmol) was dissolved in a mixture of TFA, water and TIS (500 μL, 

95:2.5:2.5) and shaken for 4 h, after which time TLC indicated that the deprotection reaction was 

complete. The volatile organics were removed in vacuo, then the residue was dissolved in 10% aqueous 

acetic acid (2 ml) and washed three times with a twofold excess of chloroform to extract the non-polar 

by-products. The aqueous acetic acid layer was evaporated in vacuo and the residue was redissolved in 

water, shell frozen and lyophilised to yield the product 2.17 as a fluffy white solid (73 mg, 89% as TFA 

salt). 

Rf 0.00 (9:1 DCM/MeOH, cerium stain). [α]D not acquired. M.p not acquired. 1H NMR (D2O, 400 

MHz)  7.17-7.09 (m, CH aromatic, 5H); 4.87 (s, CH2 benzylic, 2H); 4.54 (t, Asp α-H × 9, J = 6.0 Hz, 

9H); 4.08 (dd, Arg α-H × 9, J = 8.5 Hz and 6.0 Hz, 9H); 3.72 (s, Gly CH2 × 9, 18H); 3.55-3.35 (m, 

CCH2O × 12, OCH2CH2 × 12, 48H); 2.95 (t, Arg CH2NH × 9, J = 7.0 Hz, 18H); 2.71 (d, Asp CH2 × 

9, J = 5.5 Hz, 18H); 2.40-2.20 (m, CH2CH2C(O) × 12, 24H); 1.66-1.57 (m, Arg CHCHA × 9, 9H); 

1.56-1.48 (m, Arg CHCHB × 9, 9H); 1.47-1.32 (m, Arg CH2CH2NH × 9, 18H). 13C NMR not 

acquired. IR not acquired. ESI-MS (m/z): Calc. for C168H278N58O80 731.3239; found: 627.3 (48%, 

[M+7H]7+), 731.4926 (100%, [M+6H]6+), 877.8 (48%, [M+5H]5+), 1097.0 (36%, [M+4H]4+), 1462.3 

(7%, [M+3H]3+). 
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Synthesis of PEG-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (2.18) 

 

2-[2-(2-methoxyethoxy)-ethoxy)acetic acid (93 mg, 0.52 mmol, 1.0 eq) and 2.8(2.4) (400 mg, 0.56 

mmol, 1.0 eq) were suspended in DCM (10 ml) and DIPEA (200 μL, 1.12 mmol, 2.0 eq) was added 

with stirring. The solution was cooled in an ice-water bath to 0°C and then T3P (50 wt. % in EtOAc, 

400 μL, 0.67 mmol, 1.2 eq) was added dropwise over 10 min. The ice-water bath was removed and the 

reaction mixture was stirred for 27 h at rt. The solvent was removed in vacuo directly, without 

quenching with water or any prior acid/base workup, to leave a tacky, colourless crude solid (1 g) 

which was purified by column chromatography (SiO2, 9:1 DCM/MeOH) to produce the product 2.18 

as a fluffy white solid (330 mg, 73%). 

Rf 0.40 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +36.0° (c = 1.0, CHCl3). M.p: 64.0-68.0°C. 

1H NMR (CDCl3, 400 MHz)  7.69 (br s, NH amide (Arg-Gly), 1H); 7.48 (d, NH amide (PEG-Arg), J 

= 8.0 Hz, 1H); 7.04 (d, NH amide (Gly-Asp), J = 8.5 Hz, 1H), 6.28 (br s, NH2 guanidine, 2H); 6.12 

(br s, NH guanidine, 1H); 4.66-4.61 (m, Asp α-H and Arg α-H, 2H); 4.02 (dd, Gly CHA, J = 17.0 Hz 

and 5.5 Hz, 1H); 4.01 (s, OCH2C(O)NH, 2H); 3.86 (dd, Gly CHB, J = 17.0 Hz and 5.5 Hz, 1H); 3.71-

3.50 (m, CH3OCH2CH2OCH2CH2, CH3OCH2CH2OCH2CH2, CH3OCH2CH2OCH2CH2, 

CH3OCH2CH2OCH2CH2, 8H); 3.34 (s, CH3O, 3H); 3.36-3.27 (m, Arg CHANH, 1H); 3.24-3.16 (m, 

Arg CHBNH, 1H); 2.94 (s, Pbf CH2, 2H); 2.83 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.67 (dd, 

Asp CHB, J = 17.0 Hz and 4.5 Hz, 1H); 2.58 (s, Pbf CH3Ar, 3H); 2.51 (s, Pbf CH3Ar, 3H); 2.07 (s, Pbf 

CH3Ar, 3H); 2.01-1.91 (m, Arg CHCHA, 1H); 1.75-1.66 (m, Arg CHCHB, 1H); 1.61-1.51 (m, Arg 

CH2CH2NH, 2H); 1.44 (s, Pbf CH3 × 2, 6H); 1.41, 1.40 (s × 2, C(CH3)3 × 2, 18H). 13C NMR (CDCl3, 

100 MHz)  172.31, 170.54, 170.22, 169.78, 169.17 (C(O)OtBu × 2, C(O)NH amide × 3); 158.74, 

156.62 (Pbf aromatic C-O, C=N guanidine); 138.48, 133.04, 132.41, 124.62, 117.51 (Pbf aromatic C); 

86.41 (Pbf CH2C(CH3)2O); 82.60, 81.74 (C(CH3)3 × 2); 71.84, 71.11, 70.59, 70.38, 70.32 (CH2O’s × 5); 

59.00 (CH3OCH2); 51.99 (Arg α-CH); 49.37 (Asp α-CH); 43.34, 42.85 (Pbf ArCH2, Gly CH2); 40.11 

(Arg CH2NH); 37.41 (Asp CH2); 29.79 (Arg CHCH2); 28.70 (Pbf CH2C(CH3)2O); 28.12, 27.95 

(C(CH3)3 × 2); 25.41 (Arg CH2CH2NH); 19.41, 18.07, 12.58 (Pbf ArCH3 × 3). ߥmax (cm-1, solid): 3322w 

(N-H amide stretch); 2976, 2930w (C-H alkyl stretches); 1730m (C=O ester stretch); 1655m (C=O 
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amide stretch); 1543s (N-H amide bend and C=C arene stretch); 1452w, 1368w (C-H alkyl bend and 

S=O stretch); 1293w, 1278w, 1249m, 1202w, 1150s, 1094s (C-O ester and C-N amide stretches, C-H 

arene bends). ESI-MS (m/z): Calc. for C40H66N6NaO13S 893.4301; found: 893.4318 (100%, [M+Na]+). 

Synthesis of PEG-Arg-Gly-Asp (2.19) 

 

Compound 2.18 (56 mg, 0.064 mmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (500 μL, 95:2.5:2.5) and shaken for 2 h, after which time TLC indicated that the deprotection 

reaction was complete. The volatile organics were removed in vacuo, then the residue was dissolved in 

10% aqueous acetic acid (3 ml) and washed three times with a twofold excess of chloroform to extract 

the non-polar by-products. The aqueous acetic acid layer was evaporated in vacuo and the residue was 

dissolved in water (5 ml), shell frozen and lyophilised to yield the product 2.19 as a hygroscopic, fluffy 

white powder which turned to a tacky solid upon standing (22 mg, 55% as TFA salt). 

Rf 0.00 (9:1 DCM/MeOH, cerium stain). [α]D = +10.1° (c = 1.0, CH3OH). 1H NMR (D2O, 400 MHz) 

 4.75 (t, Asp α-H, J = 6.0 Hz, 1H); 4.37 (dd, Arg α-H, J = 8.5 Hz and 5.5 Hz, 1H); 4.12 (d, Gly CHA, 

J = 15.5 Hz, 1H); 4.08 (d, Gly CHB, J = 15.5 Hz, 1H); 3.92 (s, OCH2C(O)NH, 2H); 3.72-3.57 (m, 

CH3OCH2CH2OCH2CH2, CH3OCH2CH2OCH2CH2, CH3OCH2CH2OCH2CH2, 

CH3OCH2CH2OCH2CH2, 8H); 3.33 (s, CH3O, 3H); 3.18 (t, Arg CH2NH, J = 7.0 Hz, 2H); 2.92 (d, 

Asp CH2, J = 5.5 Hz, 2H); 1.93-1.84 (m, Arg CHCHA, 1H); 1.81-1.71 (m, Arg CHCHB, 1H); 1.68-1.56 

(m, Arg CH2CH2NH, 2H). 13C NMR (D2O, 100 MHz)  175.07, 174.81, 174.75, 173.64, 171.65, 

157.43 (C(O)OH × 2, C(O)NH amide × 3, C=N guanidine); 71.16, 70.51, 69.70, 69.68, 69.58 (CH2O’s 

× 5, multiple overlapping peaks); 58.20 (CH3OCH2); 53.23 (Arg α-CH); 49.17 (Asp α-CH); 42.38 (Gly 

CH2); 40.53 (Arg CH2NH); 35.57 (Asp CH2); 28.03 (Arg CHCH2); 24.34 (Arg CH2CH2NH). ߥmax (cm-

1) (solid): 3285m, 3198m (O-H acid and N-H amide/guanidino stretches); 2927w (C-H alkyl stretch); 

1724m (C=O acid stretch); 1651s (C=O amide stretch); 1536s (N-H amide bend); 1407w, 1340w (C-H 

alkyl bends); 1202m (C-O acid stretch); 1083s, 1049s (C-O ether and C-N amide stretches). ESI-MS 

(m/z): Calc. for C19H35N6O10 507.2409; found: 507.2386 (100%, [M+H]+), 529.2197 (95%, [M+Na]+), 

551.2022 (16%, [M+2Na-H]+). 
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Synthesis of PEG-Gly-Gly-Gly (2.20) 

 

Fmoc-Gly-OH (1.06 g, 3.57 mmol, 2.0 eq) and DIPEA (0.62 ml, 3.57 mmol, 2.0 eq) in dry DCM (25 

ml) were added to 2-chlorotrityl chloride resin (1.19 g, 1.00-1.50 mmol/g, 1.19-1.79 mmol) and stirred 

for 2.25 h. DIPEA (0.4 ml) and MeOH (2 ml) were then added and shaken for 45 minutes to cap the 

unreacted sites on the resin. The resin was then filtered and washed with DMF (50 ml), DCM (50 ml), 

MeOH (50 ml), and finally Et2O (50 ml) before drying in vacuo. A loading of 0.91 mmol of Fmoc-Gly 

was calculated from the resultant mass of the Resin-O-Gly-Fmoc (1.46 g).  

To remove the Fmoc-protecting group, a 20% solution of piperidine in DMF was twice added to the 

resin (50 ml in total) and shaken for 10 minutes each. Filtration of the resin, followed by washing with 

DMF (100 ml) then DCM (100 ml) until ninhydrin stain of the filtrate showed no visible spot for any 

residual piperidine or Fmoc-piperidine by-products, yielded Resin-O-Gly-NH2 (1.22 g) after drying in 

vacuo. 

Fmoc-Gly-OH (0.68 g, 2.28 mmol, 2.5 eq with respect to the initial Fmoc-Gly loading), HOBt (0.31 g, 

2.28 mmol, 2.5 eq), TBTU (0.73 g, 2.28 mmol, 2.5 eq), and DIPEA (1.1 ml, 6.3 mmol, 7.0 eq) were 

dissolved in dry DMF (25 ml) and added to a suspension of the resin in dry DMF (50 ml) and shaken 

overnight. Filtration of the resin, followed by washing with DMF (100 ml) then DCM (100 ml) before 

drying in vacuo, yielded Resin-O-Gly-Gly-Fmoc (1.59 g). 

The Fmoc-protecting group was removed as described above to yield Resin-O-Gly-Gly-NH2. 

Fmoc-Gly-OH was coupled to the Fmoc deprotected resin as described above to yield Resin-O-Gly-

Gly-Gly-Fmoc (1.58 g). 

The Fmoc-protecting group was removed as described above to yield Resin-O-Gly-Gly-Gly-NH2 

(1.32 g). 

2-[2-(2-methoxyethoxy)-ethoxy)acetic acid (0.41 g, 2.28 mmol, 2.5 eq with respect to the initial Fmoc-

Gly loading), HOBt (0.31 g, 2.28 mmol, 2.5 eq), TBTU (0.73 g, 2.28 mmol, 2.5 eq), and DIPEA (1.1 

ml, 6.3 mmol, 7.0 eq) were dissolved in dry DMF (25 ml) and added to a suspension of the resin in dry 

DMF (50 ml) and shaken overnight. A colorimetric Kaiser Test, performed on a small sample of 

beads taken from the reaction to monitor the coupling, indicated that some free amines were still 

present on the beads. 2-[2-(2-methoxyethoxy)-ethoxy)acetic acid (0.41 g, 2.28 mmol, 2.5 eq with 

respect to the initial Fmoc-Gly loading), HOBt (0.31 g, 2.28 mmol, 2.5 eq), TBTU (0.73 g, 2.28 mmol, 
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2.5 eq), and DIPEA (1.1 ml, 6.3 mmol, 7.0 eq) were again dissolved in dry DMF (25 ml) and added to 

the reaction mixture and shaken for 6 days to try and drive the reaction to completion. Subsequently, a 

Kaiser Test was negative for free amines on the beads. Filtration of the resin, followed by washing 

with DMF (100 ml) then DCM (100 ml) before drying in vacuo, yielded Resin-O-Gly-Gly-Gly-PEG 

(1.50 g). 

The resin (1.50 g) was treated twice with TFA/water (95:5, v/v) (40 ml in total) for 10 minutes each to 

cleave the peptide from the resin. The resin was further shaken with DCM (3 × 20 ml) for 10 min 

each, then washed with DCM (100 ml) and all fractions were subsequently collected together and the 

solvent removed in vacuo. The crude peptide was obtained as a brown oil (~400 mg). Purification by 

column chromatography (SiO2, 9:1, to 4:1, to 1:1 DCM/MeOH yielded a pale brown hygroscopic 

foam (320 mg, 0.9 mmol, near quantitative yield based on the initial Fmoc-Gly loading). The product 

was then dissolved in a tBuOH/water mixture, filtered over a 0.2 μm PTFE membrane filter, shell-

frozen and lyophilised to yield 2.20 as a pale yellow foam. 

Rf 0.17 (1:1 DCM/MeOH, KMnO4 stain). M.p not acquired. 1H NMR (CD3OD, 400 MHz) 4.08, 

3.98, 3.93, 3.86 (s × 4, Gly CH2 × 3 and OCH2C(O), 2H each); 3.75-3.72 (m, PEG CH2, 2H); 3.70-

3.64 (m, PEG CH2 × 2, 4H); 3.57-3.55 (m, PEG CH2, 2H); 3.36 (s, CH3O, 3H). 13C NMR not 

acquired. IR not acquired. ESI-MS (m/z) (positive ion mode): Calc. for C13H24N3O8 350.1558; found: 

350.1555 (97%, [M+H]+); 372.1368 (100%, [M+Na]+). ESI-MS (m/z) (negative ion mode): Calc. for 

348.1412; found: 348.1418 (100%, [M-H]-). 

Synthesis of c[R(Pbf)GD(OtBu)fK(Z)] (2.21)97, 127, 262 
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Fmoc-Gly-OH (1.08 g, 3.62 mmol, 2.0 eq) and DIPEA (0.63 ml, 3.62 mmol, 2.0 eq) in dry DCM (20 

ml) were added to 2-chlorotrityl chloride resin (1.17 g, ~1.55 mmol/g, 1.81 mmol) and stirred for 2.5 
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h. DIPEA (2 ml) and MeOH (10 ml) were then added and stirred for 30 minutes to cap any unreacted 

sites on the resin. The resin was then filtered and washed with DMF (50 ml), DCM (50 ml), MeOH 

(50 ml), and finally Et2O (50 ml) before drying in vacuo. A loading of 1.75 mmol of Fmoc-Gly was 

calculated from the resultant mass of the Resin-O-Gly-Fmoc (1.69 g).  

To remove the Fmoc-protecting group, a 20 % solution of piperidine in DMF was twice added to the 

resin (25 ml in total) and stirred for 20 minutes each. Filtration of the resin, followed by washing with 

DMF (200 ml) then DCM (200 ml) until ninhydrin stain of the filtrate showed no visible spot for any 

residual piperidine or Fmoc-piperidine by-products, yielded Resin-O-Gly-NH2 (1.48 g).  

Fmoc-Arg(Pbf)-OH (2.27 g, 3.5 mmol, 2.0 eq wrt the initial Fmoc-Gly loading), HOBt (0.47 g, 3.5 

mmol, 2.0 eq), TBTU (1.12 g, 3.5 mmol, 2.0 eq), and DIPEA (1.85 ml, 10.5 mmol, 6.0 eq) were added 

to the resin in dry DMF (25 ml) and stirred for 1.5 h. Filtration of the resin, followed by washing with 

DMF (200 ml) then DCM (200 ml) before drying in vacuo, yielded Resin-O-Gly-Arg(Pbf)-Fmoc (2.19 

g). 

The Fmoc-protecting group was removed as described above to yield Resin-O-Gly-Arg(Pbf)-NH2 

(2.16 g). 

Fmoc-Lys(Z)-OH (1.76 g, 3.5 mmol, 2.0 eq wrt the initial Fmoc-Gly loading), HOBt (0.47 g, 3.5 

mmol, 2.0 eq), TBTU (1.12 g, 3.5 mmol, 2.0 eq), and DIPEA (1.85 ml, 10.5 mmol, 6.0 eq) were added 

to the resin in dry DMF (25 ml) and stirred for 1.5 h. Filtration of the resin, followed by washing with 

DMF (200 ml) then DCM (200 ml) before drying in vacuo, yielded Resin-O-Gly-Arg(Pbf)-Lys(Z)-Fmoc 

(2.47 g). 

The Fmoc-protecting group was removed as described above to yield Resin-O-Gly-Arg(Pbf)-Lys(Z)-

NH2 (2.28 g). 

Fmoc-D-Phe-OH (1.36 g, 3.5 mmol, 2.0 eq wrt the initial Fmoc-Gly loading), HOBt (0.47 g, 3.5 

mmol, 2.0 eq), TBTU (1.12 g, 3.5 mmol, 2.0 eq), and DIPEA (1.85 ml, 10.5 mmol, 6.0 eq) were added 

to the resin in dry DMF (25 ml) and stirred for 1.5 h. Filtration of the resin, followed by washing with 

DMF (200 ml) then DCM (200 ml) before drying in vacuo, yielded Resin-O-Gly-Arg(Pbf)-Lys(Z)-D-

Phe-Fmoc (2.68 g). 

The Fmoc-protecting group was removed as described above to yield Resin-O-Gly-Arg(Pbf)-Lys(Z)-

D-Phe-NH2 (2.45 g). 

Fmoc-Asp(OtBu)-OH (1.44 g, 3.5 mmol, 2.0 eq wrt the initial Fmoc-Gly loading), HOBt (0.47 g, 3.5 

mmol, 2.0 eq), TBTU (1.12 g, 3.5 mmol, 2.0 eq), and DIPEA (1.85 ml, 10.5 mmol, 6.0 eq) were added 
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to the resin in dry DMF (25 ml) and stirred for 1.5 h. Filtration of the resin, followed by washing with 

DMF (200 ml) then DCM (200 ml) before drying in vacuo, yielded Resin-O-Gly-Arg(Pbf)-Lys(Z)-D-

Phe-Asp(OtBu)-Fmoc (2.88 g). 

The Fmoc-protecting group was removed as described above to yield Resin-O-Gly-Arg(Pbf)-Lys(Z)-

D-Phe-Asp(OtBu)-NH2 (2.65 g). 

The resin (2.65 g) was treated twice with HFIP/DCM (1:4, v/v) (75 ml in total) for 30 minutes each 

to cleave the protected peptide from the resin. The resin was further washed with DCM (3 × 20 ml) 

for 10 min each and all fractions were subsequently collected together and the solvent removed in 

vacuo. The crude protected linear peptide was obtained as a brown solid (1.61 g, 86% crude yield as 

calculated from the initial Fmoc-Gly loading). 

Cyclisation of this compound was carried out without further purification of the protected linear 

peptide: 

The crude linear protected peptide (1.61 g, 1.51 mmol) dissolved in dry DCM (20 ml) was slowly 

added over 1 h to a solution of T3P (50% w/w in EtOAc, 4.5 ml, 7.55 mmol, 5.0 eq), TEA (4.2 ml, 

30.2 mmol, 20.0 eq) and DMAP (20 mg, 0.15 mmol, 0.1 eq) in dry DCM (500 ml), cooled to 0°C in an 

ice-water bath. The highly diluted solution subsequently turned from pale yellow to bright orange. The 

reaction was allowed to warm to rt and stirred for 2 days. The solvent was removed in vacuo to yield a 

crude, dark brown oil (6 g). 

Purification by column chromatography (SiO2, 1:10, MeOH/EtOAc) was attempted on the crude 

material but the compound aggregated/precipitated out at the top of the column. The column was 

flushed with 100% MeOH and 3 g of the crude material was recovered. ESI-MS showed the 

molecular ion peaks at m/z 1046.5 ([M+H]+) and m/z 1068.5 ([M+Na]+) but also a peak at m/z 660 

which was assigned as a short, linear oligopeptide impurity.  

Purification by gel filtration chromatography (Sephadex LH-20, DMF) was carried out to remove the 

impurity and this was evidenced by the reduced significance, or even disappearance on some attempts, 

of the peak at m/z 660 in the ESI MS. The product 2.21 was recovered as a pale yellow solid (0.74 g, 

40% yield based on the initial Fmoc-Gly loading). 

Rf 0.64 (1:10, MeOH/EtOAc, UV and cerium stain). [α]D = -9.8° (c = 0.5, 1:1 CHCl3/CH3OH). M.p: 

decomposes at 198.7°C. 1H NMR (DMSO-d6, 400 MHz)  8.33 (br s, NH amide, 1H); 8.04 (d, NH 

amide, J = 7.0 Hz, 1H); 7.95 (d, NH amide, J = 8.5 Hz, 1H); 7.91 (d, NH amide, J = 9.0 Hz, 1H); 7.50 

(d, NH amide, J = 8.0 Hz, 1H); 7.38-7.28 (m, CH aromatic × 5, 5H); 7.26-7.15 (m, CH aromatic × 5, 

5H); 7.08 (br s, NH carbamate, 1H); 6.70 (br s, NH guanidine, 1H); 6.46 (br s, NH2 guanidine, 2H); 
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5.02 (s, CH2 benzylic, 2H); 4.66-4.60 (m, α-H, 1H); 4.52-4.46 (m, α-H, 1H); 4.15-4.10 (m, α-H, 1H); 

4.08-4.02 (m, Gly CHA, 1H); 3.96-3.91 (m, α-H, 1H); 3.23-3.20 (Gly CHB, 1H, and Arg CH2NH, 2H, 

obscured by the water peak); 3.05-3.01 (m, Lys CH2NH, 2H); 2.95 (s, Pbf CH2, 2H); 2.93, 2.82 (dd × 

2, Phe CH2, J = 13.0 Hz and 6.5 Hz, 2H); 2.64, 2.36 (dd × 2, Asp CH2, J = 15.5 Hz and 8.5 Hz, 2H); 

2.48 (s, Pbf CH3, 3H); 2.42 (s, Pbf CH3, 3H); 2.01 (s, Pbf CH3, 3H); 1.74-1.65, 1.60-1.52 (m × 2, Arg 

CHCH2, 2H); 1.49-1.26 (m, Lys CHCH2CH2CH2CH2NH, Lys CHCH2CH2CH2CH2NH, 4H); 1.41 (s, 

Pbf CH3 × 2, 6H); 1.37 (s, tBu CH3 × 3, 9H); 1.09-0.96 (m, Lys CHCH2CH2CH2CH2NH, 2H). 13C 

NMR (CDCl3/CD3OD, 100 MHz)  174.03, 173.31, 172.99, 171.93, 171.40, 170.62, 159.35, 158.19, 

157.23 (C(O)OtBu, C(O)NH amide × 5, C(O)NH carbamate, Pbf aromatic C-O, C=N guanidine); 

138.93, 137.46, 137.03, 133.56, 132.91, 125.37, 118.09 (aromatic quaternary C’s for: Pbf × 5, Z group, 

phenylalanine); 129.75, 129.15, 129.02, 128.56, 128.35, 127.53 (aromatic CH’s for: phenylalanine × 3, 

Z group × 3); 87.13 (Pbf CH2C(CH3)2O); 82.12 (C(CH3)3); 67.07 (CH2 benzyl Z group); 55.95, 55.68, 

53.27, 50.33 (α-CH × 4); 44.41, 43.69, 40.84, 37.75, 37.09,  (Gly CH2, Pbf CH2, benzyl CH2 

(phenylalanine), Arg CH2NH, Lys CH2NH, Asp CH2, multiple overlapping peaks); 31.35, 29.60, 28.58, 

26.38, 23.55 (Arg CHCH2, Arg CH2CH2NH, Lys CHCH2, Lys CH2CH2CH2NH, Lys 

CH2CH2CH2NH); 28.75 (Pbf CH2C(CH3)2O); 28.20 (C(CH3)3 × 2); 19.55, 18.29, 12.62 (Pbf ArCH3 × 

 ,max (cm-1) (solid): 3303w (N-H stretch); 2973w, 2932w (C-H alkyl and arene stretches); 1721wߥ .(3

1678m, 1633s (C=O ester and C=O amide stretches); 1542m (N-H amide bends and C=C arene 

stretches); 1455m, 1368w (C-H alkyl bends and S=O stretches); 1244m, 1154m, 1091m (C-O ester and 

C-N amide stretches, C-H arene bends). ESI-MS (m/z): Calc. for C52H72N9O12S 1046.5016; found: 

1046.5018 (100%, [M+H]+); 1068.5 (19%, [M+Na]+). 

Synthesis of c[R(Pbf)GD(OtBu)fK] (2.22) 

 

Compound 2.21 (200 mg, 0.19 mmol) was dissolved in DMF followed by the addition of Pd/C 

catalyst (40 mg, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 24 h 
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under an atmosphere of H2. The catalyst was filtered off over Celite and carefully washed with DMF. 

The filtrate, still black in appearance, was passed through a syringe filter (0.45 μm, PTFE membrane) 

to try and remove the residual catalyst. The solvent was removed in vacuo to yield the product 2.22 as a 

black solid (160 mg, ~92%) as some catalyst still remained due to the fine dispersion of Pd/C in 

DMF. No further purification was carried out. 

Rf 0.00 (9:1 DCM/MeOH or 1:10 MeOH/EtOAc, UV and cerium stain). [α]D not acquired. M.p not 

acquired. 1H NMR (DMSO-d6, 400 MHz)  8.42-8.39 (m, NH amide, 1H); 8.11-8.03 (m, NH amide, 

3H); 7.72 (d, NH amide, J = 7.5 Hz, 1H); 7.27-7.15 (m, CH aromatic × 5, 5H); 6.73 (br s, NH 

guanidine, 1H); 6.39 (br s, NH2 guanidine, 2H); 4.65-4.59 (m, α-H, 1H); 4.50-4.44 (m, α-H, 1H); 4.16-

4.10 (m, α-H, 1H); 4.07-4.01 (m, Gly CHA, 1H); 3.98-3.93 (m, α-H, 1H); 3.45-3.21 (Gly CHB, 1H, and 

Arg CH2NH, 2H, obscured by the water peak); 3.05-3.29 (m, Lys CH2NH, 2H); 2.96 (s, Pbf CH2, 2H); 

2.94, 2.79 (dd × 2, Phe CH2, J = 13.0 Hz and 6.5 Hz, 2H); 2.63, 2.34 (dd × 2, Asp CH2, J = 15.5 Hz 

and 8.5 Hz, 2H); 2.46 (s, Pbf CH3, 3H); 2.41 (s, Pbf CH3, 3H); 2.00 (s, Pbf CH3, 3H); 1.74-1.63, 1.59-

1.48 (m × 2, Arg CHCH2, 2H); 1.47-1.19 (m, Lys CHCH2CH2CH2CH2NH, Lys 

CHCH2CH2CH2CH2NH, 4H); 1.40 (s, Pbf CH3 × 2, 6H); 1.35 (s, tBu CH3 × 3, 9H); 1.09-0.95 (m, Lys 

CHCH2CH2CH2CH2NH, 2H). 13C NMR not acquired. IR not acquired. ESI-MS (m/z): Calc. for 

C44H65N9NaO10S 934.4467; found: 934.4468 (100%, [M+Na]+); 912.46 (68%, [M+H]+). 

Synthesis of 5(6)-FL-c[R(Pbf)GD(OtBu)fK] (2.23) 

 

Compound 2.22 (20 mg, 22 μmol, 1.2 eq) was dissolved in dry DMF (400 μl), then TEA (25 μl, 0.18 

mmol, 10.0 eq) followed by 5(6)-carboxyfluorescein N-hydroxysuccinimide ester (9 mg, 18 μmol, 1.0 

eq) were added. Additional dry DMF (600 μl) was used to wash any residual 5(6)-carboxyfluorescein 

N-hydroxysuccinimide ester into the reaction flask. The reaction was stirred at rt for 18 h. Solvent was 

removed in vacuo yielding a crude tacky black oil/solid with a yellow/green pigmentation. This residue 
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was readily soluble in methanol and seemingly induced the precipitation of a black solid which was 

deemed to be the residual Pd/C catalyst from the previous hydrogenation step, with possible 

precipitation of the excess c[R(Pbf)GD(OtBu)fK] starting material also, which was known to be 

insoluble in methanol from previous reactions. The solution was filtered over cotton wool and the 

filtrate evaporated to yield a yellow/orange solid (~28 mg). Purification by gel filtration 

chromatography (Sephadex LH-20, DMF) yielded the product 2.23 as a yellow solid (20 mg, 83%). 

One spot by TLC: Rf 0.67 (4:1 DCM/MeOH, UV and cerium stain). [α]D not acquired. M.p not 

acquired. 1H NMR difficult to interpret due to mixture of isomers. 13C NMR not acquired. IR not 

acquired. ESI-MS (m/z) (positive ion mode): Calc. for C65H77N9O16S 635.7599; found: 635.7643 

(100%, [M+2H]2+); 1270.3665 (1%, [M+H]+). ESI-MS (m/z) (negative ion mode): 1268.5 (82%, [M-

H]-), 1314.5 (100%, [M-H+HCO2H]-). 

Synthesis of 5(6)-FL-c[RGDfK] (2.24) 

 

Compound 2.23 (16 mg, 12.6 μmol) was dissolved in a mixture of TFA, water and TIS (500 μl, 

95:2.5:2.5) and shaken for 4 h, after which time TLC indicated that the deprotection reaction was 

complete. The volatiles were removed in vacuo, then the residue was dissolved in the minimum amount 

of methanol and precipitated with cold Et2O. The yellow solid was filtered over a cotton wool plug, 

washed with the minimum amount of cold Et2O then flushed through the cotton wool plug using 

methanol to re-dissolve. The solvent was removed in vacuo to yield 2.24 as a yellow solid (10 mg, 83% 

as TFA salt). 

One spot by TLC: Rf 0.00 (9:1 DCM/MeOH, UV and cerium stain). [α]D not acquired. M.p not 

acquired. 1H NMR difficult to interpret due to mixture of isomers. 13C NMR not acquired. IR not 

acquired. ESI-MS (m/z) (positive ion mode): Calc. for C48H52N9O13 962.3679; found: 962.3663 (100%, 

[M+H]+). ESI-MS (m/z) (negative ion mode): 960.4 (100%, [M-H]-); 982.3 (15%, [M-2H+Na]-). 
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Synthesis of Z-Gly-Asp(OtBu)-OMe (2.25) 

 

Z-Gly-OH (200 mg, 0.96 mmol, 1.0 eq) and H2N-Asp(OtBu)-OMe.HCl (230 mg, 0.96 mmol, 1.0 eq) 

were dissolved in DCM (~5 ml) and DIPEA (0.34 ml, 1.92 mmol, 2.0 eq) was added. The solution 

was cooled in an ice-water bath to 0°C and then T3P (50 wt. % in EtOAc, 0.68 ml, 1.14 mmol, 1.2 eq) 

was added dropwise over 10 min. The ice-water bath was removed and the reaction mixture was 

stirred overnight at rt. The reaction was quenched with water (20 ml), and then the organic layer was 

washed with saturated NaHCO3 (20 ml), 1.33 M NaHSO4 (20 ml), water (20 ml), 1.33 M NaHSO4 (60 

ml), and finally water (60 ml). The organic phase was dried over MgSO4 and filtered before removing 

the solvent in vacuo to produce the product 2.25 as a clear, colourless oil (0.38 g, quantitative yield). No 

further purification was required. 

Rf 0.65 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +38.5° (c = 1.0, CHCl3). 1H NMR (CDCl3, 

400 MHz)  7.34-7.27 (m, CH aromatic, 5H); 7.05 (br d, NH amide, J = 8.0 Hz, 1H); 5.61 (br t, NH 

carbamate, J = 5.0 Hz, 1H); 5.10 (app s, CH2 benzylic, 2H); 4.84-4.80 (m, Asp α-H, 1H); 3.94 (br dd, 

Gly CHA, J = 17.0 Hz and 5.0 Hz, 1H); 3.88 (br dd, Gly CHB, J = 17.0 Hz and 5.0 Hz, 1H); 3.72 (s, 

C(O)OCH3, 3H); 2.91 (dd, Asp CHA, J = 17.0 Hz and 4.5 Hz, 1H); 2.71 (dd, Asp CHB, J = 17.0 Hz 

and 4.5 Hz, 1H); 1.41 (s, C(CH3)3, 9H). 13C NMR (CDCl3, 100 MHz)  171.19, 170.06, 168.91, 156.59 

(C(O)OtBu, C(O)OCH3, C(O)NH amide, C(O)NH carbamate); 136.24 (C aromatic); 128.61, 128.28, 

128.17 (CH aromatic); 81.99 (C(CH3)3); 67.23 (CH2 benzylic); 52.79, 48.67 (C(O)OCH3 and Asp α-

CH); 44.44 (Gly CH2); 37.44 (Asp CH2); 28.04 (C(CH3)3). ߥmax (cm-1) (oil): 3310w (N-H amide stretch); 

2978m, 2893w (C-H alkyl and arene stretches); 1721s (C=O ester stretch); 1674s (C=O amide stretch); 

1520s (N-H amide bend and C=C arene stretch); 1450m, 1366m (C-H alkyl bends); 1219s, 1150s, 1049s 

(C-O ester and C-N amide stretches, C-H arene bends); 972m, 740m (C-H arene bends). ESI-MS 

(m/z): Calc. for C19H27N2O7 395.1813; found: 395.1803 (72%, [M+H]+). Calc. for C19H30N3O7 

412.2078; found: 412.2072 (100%, [M+NH4]+). Calc. for C19H26N2NaO7 417.1632; found: 417.1625 

(76%, [M+Na]+). 
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Attempted synthesis of H2N-Gly-Asp(OtBu)-OMe (formation of the cyclised product) (2.26) 

 

Compound 2.25 (1.61 g, 4.09 mmol) was dissolved in EtOH (25 ml) followed by the addition of Pd/C 

catalyst (0.16 g, 10%). The flask was subjected to several vacuum/H2 purges and then stirred for 20 h 

under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 2.26 as a white solid (0.79 g, 75% yield calculated for the linear 

product). However, NMR and MS analysis showed that the product had intramolecularly cyclised 

under the hydrogenation conditions to yield 2.26 as the cyclised product (0.79 g, 93% yield calculated 

for the cyclised product). 

Rf not acquired. [α]D not acquired. M.p not acquired. 1H NMR (CD3OD/CDCl3, 400 MHz)  4.17-

4.15 (m, Asp α-H, 1H); 4.01 (dd, Gly CHA, J = 17.5 Hz and 1.2 Hz, 1H); 3.88 (dd, Gly CHB, J = 17.5 

Hz and 1.2 Hz, 1H); 2.85 (dd, Asp CHA, J = 17.0 Hz and 5.5 Hz, 1H); 2.72 (dd, Asp CHB, J = 17.0 Hz 

and 5.5 Hz, 1H); 1.41 (s, C(CH3)3, 9H). 13C NMR (CD3OD/CDCl3, 100 MHz)  170.37, 168.73, 

167.52 (C(O)OtBu, C(O)NH amide × 2); 82.49 (C(CH3)3); 52.05 (Asp α-CH); 45.12, 38.67 (Gly CH2 

and Asp CH2); 28.20 (C(CH3)3). IR not acquired. ESI-MS (m/z): Calc. for C10H17N2O4 229.1; found: 

229.1 (8%, [cyclised M+H]+); 251.1 (100%, [cyclised M+Na]+); 173.1 (79%, [cyclised M-C4H8+Na]+). 

Synthesis of Fmoc-Gly-Asp(OtBu)-OMe (2.27) 

 

Fmoc-Gly-OH (0.63 g, 2.13 mmol, 1.0 eq) and H2N-Asp(OtBu)-OMe.HCl (0.51 g, 2.13 mmol, 1.0 eq) 

were suspended in DCM (25 ml) then DIPEA (0.74 ml, 4.26 mmol, 2.0 eq) was added and the solids 

dissolved. The solution was cooled in an ice-water bath to 0°C and then T3P (50 wt. % in EtOAc, 1.5 

ml, 2.55 mmol, 1.2 eq) was added dropwise over 30 min. The ice-water bath was removed and the 

reaction mixture was stirred for 18 h. The reaction was quenched with water (50 ml), and then the 

organic layer was washed with saturated NaHCO3 (50 ml), 1.33 M NaHSO4 (50 ml), saturated 
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NaHCO3 (50 ml), then water (50 ml). The organic layer was dried over MgSO4 and filtered before 

removing the solvent in vacuo to produce the product 2.27 as a clear, glassy solid (0.88 g, 85%). No 

further purification was required. 

Rf 0.48 (9:1 DCM/MeOH, UV and cerium stain). [α]D not acquired. M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  7.75 (d, CH aromatic, J = 7.5 Hz, 2H); 7.59 (d, CH aromatic, J = 7.0 Hz, 2H); 

7.39 (app t, CH aromatic, J = 7.0 Hz, 2H); 7.30 (td, CH aromatic, J = 7.5 Hz and 1.0 Hz, 2H); 7.07 (d, 

NH amide, J = 8.5 Hz, 1H); 5.66 (br t, NH carbamate, J = 4.5 Hz, 1H); 4.85 (m, Asp α-H, 1H); 4.38 

(d, Fmoc CH2, J = 7.0 Hz, 2H); 4.21 (t, Fmoc CH, J = 7.0 Hz, 1H); 3.99 (br dd, Gly CHA, J = 17.0 Hz 

and 5.5 Hz, 1H); 3.92 (br dd, Gly CHB, J = 17.0 Hz and 5.5 Hz, 1H); 3.72 (s, C(O)OCH3, 3H); 2.93 

(dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.73 (dd, Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 1.39 (s, 

C(CH3)3, 9H). 13C NMR (CDCl3, 100 MHz)  171.18, 170.09, 168.86, 156.60 (C(O)OtBu, C(O)OCH3, 

C(O)NH amide, C(O)NH carbamate); 143.88, 143.85, 141.35, 141.35 (Fmoc aromatic C); 127.81, 

127.17, 125.19, 120.06 (Fmoc aromatic CH); 82.02 (C(CH3)3); 67.39 (Fmoc CH2); 52.82, 48.73, 47.15 

(C(O)OCH3, Asp α-CH, Fmoc CH); 44.41 (Gly CH2); 37.44 (Asp CH2); 28.04 (C(CH3)3). IR not 

acquired. ESI-MS (m/z): Calc. for C26H30N2NaO7 505.1945; found: 505.1952 (100%, [M+Na]+). 

Attempted synthesis of H2N-Gly-Asp(OtBu)-OMe (formation of the cyclised product) (2.28) 

 

Compound 2.27 (0.84 g, 1.74 mmol) was dissolved in a 20% piperidine in DCM solution (2.5 ml, 5.1 

mmol, 2.9 eq) and stirred overnight. The solvent was then removed in vacuo to yield a crude, pale 

yellow solid. NMR analysis indicates that the product had intramolecularly cyclised under the Fmoc 

deprotection conditions to form cyclised product 2.28. 

Characterisation data was in agreement with that obtained for 2.26. 

 

 

 



Daniel J. Welsh        Chapter 6 – Experimental 

200 

Synthesis of Z-Arg(Pbf)-Gly-OMe (2.29) 

 

Z-Arg(Pbf)-OH.CHA (0.2 g, 0.3 mmol, 1.0 eq) and H2N-Gly-OMe.HCl (41 mg, 0.33 mmol, 1.1 eq) 

were combined as a mixture of solids in DCM (~2 ml). DIPEA (220 μL, 1.2 mmol, 4.0 eq) was added 

before adding THF (~2 ml) to try and solubilise the solids. T3P (50 wt. % in EtOAc, 220 μL, 0.36 

mmol, 1.2 eq) was added rapidly and the solids dissolved with stirring. The reaction was stirred for 2 

days before diluting with DCM (20 ml) and quenching with water (20 ml), then the organic layer was 

washed with saturated NaHCO3 (20 ml), 1.33 M NaHSO4 (20 ml), and water (20 ml). The organic 

layer was dried over MgSO4, filtered and the filtrate evaporated to produce the product 2.29 as a white 

solid (200 mg, 86%). No further purification was carried out. 

Rf 0.26 (9:1 DCM/MeOH, UV and cerium stain). [α]D not acquired. M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  7.69 (app t, NH amide, J = 5.0 Hz, 1H); 7.32-7.26 (m, CH aromatic, 5H); 6.37 

(br s, NH2 guanidine, 2H); 6.20 (br s, NH guanidine, 1H); 6.08 (d, NH carbamate, J = 8.0 Hz, 1H); 

5.04 (app s, CH2 benzylic, 2H); 4.36-4.31 (m, Arg α-H, 1H); 4.01 (dd, Gly CHA, J = 18.0 Hz and 6.0 

Hz, 1H); 3.87 (dd, Gly CHB, J = 18.0 Hz and 6.0 Hz, 1H); 3.65 (s, C(O)OCH3, 3H); 3.35-3.22 (m, Arg 

CHANH, 1H); 3.22-3.10 (m, Arg CHBNH, 1H); 2.92 (s, Pbf CH2, 2H); 2.54 (s, Pbf CH3Ar, 3H); 2.46 

(s, Pbf CH3Ar, 3H); 2.06 (s, Pbf CH3Ar, 3H); 1.94-1.80 (m, Arg CHCHA, 1H); 1.71-1.62 (m, Arg 

CHCHB, 1H); 1.62-1.49 (m, Arg CH2CH2NH, 2H); 1.43 (s, Pbf CH3 × 2, 6H). 13C NMR (CDCl3, 100 

MHz)  173.60, 171.17, 159.33, 157.03, 156.95 (C(O)OCH3, C(O)NH amide, C(O)NH carbamate, Pbf 

aromatic C-O, C=N guanidine); 138.72, 136.60, 132.91, 132.59, 125.02, 117.88 (Pbf aromatic C × 5 

and benzyl aromatic C); 128.82, 128.44, 128.26 (aromatic CH × 3); 86.57 (Pbf CH2C(CH3)2O); 66.94 

(CH2 benzylic); 54.13, 52.20 (Arg α-CH, C(O)OCH3); 43.08 (Pbf ArCH2); 40.91 (Gly CH2); 39.96 (Arg 

CH2NH); 29.76 (Arg CHCH2); 28.40 (Pbf CH2C(CH3)2O); 25.03 (Arg CH2CH2NH); 19.04, 17.69, 

12.20 (Pbf ArCH3 × 3). IR not acquired. ESI-MS (m/z): Calc. for C30H42N5O8S 632.2749; found: 

632.2763 (100%, [M+H]+); 642.3 (8%, [trace impurity+H]+). 
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Attempted synthesis of Z-Arg(Pbf)-Gly-OH (2.29) 

 

Z-Arg(Pbf)-Gly-OMe (0.21 g, 0.33 mmol) was dissolved in MeOH (10 ml), then 1M NaOH (10 ml) 

was added. The reaction was stirred at 40°C for 1.5 h, and then the solvent was removed in vacuo. The 

residue was dissolved in water (20 ml), acidified to pH 1 with NaHSO4 (1.33 M, ~10ml) and extracted 

with DCM (4 × 50 ml). The organic fractions were combined, dried over MgSO4, filtered and the 

filtrate evaporated to yield an oily residue (~10 mg) which corresponded to the trace impurity carried 

through from the previous step. 

Partial characterisation: ESI-MS (m/z): Calc. for C33H48N5O6S 642.82; found: 642.3 (100%, [trace 

impurity+H]+). 

Synthesis of Boc-Gly-Asp(OBn)-NH2 (2.30) 

 

Boc-Gly-OH (0.68 g, 3.88 mmol, 1.0 eq) and DIPEA (1.35 ml, 7.75 mmol, 2.0 eq) were dissolved in 

dry DCM (15 ml) and cooled over an ice-water bath. TBTU (1.24 g, 3.88 mmol, 1.0 eq) was added as a 

solid and the reaction was stirred at 0°C for 15 min. H2N-Asp(OBn)-NH2.HCl (1.00 g, 3.88 mmol, 1.0 

eq) was added as a solid and the reaction was stirred for a further 30 min at 0°C before removing the 

ice-water bath and stirring the reaction at rt for 12.5 h. TLC indicated possible presence of H2N-

Asp(OBn)-NH2.HCl starting material and the reaction still appeared cloudy due to residual H2N-

Asp(OBn)-NH2.HCl, therefore dry DMF (~5 ml) was added and the reaction became clear. The 

reaction was stirred for a further 5 h and then the organic phase was washed with water (50 ml), 

separated, and the water layer extracted with DCM (50 ml). The organic fractions were combined and 
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then washed successively with 1.33 M NaHSO4 (3 × 100 ml), 1 M Na2CO3 (3 × 100 ml), water (100 

ml), and finally brine (100 ml). The organic phase was dried over MgSO4 and filtered before removing 

the solvent in vacuo to produce the product 2.30 as a clear, colourless oil (1.38 g, 94%). No further 

purification was carried out. 

Rf 0.49 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -13.0° (c = 0.5, CHCl3). 1H NMR (CDCl3, 

400 MHz)  7.70 (d, NH amide, J = 9.0 Hz, 1H); 7.37-7.27 (m, CH aromatic, 5H); 7.05 (br s, NH 

amide, 1H); 6.25 (br s, NH amide, 1H); 5.89 (br t, NH carbamate, J = 5.0 Hz, 1H); 5.12 (d, CHA 

benzylic, J = 12.0 Hz, 1H); 5.08 (d, CHB benzylic, J = 12.5 Hz, 1H); 4.91-4.86 (m, Asp α-H, 1H); 3.82 

(dd, Gly CHA, J = 17.0 Hz and 6.0 Hz, 1H); 3.72 (dd, Gly CHB, J = 17.0 Hz and 5.0 Hz, 1H); 3.03 

(dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.76 (dd, Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 1.42 (s, 

C(CH3)3, calc 9H, found 8H). 13C NMR (CDCl3, 100 MHz)  173.06, 171.51, 170.13, 156.55 

(C(O)OBn, C(O)NH amide × 2, C(O)NH carbamate); 135.34 (C aromatic); 128.54, 128.32, 128.20 

(CH aromatic); 80.28 (C(CH3)3) 66.76 (CH2 benzylic); 48.86 (Asp α-CH); 44.38 (Gly CH2); 35.58 (Asp 

CH2); 28.25 (C(CH3)3). ߥmax (cm-1) (oil): 3264w (N-H amide stretch); 3055w (C-H arene stretch); 2978w, 

2870w (C-H alkyl stretch); 1759w (C=O ester stretch); 1697m, 1659s (C=O amide stretch); 1543m, 

1504m (N-H amide bend and C=C arene stretch); 1450w, 1389m, 1366m (C-H alkyl bends); 1250s, 

1150s, 1088w, 1049w, 1003w (C-O ester and C-N amide stretches, C-H arene bends); 941w, 864w, 

833w, 772w, 733m (C-H arene bends). ESI-MS (m/z): Calc. for C18H26N3O6 380.1816; found: 380.1810 

(78%, [M+H]+). Calc. for C18H25N3NaO6 402.1636; found: 402.1625 (78%, [M+Na]+). 

Synthesis of H2N-Gly-Asp(OBn)-NH2 (2.31) 

 

Compound 2.30 (110 mg, 0.29 mmol) was dissolved in DCM (2 ml) and cooled over an ice-water 

bath. TFA (2 ml) was added dropwise and then the ice-water bath was removed. The reaction was 

stirred for 20 min and then the solvent was removed in vacuo to yield 2.31 as a yellow oil (80 mg, 70%). 

Rf 0.00 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +0.9° (c = 0.1, MeOH). 1H NMR (CD3OD, 

400 MHz)  7.36-7.27 (m, CH aromatic, 5H); 5.13 (s, CH2 benzylic, 2H); 4.84 (dd, Asp α-H, J = 8.0 

Hz and 5.0 Hz, 1H); 3.77 (d, Gly CHA, J = 16.0 Hz, 1H); 3.65 (d, Gly CHB, J = 16.0 Hz, 1H); 2.95 

(dd, Asp CHA, J = 16.0 Hz and 5.0 Hz, 1H); 2.82 (dd, Asp CHB, J = 16.0 Hz and 5.0 Hz, 1H). 13C 

NMR (CD3OD, 100 MHz)  175.04, 171.92, 167.64 (C(O)OBn, C(O)NH amide × 2); 137.26 (C 

aromatic); 129.59, 129.34 (CH aromatic, multiple overlapping peaks); 67.79 (CH2 benzylic); 51.07 (Asp 
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α-CH); 41.64 (Gly CH2); 37.12 (Asp CH2). ߥmax (cm-1) (oil): 3186w (N-H amide stretch); 3063w (C-H 

arene stretch); 2978w, 2870w, 2816w (C-H alkyl stretch); 1659s (C=O amide stretch overlapping C=O 

ester stretch); 1558m, 1520m (N-H amide bend and C=C arene stretch); 1427m, 1389m, 1358w (C-H 

alkyl bends); 1265w, 1180s, 1126s (C-O ester and C-N amide stretches, C-H arene bends); 910w, 833w, 

802w, 718m, 694m (C-H arene bends). ESI-MS (m/z): Calc. for C13H18N3O4 280.1292; found: 280.1294 

(100%, [M+H]+). 

Synthesis of Fmoc-Arg(Pbf)-Gly-Asp(OBn)-NH2 (2.32) 

 

Fmoc-Arg(Pbf)-OH (132 mg, 0.2 mmol, 1.0 eq) was taken up in DCM (2 ml), then DIPEA (75 μL, 

0.43 mmol, 2.0 eq) was added and the reaction mixture was cooled over an ice-water bath. TBTU (66 

mg, 0.2 mmol, 1.0 eq) was added as a solid and the reaction was stirred at 0°C for 5 min. Compound 

2.31 (80 mg, 0.2 mmol, 1.0 eq) was dissolved in DCM/DMF (2:1, 1.5 ml), added dropwise to the 

reaction flask and a further portion of DCM (1 ml) was used to transfer any residual 2.31 from the vial 

and into the reaction flask. The reaction was stirred for a further 30 min at 0°C before removing the 

ice-water bath and stirring the reaction at rt for 2 days and then the organic phase was washed with 

water (50 ml), separated, and the water layer extracted with DCM (2 × 50 ml). The organic fractions 

were combined and then washed successively with 1.33 M NaHSO4 (2 × 50 ml), 1 M Na2CO3 (50 ml), 

and finally brine (150 ml). The organic phase was dried over MgSO4 and filtered before removing the 

solvent in vacuo to produce the product 2.32 as a sticky clear oil/foam (150 mg, 81%). No further 

purification was carried out. 

Rf 0.42 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -6.0° (c = 1.0, CHCl3). 1H NMR (CDCl3, 400 

MHz)  8.12 (br s, NH amide (Arg-Gly), 1H); 7.82 (br s, NH amide (Gly-Asp), 1H); 7.67 (d, Fmoc 

CH aromatic × 2, J = 7.5 Hz, 2H); 7.53 (t, Fmoc CH aromatic × 2, J = 8.5 Hz, 2H); 7.34-7.08 (m, 

Fmoc CH aromatic × 4, benzyl CH aromatic × 5 and NH amide (of C(O)NH2), 10H); 6.64 (br s, NH 

amide (of C(O)NH2) and NH carbamate, 2H); 6.44 (br s, NH2 guanidine, 2H); 6.31 (br s, NH 

guanidine, 1H); 4.99 (d, CHA benzylic, J = 12.0 Hz, 1H); 4.94 (d, CHB benzylic, J = 12.5 Hz, 1H); 
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4.84-4.79 (br m, Asp α-H, 1H); 4.36-4.18 (br m, Arg α-H and Fmoc CH2, 3H); 4.08-4.05 (br t, Fmoc 

CH, 1H); 4.00-3.82 (app br m, Gly CH2, 2H); 3.41-3.22 (br m, Arg CHANH, 1H); 3.22-3.05 (br m, Arg 

CHBNH, 1H); 2.90 (underlying m obscured by the DMF solvent peaks, Asp CH2, 2H); 2.86 

(underlying s obscured by the DMF solvent peaks, Pbf CH2, 2H); 2.56 (s, Pbf CH3Ar, 3H); 2.47 (s, 

Pbf CH3Ar, 3H); 2.02 (s, Pbf CH3Ar, 3H); 1.94-1.78 (m, Arg CHCHA, 1H); 1.78-1.64 (m, Arg 

CHCHB, 1H); 1.64-1.50 (m, Arg CH2CH2NH, 2H); 1.39 (s, Pbf CH3 × 2, 6H). 13C NMR (CDCl3, 100 

MHz)  174.19, 173.59, 171.20, 170.18 (C(O)OBn, C(O)NH amide × 3); 158.79, 156.86, 156.72 (Pbf 

aromatic C-O, C=N guanidine, C(O)NH carbamate); 143.82, 143.68, 141.16, 138.30, 135.40, 132.57, 

132.21, 128.49, 128.22, 128.09, 127.68, 127.08, 125.23, 124.72, 119.90, 117.60 (Fmoc aromatic C and 

CH, benzyl aromatic C and CH); 86.42 (Pbf CH2C(CH3)2O); 67.08 (CH2 benzylic); 66.70 (Fmoc CH2); 

54.82 (Arg α-CH); 49.72 (Asp α-CH); 46.98 (Fmoc CH); 43.42, 43.41, 43.14 (Pbf ArCH2, Gly CH2, 

Arg CH2NH); 35.57 (Asp CH2); 29.02 (Arg CHCH2); 28.55 (Pbf CH2C(CH3)2O); 25.47 (Arg 

CH2CH2NH); 19.38, 18.04, 12.49 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3441w, 3325w, 3248w (N-H 

amide stretch); 2978w, 2870w (C-H alkyl and arene stretches); 1667m (C=O amide stretch overlapping 

C=O ester stretch); 1512s (N-H amide bend and C=C arene stretch); 1450m, 1381m (C-H alkyl bends 

and S=O stretches); 1242s, 1150m, 1088s (C-O ester and C-N amide stretches, C-H arene bends); 

1026w, 995w, 910w, 849w, 810w, 779w, 741w (C-H arene bends). ESI-MS (m/z): Calc. for 

C47H56N7O10S 910.3804; found: 910.3818 (100%, [M+H]+). 

Attempted Synthesis of H2N-Arg(Pbf)-Gly-Asp(OBn)-NH2 (2.33) 

 

Compound 2.32 (2.1 g, 2.31 mmol) was dissolved in a 20% piperidine in DCM solution (10 ml) and 

stirred for 2 h. The solvent was then removed in vacuo to yield a crude, pale yellow solid (3.5 g). 

Purification by column chromatography (SiO2, 100% DCM + 1% TEA, to 98:2 DCM/MeOH + 1% 

TEA, to 95:5 DCM/MeOH + 1% TEA, to 9:1 DCM/MeOH + 1% TEA) yielded a white solid of 

unknown identity (1.6 g, quantitative yield). 1H NMR showed traces of TEA and so the solid was 

dissolved in DCM (100 ml), washed with water/brine (100 ml), then brine (100 ml), and then the 
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organic phase was dried over MgSO4, filtered and the filtrate evaporated to yield an unidentifiable 

white solid. 

See the appendix for 1H NMRs of the material that was obtained after silica column chromatography 

(spectrum 2.12) and then subsequently after aqueous workup (spectrum 2.13). 

Synthesis of Fmoc-Asp(OtBu)-OBn (2.34) 

 

Fmoc-Asp(OtBu)-OH (1.14 g, 2.77 mmol), TBAB (91 mg, 0.28 mmol, 0.1 eq) and anhydrous K2CO3 

(0.42 g, 3.05 mmol, 1.1 eq) were combined as a mixture of solids in CH3CN (20 ml) and the potassium 

salt allowed to form over a period of 20 min. Benzyl bromide (0.36 ml, 3.05 mmol, 1.1 eq) in CH3CN 

(1ml) was added dropwise over 15 min to the vigorously stirred mixture. More CH3CN (10 ml) was 

added for good stirring and the reaction stirred for 6 h before more CH3CN (20 ml) was added. DCM 

(10 ml) was added after 6.5 h to try and solubilise the SM. The reaction was stirred for another 14 h 

before the solvent was removed in vacuo. The residue was taken up in EtOAc (50 ml) and the white 

solid dissolved into the aqueous layer upon washing with sat. NaHCO3 (3 × 25 ml), water (3 × 25 ml), 

then brine. The organic layer was dried over Na2SO4, filtered and the filtrate evaporated to yield a 

clear oil. Recrystallisation from EtOAc/hexane afforded the product, 2.34, as a white solid (1.39 g, 

quantitative yield). 

Rf 0.83 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +13.4° (c = 1.0, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  7.78 (d, Fmoc CH aromatic, J = 7.5 Hz, 2H); 7.61 (d, Fmoc CH 

aromatic, J = 7.5 Hz, 2H); 7.41 (t, Fmoc CH aromatic, J = 7.5 Hz, 2H); 7.37-7.30 (multiple 

overlapping peaks, benzyl CH aromatic × 5, Fmoc CH aromatic × 2, 7H); 5.90 (d, NH carbamate, J = 

8.5 Hz, 1H); 5.26 (d, CHA benzylic, J = 12.5 Hz, 1H); 5.19 (d, CHB benzylic, J = 12.5 Hz, 1H); 4.67 

(m, Asp α-H, 1H); 4.43 (dd, Fmoc CHA, J = 10.5 Hz and 7.0 Hz, 1H); 4.35 (dd, Fmoc CHB, J = 10.5 

Hz and 7.0 Hz, 1H); 4.24 (t, Fmoc CH, J = 7.0 Hz, 1H); 2.99 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 

1H); 2.81 (dd, Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 1.42 (s, C(CH3)3, 9H). 13C NMR (CDCl3, 100 

MHz)  171.39, 170.54, 156.51 (C(O)OtBu, C(O)OBn, C(O)NH carbamate); 144.33, 144.12, 141.69, 

141.66, 135.62 (Fmoc aromatic C × 4, benzyl aromatic C × 1); 129.37, 129.12, 128.92, 128.76, 128.58, 

128.05, 127.41, 125.51, 125.46, 120.27 (Fmoc aromatic CH and benzyl aromatic CH); 81.97 (C(CH3)3); 

67.48, 67.31 (Fmoc CH2 and CH2 benzylic); 50.58, 46.99 (Asp α-CH, Fmoc CH); 37.59 (Asp CH2); 
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27.80 (C(CH3)3). ߥmax (cm-1) (solid): 3657w (N-H amide stretch); 3040w (C-H arene stretch); 2978m, 

2878w (C-H alkyl stretch); 1720s (C=O stretch); 1574m (N-H carbamate bend and C=C arene stretch); 

1489m, 1450m, 1373m, 1342m (C-H alkyl bends); 1281m, 1250m, 1211m, 1173s, 1134m, 1065m, 1026m 

(C-O ester and C-N carbamate stretches, C-H arene bends); 988w, 941w, 895w, 849w, 733m, 694m (C-

H arene bends). ESI-MS (m/z): Calc. for C30H31NNaO6 524.2044; found: 524.2044 (100%, [M+Na]+); 

502.2223 (53%, [M+H]+). 

Synthesis of H2N-Asp(OtBu)-OBn (2.35) 

H2N

O

O

O

O
HA

HB

HB

HA

 

Compound 2.34 (5.7 g, 11.4 mmol) was stirred in a solution of 20% piperidine in DCM (25 ml) for 2 

h, after which time water (100 ml) was added and the reaction was stirred vigorously for 30 min. The 

organic phase was separated, washed with water (2 × 100 ml), dried over MgSO4, filtered and the 

filtrate evaporated to yield a crude white solid (~5.1 g). Purification by column chromatography (SiO2, 

100% DCM + 1% TEA, to 98:2 DCM/MeOH + 1% TEA, to 95:5 DCM/MeOH + 1% TEA) 

yielded the product, 2.35, as a clear, pale yellow oil (1.94 g, 61%). 

Rf 0.31 (95:5 DCM/MeOH, cerium stain). [α]D not acquired. 1H NMR (CDCl3, 400 MHz)  7.15-7.03 

(m, CH aromatic, 5H); 4.95 (d, CHA benzylic, J = 12.0 Hz, 1H); 4.90 (d, CHB benzylic, J = 12.0 Hz, 

1H); 3.52 (dd, Asp α-H, J = 6.5 Hz and 5.0 Hz, 1H); 2.70 (dd, Asp CHA, J = 16.5 Hz and 5.0 Hz, 1H); 

2.64 (dd, Asp CHB, J = 16.5 Hz and 5.0 Hz, 1H); 1.71 (br s, NH2, 2H); 1.18 (s, C(CH3)3, 9H). 174.27, 

170.28 (C(O)OtBu, C(O)OBn); 135.57 (Benzyl aromatic C); 128.55, 128.33, 128.24 (Benzyl aromatic 

CH × 3); 81.18 (C(CH3)3); 66.89 (CH2 benzylic); 51.34 (Asp α-CH); 39.89 (Asp CH2); 28.00 (C(CH3)3). 

 max (cm-1) (oil): 3657w (N-H amide stretch); 3055w (C-H arene stretch); 2978m, 2886w (C-H alkylߥ

stretch); 1728s (C=O stretch); 1674s, 1605m (N-H bend and C=C arene stretch); 1450m, 1366s, 1342m 

(C-H alkyl bends); 1273m, 1250m, 1211m, 1150s (C-O ester and C-N carbamate stretches, C-H arene 

bends); 957w, 841s, 772w, 733m, 694m (C-H arene bends). ESI-MS (m/z): Calc. for C15H22NO4 

280.1543; found: 280.1537 (12%, [M+H]+); 302.1353 (6%, [M+Na]+); 224.0912 (100%, [M+H–

C4H8]+). 
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Synthesis of Alloc-Gly-OH (2.36) 

 

Glycine (4.2 g, 56 mmol, 1.0 eq) was dissolved in a mixture of deionised water/THF (2:1, 90 ml) and 

then 2 M NaOH (56 ml) and allyl chloroformate (5.9 ml, 56 mmol, 1.0 eq) in THF (30 ml) were added 

rapidly in succession. The reaction was stirred vigorously for 17 h at rt and then the solvent was 

removed in vacuo. The residue was subsequently dissolved in water (30 ml), acidified to pH ~2 using 1 

M HCl and then extracted with EtOAc (2 × 100 ml). The organic fractions were combined and 

washed with water (100 ml), dried over MgSO4 and filtered before removing the solvent in vacuo to 

produce the product, 2.36, as a colourless oil/tacky solid (6.7 g, 75%). No further purification was 

carried out. 

Rf 0.00 (9:1 DCM/MeOH, KMnO4 stain). 1H NMR (CDCl3, 400 MHz)  10.81 (br s, C(O)OH, 1H); 

5.86 (ddt, H2C=CHCH2, J = 17.0 Hz, 11.0 Hz and 5.5 Hz, 1H); 5.72 (t, NH carbamate, J = 5.5 Hz, 

1H); 5.29-5.24 (m, H-CH=CHCH2, 1H); 5.20-5.16 (m, H-CH=CHCH2, 1H); 4.59-4.54 (m, 

H2C=CHCH2, 2H); 3.96-3.93 (m, Gly CH2, 2H). 13C NMR (CDCl3, 100 MHz)  174.13, 156.82 

(C(O)OH and C(O)NH carbamate); 132.41 (H2C=CHCH2); 118.03 (H2C=CHCH2); 66.22 

(H2C=CHCH2); 42.44 (Gly CH2). ߥmax (cm-1) (solid): 3348w (N-H and O-H stretches); 3078m (C-H 

alkene stretch); 2978m, 2886w (C-H alkyl stretch); 1690s (C=O and C=C stretches); 1528m (N-H 

bend); 1404m, 1335w (C-H alkyl bends); 1196s, 1057m (C-O carbamate and carboxylic acid, and C-N 

carbamate stretches); 988m, 926m, 880w, 779m (C-H alkene bends). ESI-MS (m/z): Calc. for 

C6H9NNaO4 182.0424; found: 182.0426 (100%, [M+Na]+). 

Synthesis of Alloc-Gly-Asp(OtBu)-OBn (2.37) 

 

Compound 2.36 (116 mg, 0.73 mmol, 1.0 eq) was taken up in DCM (2 ml), then DIPEA (0.25 ml, 

1.43 mmol, 2.0 eq) was added and the reaction mixture was cooled over an ice-water bath. TBTU (234 

mg, 0.73 mmol, 1.0 eq) was added as a solid and the reaction was stirred at 0°C for 10 min. 

Compound 2.35 (206 mg, 0.73 mmol, 1.0 eq) was dissolved in DCM (2 ml), added rapidly to the 
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reaction flask and a further portion of DCM (6 ml) was used to transfer any residual 2.35 from the vial 

and into the reaction flask. The reaction was stirred for a further 10 min at 0°C before removing the 

ice-water bath and stirring the reaction at rt for 4 days. The reaction was then worked up with 1.33 M 

NaHSO4 (3 × 50 ml), 1 M Na2CO3 (2 × 50 ml), water (50 ml) and finally brine (50 ml). The organic 

phase was dried over MgSO4 and filtered before removing the solvent in vacuo to produce the product, 

2.37, as a clear, colourless oil (290 mg, 95%). No further purification was carried out. 

Rf 0.66 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +19.6° (c = 1.0, CHCl3). 1H NMR (CDCl3, 

400 MHz)  7.36-7.27 (m, CH aromatic, 5H); 7.09 (d, NH amide, J = 8.5 Hz, 1H); 5.89 (ddt, 

H2C=CHCH2, J = 17.0 Hz, 11.0 Hz and 5.5 Hz, 1H); 5.60 (app br s, NH carbamate, 1H); 5.30-5.26 

(m, H-CH=CHCH2, 1H); 5.20 (d, CHA benzylic, J = 12.5 Hz, 1H); 5.20-5.16 (m, H-CH=CHCH2, 

1H); 5.12 (d, CHB benzylic, J = 12.5 Hz, 1H); 4.86 (dt, Asp α-H, J = 8.5 Hz and 4.5 Hz, 1H); 4.56-4.54 

(m, H2C=CHCH2, 2H); 3.93 (dd, Gly CHA, J = 17.0 Hz and 5.5 Hz, 2H); 3.86 (dd, Gly CHB, J = 17.0 

Hz and 5.5 Hz, 2H); 2.94 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.74 (dd, Asp CHB, J = 17.0 Hz 

and 5.0 Hz, 1H); 1.36 (s, C(CH3)3, 9H). 13C NMR (CDCl3, 100 MHz)  170.56, 169.98, 168.98, 156.44 

(C(O)OtBu, C(O)OBn, C(O)NH amide, C(O)NH carbamate); 135.24 (aromatic C); 132.62 

(H2C=CHCH2); 128.65, 128.50, 128.29 (aromatic CH × 3); 117.94 (H2C=CHCH2); 81.98 (C(CH3)3); 

67.54 (CH2 benzylic); 66.05 (H2C=CHCH2); 48.73 (Asp α-CH); 44.40 (Gly CH2); 37.34 (Asp CH2); 

27.99 (C(CH3)3). ߥmax (cm-1) (oil): 3410w, 3372w (N-H stretch); 2978m, 2878w (C-H alkyl stretch); 

1744m, 1713s (C=O stretches); 1659m, 1512s (C=C stretches and N-H bends); 1404m, 1366w, 1335w, 

1281m (C-H alkyl bends); 1204s, 1157m, 1057m (C-O carbamate and ester, and C-N carbamate and 

amide stretches); 980m, 926m, 864w, 826w, 779w, 741m, 694w (C-H alkene and arene bends). ESI-MS 

(m/z): Calc. for C21H29N2O7 421.1969; found: 421.1958 (100%, [M+H]+). Calc. for C21H28N2NaO7 

443.1789; found 443.1778 (82%, [M+Na]+). 

Synthesis of Fmoc-Gly-Asp(OtBu)-OBn (2.38) 

 

Fmoc-Gly-OH (0.27 g, 0.9 mmol, 1.0 eq) was dissolved in DCM (10 ml) upon the addition of DIPEA 

(0.32 ml, 1.8 mmol, 2.0 eq) and the reaction mixture was cooled over an ice-water bath. TBTU (0.29 g, 

0.9 mmol, 1.0 eq) was added as a solid and the reaction was stirred at 0°C for 10 min. Compound 2.35 

(0.25 g, 0.9 mmol, 1.0 eq) was dissolved in DCM (10 ml) and added rapidly to the reaction flask. The 

reaction was stirred for a further 30 min at 0°C before removing the ice-water bath and stirring the 
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reaction at rt for 4 days. The reaction was then worked up with 1.33 M NaHSO4 (3 × 50 ml), 1 M 

Na2CO3 (3 × 50 ml), water (50 ml) and finally brine (50 ml). The organic phase was dried over MgSO4 

and filtered before removing the solvent in vacuo to produce the product, 2.38, as a pale yellow solid 

(0.5 g, quantitative yield). No further purification was carried out. 

Rf 0.70 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +33.0° (c = 0.5, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  7.75 (d, Fmoc CH aromatic, J = 7.5 Hz, 2H); 7.60 (br d, Fmoc CH 

aromatic, J = 7.0 Hz, 2H); 7.39 (t, Fmoc CH aromatic, J = 7.0 Hz, 2H); 7.35-7.26 (multiple 

overlapping peaks, Fmoc CH aromatic × 2, benzyl CH aromatic × 5, 7H); 7.20 (d, NH amide, J = 8.0 

Hz, 1H); 5.80 (br t, NH carbamate, 1H); 5.21 (d, CHA benzylic, J = 12.5 Hz, 1H); 5.21 (d, CHB 

benzylic, J = 12.5 Hz, 1H); 4.90 (dt, Asp α-H, J = 8.0 Hz and 5.0 Hz, 1H); 4.37 (d, Fmoc CH2, J = 7.0 

Hz, 2H); 4.21 (t, Fmoc CH, J = 7.0 Hz, 1H); 3.99 (dd, Gly CHA, J = 17.0 Hz and 5.5 Hz, 1H); 3.93 

(dd, Gly CHB, J = 17.0 Hz and 5.5 Hz, 1H); 2.96 (dd, Asp CHA, J = 17.0 Hz and 4.5 Hz, 1H); 2.79 

(dd, Asp CHB, J = 17.0 Hz and 4.5 Hz, 1H); 1.36 (s, C(CH3)3, 9H). 13C NMR (CDCl3, 100 MHz)  

170.52, 169.94, 168.96, 156.57 (C(O)OtBu, C(O)OBn, C(O)NH amide, C(O)NH carbamate); 143.84, 

143.81, 141.26 (Fmoc aromatic C); 135.18 (benzyl aromatic C); 128.59, 128.44, 128.24, 127.72, 127.10, 

125.17, 119.98 (Fmoc aromatic CH and benzyl aromatic CH); 81.89 (C(CH3)3); 67.48 (CH2 benzylic); 

67.28 (Fmoc CH2); 48.75 (Asp α-CH); 47.06 (Fmoc CH); 44.35 (Gly CH2); 37.29 (Asp CH2); 27.93 

(C(CH3)3). ߥmax (cm-1) (solid): 3426w, 3264w (N-H stretch); 3040w (C-H arene stretch); 2978m, 2878w 

(C-H alkyl stretch); 1713s (C=O stretch); 1651m, 1520s (C=C stretches and N-H bends); 1450m, 

1366m, 1335m, 1288m (C-H alkyl bends); 1234s, 1204s, 1150s, 1042m (C-O carbamate and ester, and 

C-N carbamate and amide stretches); 1003m, 957w, 895w, 856w, 733s, 694w (C-H arene bends). ESI-

MS (m/z): Calc. for C32H35N2O7 559.2439; found: 559.2435 (75%, [M+H]+). Calc. for C32H34N2NaO7 

581.2258; found 581.2248 (100%, [M+Na]+). 

Attempted synthesis of H2N-Gly-Asp(OtBu)-OBn (2.39) 

 

Compound 2.38 (0.48 g, 0.86 mmol) was stirred in a solution of 20% piperidine in DCM (2 ml) for 2.5 

h, and then the solvent was removed in vacuo to yield a crude, pale yellow solid. It was difficult to 

deduce by TLC which spot corresponded to the product. It is possible that the product spot 

overlapped with one of the spots corresponding to the Fmoc/Fmoc-piperidine by-products, therefore 
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making it a difficult separation of the mixture by silica column chromatography. The synthesis was 

abandoned as a result.  

6.3 Chapter 3 – Self-Assembling Linear RGD Peptides 

Synthesis of C12-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (3.1) 

 

Lauric acid (56 mg, 0.28 mmol, 1.0 eq) and 2.8(2.4) (200 mg, 0.28 mmol, 1.0 eq) were dissolved in 

DCM (10 ml), then DIPEA (100 µl, 0.56 mmol, 2.0 eq) was added and the reaction flask cooled over 

an ice-water bath. TBTU (90 mg, 0.28 mmol, 1.0 eq) was added as a solid and more DCM (2 ml) was 

used to rinse any residual TBTU into the reaction flask. The reaction was stirred over the ice-water 

bath overnight then at rt for a further 2 days, then washed with hot 1M HCl (3 × 25 ml), hot 15% 

Na2CO3 (3 × 25 ml), and hot water (25 ml). The organic layer was dried over MgSO4, filtered and the 

filtrate evaporated to yield 3.1 as a white solid (236 mg, 94%). No further purification was required. 

Rf 0.42 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +5.2° (c = 1.0, CHCl3). M.p: 70.5-78.6°C. 1H 

NMR (CDCl3, 400 MHz)  7.87 (br t, NH amide (Arg-Gly), 1H); 7.41 (d, NH amide (Gly-Asp), J = 

8.0 Hz, 1H); 7.06 (br s, NH amide (C12-Arg), 1H), 6.38 (br s, NH2 guanidine, 2H); 6.26 (br s, NH 

guanidine, 1H); 4.63-4.58 (m, Asp α-H, 1H); 4.50-4.45 (m, Arg α-H, 1H); 4.00-3.80 (br m, Gly CH2, 

2H); 3.28-3.08 (m, Arg CH2NH, 2H); 2.89 (s, Pbf CH2, 2H); 2.73 (dd, Asp CHA, J = 17.0 Hz and 5.0 

Hz, 1H); 2.64 (dd, Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 2.51 (s, Pbf CH3Ar, 3H); 2.44 (s, Pbf 

CH3Ar, 3H); 2.15 (t, C12 CH2C(O)NH, J = 7.5 Hz, 2H); 2.02 (s, Pbf CH3Ar, 3H); 1.89-1.77 (m, Arg 

CHCHA, 1H); 1.70-1.59 (m, Arg CHCHB, 1H); 1.57-1.45 (m, Arg CH2CH2NH and C12 CH2 

overlapping, 4H); 1.39 (s, Pbf CH3 × 2, 6H); 1.35 (s, C(CH3)3 × 2, 18H); 1.25-1.15 (m, C12 CH2’s, 

16H); 0.81 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  174.04, 172.92, 169.91, 

169.74, 169.19 (C(O)OtBu × 2, C(O)NH amide × 3); 158.60, 156.54 (Pbf aromatic C-O, C=N 

guanidine); 138.23, 132.88, 132.15, 124.47, 117.34 (Pbf aromatic C); 86.25 (Pbf CH2C(CH3)2O); 82.28, 

81.36 (C(CH3)3 × 2); 52.71 (Arg α-CH); 49.33 (Asp α-CH); 43.18 (Pbf ArCH2); 42.76 (Gly CH2); 40.15 

(Arg CH2NH); 37.30 (Asp CH2); 36.22 (C12 CH2C(O)NH); 31.84, 29.61, 29.57, 29.51, 29.36, 29.32, 
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29.29 (C12 CH2’s and Arg CHCH2, multiple overlapping peaks); 28.54 (Pbf CH2C(CH3)2O); 27.96, 

27.80 (C(CH3)3 × 2); 25.61, 25.33, 22.61 (C12 CH2’s and Arg CH2CH2NH, multiple overlapping 

peaks); 19.27, 17.92 (Pbf ArCH3 × 2); 14.07 (C12 CH3); 12.42 (Pbf ArCH3 × 1). ߥmax (cm-1) (solid): 

3317m (N-H amide stretch); 2973w, 2926m, 2853w (C-H alkyl stretches); 1733m (C=O ester stretch); 

1648s (C=O amide stretch); 1544s (N-H amide bend and C=C arene stretch); 1455w, 1408w, 1393w, 

1368m (C-H alkyl bends and S=O stretch); 1293w, 1276w, 1249m, 1152s, 1106s, 1091s (C-O ester and 

C-N amide stretches). ESI-MS (m/z): Calc. for C45H77N6O10S 893.5416; found: 893.5424 (100%, 

[M+H]+). 

Synthesis of C12-Arg-Gly-Asp (3.2) 

 

Compound 3.1 (206 mg, 0.23 mmol) was dissolved in a mixture of TFA, water and TIS (2 ml, 

95:2.5:2.5) and shaken for 3 h, after which time TLC indicated that the deprotection reaction was 

complete. The volatiles were removed in vacuo, then the residue was dissolved in the minimum amount 

of MeOH, precipitated with cold Et2O, filtered and washed with the minimum amount of cold Et2O 

to yield a white solid (116 mg, 78% as TFA salt). The sample was then dissolved in a mixture of 

water/tBuOH, filtered over a PTFE membrane filter (0.2 μm), shell frozen and lyophilised to yield the 

product 3.2 as a fluffy white powder. 

Rf 0.00 (9:1 DCM/MeOH, cerium stain). [α]D = +4.8o (c = 1.0, CH3OH). M.p: decomposed at 

187.6°C. 1H NMR (CD3OD, 400 MHz)  4.74 (t, Asp α-H, J = 6.0 Hz, 1H); 4.29 (dd, Arg α-H, J = 

8.0 and 5.5 Hz, 1H); 3.93 (d, Gly CHA, J = 17.0 Hz, 1H); 3.86 (d, Gly CHB, J = 17.0 Hz, 1H); 3.19 (t, 

Arg CH2NH, J = 6.5 Hz, 2H); 2.90-2.79 (m, Asp CH2, 2H); 2.27 (t, C12 CH2C(O)NH, J = 7.5 Hz, 

2H); 1.91-1.83 (m, Arg CHCHA, 1H); 1.79-1.57 (m, Arg CHCHB, Arg CH2CH2NH and C12 CH2 

overlapping, 5H); 1.35-1.20 (m, C12 CH2’s, 16H); 0.88 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR 

(CD3OD, 100 MHz)  176.86, 175.02, 174.06, 173.94, 171.46, 158.49 (C(O)OH × 2, C(O)NH amide 

× 3, C=N guanidine); 54.79 (Arg α-CH); 50.30 (Asp α-CH); 43.43 (Gly CH2); 41.91 (Arg CH2NH); 

36.81, 36.73 (Asp CH2, C12 CH2C(O)NH); 33.06, 30.78, 30.75, 30.67, 30.53, 30.48, 30.43, 29.77, 

26.82, 26.19, 23.73 (C12 CH2’s, Arg CHCH2 and Arg CH2CH2NH, multiple overlapping peaks); 14.51 

(C12 CH3). ߥmax (cm-1, solid): 3287w (O-H acid and N-H amide/guanidino stretches); 2921w, 2853w 

(C-H alkyl stretches); 1728w (C=O acid stretch); 1648m (C=O amide stretch); 1539m (N-H amide 
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bend); 1170m, 1045m (C-O acid and C-N amide stretches). ESI-MS (m/z) (positive ion mode): Calc. 

for C24H45N6O7 529.3344; found: 529.3331 (100%, [M+H]+). ESI-MS (m/z) (negative ion mode): 

Calc. for C24H43N6O7 527.3199; found: 527.3197 (100%, [M-H]-). 

Synthesis of Py-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (3.3) 

 

1-pyrenebutyric acid (81 mg, 0.28 mmol, 1.0 eq) was dissolved in DCM (4 ml) upon addition of 

DIPEA (0.1 ml, 0.57 mmol, 2.0 eq) and the reaction flask was cooled over an ice-water bath. TBTU 

(90 mg, 0.28 mmol, 1.0 eq) was added as a solid and stirred for 10 min at 0°C before 2.8(2.4) (200 mg, 

0.28 mmol, 1.0 eq) was added as a solid and DCM (6 ml) was used to rinse any residual 2.8(2.4) into 

the reaction flask. The reaction was stirred for a further 30 min at 0°C, then the ice-water bath was 

removed and the reaction stirred at rt for 21 h. The organic phase was washed with 1.33 M NaHSO4 

(3 × 50 ml), 1 M Na2CO3 (3 × 50 ml), water (50 ml) and finally brine (50 ml). The organic phase was 

dried over MgSO4 and filtered before removing the solvent in vacuo to yield 3.3 as a yellow solid (280 

mg, quantitative yield). No further purification was required. 

Rf 0.43 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -0.5° (c = 1.0, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  8.18 (d, CH aromatic, J = 9.5 Hz, 1H); 8.07 (dd, CH aromatic, J = 7.5 Hz 

and 5.0 Hz, 2H); 7.98 (d, CH aromatic, J = 8.5 Hz, 2H); 7.93-7.86 (m, overlapping CH aromatic × 3 

and NH amide (Arg-Gly), 4H); 7.73 (d, CH aromatic, J = 8.0 Hz, 1H); 7.40 (d, NH amide (Gly-Asp), J 

= 7.5 Hz, 1H); 7.13 (app br d, NH amide (Py-Arg), 1H), 6.45 (br s, NH2 guanidine, 2H); 6.29 (br s, 

NH guanidine, 1H); 4.66 (dt, Asp α-H, J = 8.0 Hz and 5.0 Hz, 1H); 4.61-4.55 (m, Arg α-H, 1H); 3.99 

(app br d, Gly CH2, 2H); 3.36-3.10 (br m, Arg CH2NH, 2H); 3.24 (t, CH2CH2CH2C(O)NH, J = 7.5 

Hz, 2H); 2.79 (s, Pbf CH2, 2H); 2.76 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.68 (dd, Asp CHB, 

J = 17.0 Hz and 5.0 Hz, 1H); 2.57 (s, Pbf CH3Ar, 3H); 2.45 (s, Pbf CH3Ar, 3H); 2.35 (t, 

CH2CH2CH2C(O)NH, J = 7.0 Hz, 2H); 2.11 (quintet, CH2CH2CH2C(O)NH, J = 6.5 Hz, 2H); 2.04 (s, 

Pbf CH3Ar, 3H); 1.96-1.83 (m, Arg CHCHA, 1H); 1.77-1.64 (m, Arg CHCHB, 1H); 1.64-1.48 (m, Arg 

CH2CH2NH, 2H); 1.36, 1.354, 1.347 (s × 3, Pbf CH3 × 2 and C(CH3)3 × 2, calc 24H, found 23H). 13C 

NMR (CDCl3, 100 MHz)  173.58, 172.90, 169.98, 169.81, 169.22 (C(O)OtBu × 2, C(O)NH amide × 
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3); 158.65, 156.58 (Pbf aromatic C-O, C=N guanidine); 138.28 (Pbf aromatic C), 135.87 (pyrene 

aromatic C), 132.90, 132.21 (Pbf aromatic C × 2); 131.30, 130.82, 129.78, 128.60 (pyrene aromatic C × 

4); 127.44, 127.28, 127.25, 126.54, 125.74 (CH aromatic × 5); 124.93, 124.87 (pyrene aromatic C × 2); 

124.77, 124.69 (CH aromatic × 2); 124.58 (Pbf aromatic C); 123.32 (CH aromatic); 117.42 (Pbf 

aromatic C); 86.30 (Pbf CH2C(CH3)2O); 82.39, 81.45 (C(CH3)3 × 2); 52.85 (Arg α-CH); 49.38 (Asp α-

CH); 43.08 (Pbf ArCH2); 42.81 (Gly CH2); 40.33 (Arg CH2NH); 37.34 (Asp CH2); 35.73 

(CH2CH2CH2C(O)NH); 32.75 (CH2CH2CH2C(O)NH); 29.48 (Arg CHCH2); 28.50 (Pbf 

CH2C(CH3)2O); 27.97, 27.80 (C(CH3)3 × 2); 27.36 (CH2CH2CH2C(O)NH); 25.37 (Arg CH2CH2NH); 

19.31, 18.00, 12.48 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3310w (N-H amide stretch); 2932w, 2870w (C-

H alkyl and arene stretches); 1728m (C=O ester stretch); 1651m, 1620m (C=O amide stretches); 1543s 

(N-H amide bend and C=C arene stretch); 1450m, 1366m (C-H alkyl bend and S=O stretch); 1242s, 

1150s, 1096s (C-O ester and C-N amide stretches, C-H arene bends); 988w, 910w, 841m, 810w, 779w, 

733m (C-H arene bends). ESI-MS (m/z): Calc. for C53H69N6O10S 981.4790; found: 981.4797 (100%, 

[M+H]+); Calc. for C53H68N6NaO10S 1003.4610; found: 1003.4609 (32%, [M+Na]+). 

Synthesis of Py-Arg-Gly-Asp (3.4) 

 

Compound 3.3 (240 mg, 0.24 mmol) was dissolved in a mixture of TFA, water and TIS (5 ml, 

95:2.5:2.5) and shaken for 1.5 h, after which time TLC indicated that the deprotection reaction was 

complete. The volatiles were removed in vacuo, then the residue was dissolved in the minimum amount 

of hot MeOH, precipitated with cold Et2O, filtered and washed with the minimum amount of cold 

Et2O to yield a tanish green solid (137 mg, 77% as TFA salt). The sample was then dissolved in a 

mixture of water/tBuOH, filtered over a PTFE membrane filter (0.2 μm), shell frozen and lyophilised 

to yield the product 3.4 as a fluffy, pale green powder. 

Rf 0.00 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +2.6° (c = 0.5, DMSO). M.p not acquired. 

1H NMR (3:1:1 CD3OD/CDCl3/D2O, 400 MHz)  8.23 (d, CH aromatic, J = 9.0 Hz, 1H); 8.08 (t, 

CH aromatic, J = 7.0 Hz, 2H); 8.03 (d, CH aromatic, J = 9.0 Hz, 2H); 7.95-7.90 (m, CH aromatic × 3, 

3H); 7.82 (d, CH aromatic, J = 8.0 Hz, 1H); 4.74 (t, Asp α-H, J = 5.5 Hz, 1H); 4.33 (app t, Arg α-H, J 

= 6.0 Hz, 1H); 3.96 (d, Gly CHA, J = 17.0 Hz, 1H); 3.91 (d, Gly CHB, J = 17.0 Hz, 1H); 3.30 (t, 

CH2CH2CH2C(O)NH, J = 7.0 Hz, 2H, obscured by the CD3OD peak); 3.16 (t, Arg CH2NH, J = 6.5 
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Hz, 2H); 2.94-2.82 (m, Asp CH2, 2H); 2.45 (t, CH2CH2CH2C(O)NH, J = 7.0 Hz, 2H); 2.12 (quintet, 

CH2CH2CH2C(O)NH, J = 7.0 Hz, 2H); 1.92-1.79 (m, Arg CHCHA, 1H); 1.79-1.56 (m, overlapping 

Arg CHCHB and Arg CH2CH2NH, 3H). 13C NMR (3:1:1 CD3OD/CDCl3/D2O, 100 MHz)  176.07, 

174.62, 174.29, 174.02, 171.11, 157.77 (C(O)OH × 2, C(O)NH amide × 3, C=N guanidine); 136.76, 

132.11, 131.63, 130.64, 129.34, 128.13, 127.99, 127.29, 126.55, 125.64, 125.54, 125.43, 124.00 

(aromatic C and CH); 54.22 (Arg α-CH); 49.75 (Asp α-CH); 43.16 (Gly CH2); 41.47 (Arg CH2NH); 

36.53, 36.18 (CH2CH2CH2C(O)NH and Asp CH2); 33.44 (CH2CH2CH2C(O)NH); 29.51 (Arg 

CHCH2); 28.22 (CH2CH2CH2C(O)NH); 25.54 (Arg CH2CH2NH). ߥmax (cm-1, solid): 3179w, 3032w (O-

H acid and N-H amide/guanidino stretches, broad peaks overlapping C-H alkyl and arene stretches); 

1751w (C=O acid stretch); 1651m (C=O amide stretch); 1520m (N-H amide bend and C=C arene 

stretch); 1420m, 1319m (C-H alkyl bends); 1188s, 1042s (C-O acid and C-N amide stretches); 872s, 

748m, 702m (C-H arene bends). ESI-MS (m/z): Calc. for C32H37N6O7 617.2718; found: 617.2722 

(100%, [M+H]+). 

Synthesis of C22-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (3.5) 

 

Behenic acid (96 mg, 0.28 mmol, 1.0 eq) was dissolved in DCM (7 ml) upon addition of DIPEA (100 

µl, 0.56 mmol, 2.0 eq) and the reaction flask cooled over an ice-water bath. TBTU (90 mg, 0.28 mmol, 

1.0 eq) was added as a solid and more DCM (3 ml) was used to rinse any residual TBTU into the 

reaction flask. The reaction was stirred at 0°C for 10 min, then 2.8(2.4) (200 mg, 0.28 mmol, 1.0 eq) 

was added as a solid and more DCM (2 ml) was used to rinse any residual 2.8(2.4) into the reaction 

flask. The reaction was stirred for a further 30 min at 0°C, then the ice-water bath was removed and 

the reaction stirred at rt for 4 days. The organic phase was washed with 1.33 M NaHSO4 (3 × 50 ml), 

1 M Na2CO3 (3 × 50 ml), water (50 ml) and finally brine (50 ml). The organic phase was dried over 

MgSO4 and filtered before removing the solvent in vacuo to yield 3.5 as a white solid (280 mg, 96%). 

No further purification was required. 

Rf 0.40 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -2.6° (c = 1.0, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  7.86 (br t, NH amide (Arg-Gly), 1H); 7.34 (d, NH amide (Gly-Asp), J = 
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8.0 Hz, 1H); 6.97 (br d, NH amide (C22-Arg), 1H), 6.39 (br s, NH2 guanidine, 2H); 6.24 (br s, NH 

guanidine, 1H); 4.64 (dt, Asp α-H, J = 8.5 Hz and 5.0 Hz, 1H); 4.54 (app q, Arg α-H, 1H); 4.03-3.87 

(br m, Gly CH2, 2H); 3.36-3.12 (br m, Arg CH2NH, 2H); 2.93 (s, Pbf CH2, 2H); 2.78 (dd, Asp CHA, J 

= 17.0 Hz and 5.0 Hz, 1H); 2.68 (dd, Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 2.55 (s, Pbf CH3Ar, 

3H); 2.48 (s, Pbf CH3Ar, 3H); 2.19 (t, C22 CH2C(O)NH, J = 7.0 Hz, 2H); 2.06 (s, Pbf CH3Ar, 3H); 

1.95-1.81 (m, Arg CHCHA, 1H); 1.76-1.62 (m, Arg CHCHB, 1H); 1.62-1.49 (m, Arg CH2CH2NH and 

C22 CH2 overlapping, 4H); 1.44 (s, Pbf CH3 × 2, 6H); 1.40, 1.39 (s × 2, C(CH3)3 × 2, calc 18H, found 

17H); 1.32-1.16 (m, C22 CH2’s, calc 36H, found 37H); 0.86 (t, C22 CH3, J = 7.0 Hz, 3H). 13C NMR 

(CDCl3, 100 MHz)  174.11, 172.99, 170.08, 169.89, 169.28 (C(O)OtBu × 2, C(O)NH amide × 3); 

158.76, 156.66 (Pbf aromatic C-O, C=N guanidine); 138.41, 132.95, 132.31, 124.61, 117.52 (Pbf 

aromatic C); 86.39 (Pbf CH2C(CH3)2O); 82.53, 81.59 (C(CH3)3 × 2); 52.70 (Arg α-CH); 49.43 (Asp α-

CH); 43.32 (Pbf ArCH2); 42.88 (Gly CH2); 40.30 (Arg CH2NH); 37.43 (Asp CH2); 36.46 (C22 

CH2C(O)NH); 32.00, 29.79, 29.74, 29.68, 29.51, 29.44 (C22 CH2’s and Arg CHCH2, multiple 

overlapping peaks); 28.68 (Pbf CH2C(CH3)2O); 28.11, 27.94 (C(CH3)3 × 2); 25.76, 25.37, 22.77 (C22 

CH2’s, Arg CH2CH2NH); 19.41, 18.05 (Pbf ArCH3 × 2); 14.21 (C22 CH3); 12.56 (Pbf ArCH3 × 1). 

 max (cm-1) (solid): 3310w (N-H amide stretch); 2924m, 2855w (C-H alkyl stretches); 1728m (C=O esterߥ

stretch); 1651s (C=O amide stretch); 1543s (N-H amide bend and C=C arene stretch); 1450m, 1366m 

(C-H alkyl bends and S=O stretch); 1242s, 1150s, 1103s (C-O ester and C-N amide stretches). ESI-MS 

(m/z): Calc. for C55H97N6O10S 1033.6981; found: 1033.6980 (100%, [M+H]+). 

Synthesis of C22-Arg-Gly-Asp (3.6) 

 

Compound 3.5 (250 mg, 0.24 mmol) was dissolved in a mixture of TFA, water and TIS (10 ml, 

95:2.5:2.5) and shaken for 1 h 20 min, after which time TLC indicated that the deprotection reaction 

was complete. The volatiles were removed in vacuo, then the residue was dissolved in the minimum 

amount of hot MeOH/water/tBuOH and the remaining orange/yellow solid was filtered off. The 

filtrate was evaporated in vacuo to yield a white solid which was redissolved in a mixture of hot 

water/tBuOH, precipitated with cold Et2O, filtered and washed with the minimum amount of cold 

Et2O to yield a white solid. The sample was then dissolved in a mixture of hot water/tBuOH with 

sonication, filtered over a PTFE membrane filter (0.2 μm), shell frozen and lyophilised to yield the 

product 3.6 as a fluffy white powder (120 mg, 63% as TFA salt).  
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Note: The compound forms a gel in DMSO-d6 and so NMR analysis was carried out at elevated 

temperature to induce gel-sol transformation which resulted in better resolved NMR spectra. 

Rf 0.00 (9:1 DCM/MeOH, cerium stain). [α]D = +2.2° (c = 0.5, TFA). M.p not acquired. 1H NMR 

(DMSO-d6, 500 MHz, temp = 70°C)  8.20-8.00 (br m, NH amide (Arg-Gly), Arg CH2NH, 2H); 7.83 

(br d, NH amide (Gly-Asp), J = 5.5 Hz, 1H); 7.71 (d, NH amide (C22-Arg), J = 7.5 Hz, 1H), 7.04 (br 

s, -NH2 and -NH2+ of guanidine, 4H); 4.37 (br m, Asp α-H, 1H); 4.28 (app q, Arg α-H, J = 7.0 Hz, 

1H); 3.83 (dd, Gly CHA, J = 16.5 Hz and 6.0 Hz, 1H); 3.62 (dd, Gly CHB, J = 17.0 Hz and 5.0 Hz, 

1H); 3.20-3.05 (br m, Arg CH2NH, 2H); 2.60-2.53 (m, Asp CH2, 2H); 2.14 (t, C22 CH2C(O)NH, J = 

7.5 Hz, 2H); 1.86-1.73 (m, Arg CHCHA, 1H); 1.66-1.45 (m, overlapping Arg CHCHB, Arg 

CH2CH2NH and C22 CH2, 5H); 1.34-1.16 (m, C22 CH2’s, 36H); 0.87 (t, C22 CH3, J = 6.5 Hz, 3H). 

13C NMR (DMSO-d6, 125 MHz, temp = 70°C)  172.35, 172.05, 171.82, 171.55, 167.86, 156.79 

(C(O)OH × 2, C(O)NH amide × 3, C=N guanidine); 51.92 (Arg α-CH); 48.65 (Asp α-CH); 41.80 (Gly 

CH2); 40.32 (Arg CH2NH); 37.37 (Asp CH2); 34.89 (C22 CH2C(O)NH); 30.83, 29.09, 28.59, 28.58, 

28.54, 28.53, 28.37, 28.34, 28.19 (C22 CH2’s and Arg CHCH2, multiple overlapping peaks); 24.78, 

24.49, 21.58 (C22 CH2’s, Arg CH2CH2NH); 13.36 (C22 CH3). ߥmax (cm-1, solid): 3287w, 3179w, 3102w, 

3032w (O-H acid and N-H amide/guanidino stretches); 2916s, 2847m (C-H alkyl stretches); 1751w 

(C=O acid stretch); 1628s (C=O amide stretch); 1535m (N-H amide bend); 1466w, 1396w (C-H alkyl 

bends); 1327w, 1188m, 1049m (C-O acid and C-N amide stretches). ESI-MS (m/z): Calc. for 

C34H65N6O7 669.4909; found: 669.4932 (100%, [M+H]+). 

Synthesis of Chol-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (3.7) 

 

Compound 2.8(2.4) (100 mg, 0.14 mmol, 1.0 eq) was dissolved in DCM (5 ml), then cholesteryl 

chloroformate (253 mg, 0.56 mmol, 4.0 eq) dissolved in DCM (2.5 ml) was added dropwise over 1 

min to the reaction flask. A further portion of DCM (2.5 ml) was used to rinse any residual cholesteryl 

chloroformate into the reaction flask. TEA (80 μL, 0.57 mmol, 4.1 eq) was then added rapidly and the 

reaction stirred at rt for 1.75 days (N.B. TLC analysis after 15 min indicated the reaction was 

complete), after which time the solvent was removed in vacuo to yield a crude white solid (383 mg). 
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Purification by column chromatography (SiO2, 100% DCM, to 98:2 DCM/MeOH, to 95:5 

DCM/MeOH) yielded 3.7 as a white solid (141 mg, 89%). 

Rf 0.50 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -9.6° (c = 1.0, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  7.80 (app br s, NH amide (Arg-Gly), 1H); 7.33 (br d, NH amide (Gly-

Asp), J = 7.0 Hz, 1H); 6.37 (br s, NH2 guanidine, 2H); 6.24 (br s, NH guanidine, 1H); 5.94 (app br s, 

NH carbamate, 1H); 5.32 (app br s, CH=C, 1H); 4.64 (dt, Asp α-H, J = 7.5 Hz and 5.0 Hz, 1H); 4.51-

4.36 (m, CHOC(O)NH, 1H); 4.34-4.23 (m, Arg α-H, 1H); 4.03-3.89 (br m, Gly CH2, 2H); 3.38-3.22 

(br m, Arg CHANH, 1H); 3.22-3.06 (br m, Arg CHBNH, 1H); 2.92 (s, Pbf CH2, 2H); 2.77 (dd, Asp 

CHA, J = 17.0 Hz and 4.5 Hz, 1H); 2.67 (dd, Asp CHB, J = 17.0 Hz and 4.5 Hz, 1H); 2.55 (s, Pbf 

CH3Ar, 3H); 2.48 (s, Pbf CH3Ar, 3H); 2.35-2.16 (m, chol CH2CHO, 2H); 2.06 (s, Pbf CH3Ar, 3H); 

2.02-0.77 (m, chol CH’s, chol CH2’s, chol CH3’s, Arg CHCH2, Arg CH2CH2NH, Pbf CH3 × 2, 

C(CH3)3 × 2, 66H); 0.65 (s, chol CH3, 3H). 13C NMR (CDCl3, 100 MHz)  173.19, 170.06, 169.81, 

169.37, 158.73, 156.64, 156.26 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH carbamate, Pbf 

aromatic C-O, C=N guanidine); 139.75 (CH=C); 138.38, 132.91, 132.31, 124.58 (Pbf aromatic C × 4); 

122.57 (CH=C); 117.47 (Pbf aromatic C); 86.36 (Pbf CH2C(CH3)2O); 82.50, 81.58 (C(CH3)3 × 2); 

74.80 (CHOC(O)NH); 56.74, 56.21, 54.20, 50.01, 49.46 (chol CH/CH3’s, Arg α-CH, Asp α-CH); 

43.30 (Pbf ArCH2); 42.89 (Gly CH2); 42.34 (chol C); 39.79, 39.55, 38.52, 37.40, 36.99 (chol CH2’s, Arg 

CH2NH, Asp CH2); 36.56 (chol C); 36.23 (chol CH2); 35.85, 31.89 (chol CH/CH3’s); 29.85 (Arg 

CHCH2,); 28.65 (Pbf CH2C(CH3)2O); 28.28 (chol CH2); 28.08, 28.03, 27.91 (chol CH/CH3, C(CH3)3 × 

2); 25.35 (Arg CH2CH2NH); 24.33, 23.90 (chol CH2’s); 22.88, 22.61 (chol CH/CH3’s); 21.08 (chol 

CH2); 19.38 (Pbf ArCH3); 18.76 (chol CH/CH3); 18.05 (Pbf ArCH3); 12.54 (Pbf ArCH3); 11.91 (chol 

CH/CH3). IR not acquired. ESI-MS (m/z): Calc. for C61H99N6O11S 1123.7087; found: 1123.7092 

(100%, [M+H]+). 

Attempted synthesis of Chol-Arg-Gly-Asp (3.8) 

 

Compound 3.7 (130 mg, 0.12 mmol) was dissolved in a mixture of TFA, water and TIS (1 ml, 

95:2.5:2.5) and shaken for 4.5 h, after which time TLC indicated that the deprotection reaction was 
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complete. The volatiles were removed in vacuo, and tried to dissolve the residue in 10% acetic acid but 

a white solid crashed out. The liquid was evaporated in vacuo, and then tried to dissolve the residue in 

methanol but it was insoluble. The methanol was removed in vacuo, and the residue was re-dissolved in 

TFA, precipitated using diethyl ether, and the white solid filtered off. The white solid was 

hygroscopic, so the filtrate was evaporated and precipitated from TFA/Et2O and the two batches of 

white solid were combined. The solid was lyophilised from water/tBuOH to yield an off-white solid 

(45 mg, 45%). 

Partial characterisation: Rf 0.00 (9:1 DCM/MeOH, cerium stain). ESI-MS (m/z) (positive ion mode): 

Calc. for C40H67N6O8 759.5015; found: 759.5003 (20%, [M+H]+); 347.2 (100%, [H2N-Arg-Gly-Asp-

OH by-product + H]+). ESI-MS (m/z) (negative ion mode): Found: 757.5 (100%, [M-H]-). 

Synthesis of C12-Lys(C12)-OMe (3.9) 

 

Lauric acid (2.00 g, 10 mmol, 2.0 eq) and L-lysine methyl ester dihydrochloride (1.17 g, 5 mmol, 1.0 

eq) were combined in DCM (40 ml) and stirred over an ice-water bath. DIPEA (3.48 ml, 20 mmol, 4.0 

eq) and TBTU (3.21 g, 10 mmol, 2.0 eq) were added neat and the reaction was stirred for 64 h.  The 

fine white solid was filtered off and washed with DCM (25 ml). The organic fractions were combined 

and washed with hot 5% HCl (0.5 M, 3 × 100 ml), hot 1 M Na2CO3 (3 × 100 ml), hot 15% Na2CO3 (3 

× 100 ml), hot 10% HCl (1 M, 3 × 100 ml), and finally hot water (2 × 100 ml). The organic phase was 

dried over MgSO4, filtered and then the filtrate was evaporated to yield 3.9 as an off-white solid (2.34 

g, 89%). No further purification was required. 

Rf 0.53 (9:1, DCM/MeOH, cerium stain). [α]D = +5.6° (c = 1.0, CHCl3). M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  6.40 (d, α-NH amide, J = 7.5 Hz, 1H); 6.01 (br t, ε-NH amide, J = 5.0 Hz, 1H); 

4.50 (td, α-H, J = 8.0 Hz and 4.5 Hz, 1H); 3.68 (s, CH3OC(O), 3H); 3.18 (m, CH2NHC(O), 2H); 2.19 

(t, CH2C(O)NH, J = 7.0 Hz, 2H); 2.12 (t, CH2C(O)NH, J = 7.0 Hz, 2H); 1.85-1.13 (m, C12 and lysine 

CH2’s, calc 42H, found 45 H); 0.83 (t, 2 × C12 CH3, J = 7.0 Hz, 6H). 13C NMR (CDCl3, 100 MHz)  

173.67, 173.44, 173.10 (C(O)NH amide × 2, C(O)OCH3); 52.33 (C(O)OCH3); 51.76 (α-CH); 38.63 

(CH2NHC(O)); 36.81, 36.49 (CH2C(O)NH × 2); 31.94, 31.82, 29.68, 29.66, 29.58, 29.46, 29.43, 29.38, 

29.35, 28.92, 25.91, 25.70, 22.72, 22.35 (C12 and lysine CH2’s); 14.14 (C12 CH3 × 2). ߥmax (cm-1) 
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(solid): 3302w (N-H amide stretch); 2916m, 2855w (C-H alkyl stretches); 1736m (C=O ester stretch); 

1643m (C=O amide stretch); 1543s (N-H amide bend); 1458m, 1366m (C-H alkyl bends); 1242m, 

1150s, 1103s (C-O ester and C-N amide stretches). ESI-MS (m/z): Calc. for C31H61N2O4 525.4626; 

found: 525.4614 (100%, [M+H]+). 

Synthesis of C12-Lys(C12)-OH (3.10) 

 

Compound 3.9 (2.24 g, 4.3 mmol, 1.0 eq) was dissolved in MeOH (50 ml) with sonication and then 

cooled in an ice-water bath, upon which, the starting material precipitated out of solution. 1 M NaOH 

(13 ml, 13 mmol, 3 eq) was added and the reaction was kept stirring at 0°C for ~2 h, then the ice-

water bath was removed and the flask allowed to warm to rt. The mixture was sonicated for 1 h and 

then more MeOH and 1 M NaOH (8.6 ml, 8.6 mmol, 2 eq, 5 eq in total) were added for smoother 

stirring and to try to dissolve the starting material. The white suspension was stirred vigorously at rt 

for 16 h, after which time the white suspension still remained. The reaction was heated at 40°C for 2 

h, after which time TLC indicated that the reaction was complete (the white precipitate dissolved after 

~30 min of heating) then the solvent was removed in vacuo. The white residue was taken up in water 

(250 ml) and gently heated at 40°C to induce solubilisation, then the solution was acidified to pH 1 

using 1.33 M NaHSO4 (~30 ml) upon which a white precipitate formed. This was taken up in DCM 

(250 ml), separated from the aqueous layer, and then the aqueous layer was washed with more DCM 

(150 ml) and the organic fractions were combined and washed with hot water (400 ml), then brine 

(400 ml), and then dried over MgSO4, filtered, and the filtrate evaporated to yield 3.10 as a white solid 

(~1.8 g, ~83%). 

Rf 0.04 (9:1, DCM/MeOH, cerium stain). [α]D = -72.2° (c = 1.0, CHCl3). M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  10.17 (br s, CO2H, 1H); 6.81 (d, α-NH amide, J = 7.0 Hz, 1H);  6.10 (t, ε-NH 

amide, J = 5.5 Hz, 1H); 4.55 (dt, α-H, J = 7.0 Hz and 5.0 Hz, 1H); 3.35-3.27 (m, CH2NH, 2H); 3.22-

3.14 (m, CH2NH, 2H); 2.25 (t, CH2C(O)NH, J = 7.0 Hz, 2H); 2.18 (t, CH2C(O)NH, J = 7.0 Hz, 2H); 

1.93-1.18 (m, C12 and lysine CH2’s, calc 42H, found 45 H); 0.87 (t, 2 × C12 CH3, J = 7.0 Hz, 6H). 13C 

NMR (CDCl3, 100 MHz)  174.60, 174.47, 174.36 (C(O)NH amide × 2, C(O)OH); 52.25 (α-CH); 

39.09 (CH2NHC(O)); 36.86, 36.61 (CH2C(O)NH × 2); 32.04, 31.68, 29.77, 29.67, 29.60, 29.47, 29.07, 

25.98, 25.84, 22.78, 22.36 (C12 and lysine CH2’s); 14.17 (C12 CH3 × 2). ߥmax (cm-1) (solid): 3294w (N-
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H amide stretch); 2970m, 2916m, 2855w (C-H alkyl stretches); 1736m (C=O carboxylic acid stretch); 

1643m (C=O amide stretch); 1543s (N-H amide bend); 1458m, 1373m (C-H alkyl bends); 1242m, 

1150s, 1103m (C-O carboxylic acid and C-N amide stretches). ESI-MS (m/z): Calc. for C30H59N2O4 

511.4469; found: 511.4470 (100%, [M+H]+). 

Synthesis of C12-Lys(C12)-(CH2)5-OMe (3.11) 

 

Compound 3.10 (0.5 g, 0.98 mmol, 1.0 eq) dissolved in DCM (20 ml) upon the addition of DIPEA 

(0.35 ml, 1.96 mmol, 2.0 eq). The reaction flask was cooled over an ice-water bath, then TBTU (315 

mg, 0.98 mmol, 1.0 eq) was added as a solid. The reaction mixture was stirred at 0°C for 10 min, then 

methyl 6-aminohexanoate hydrochloride (179 mg, 0.98 mmol, 1.0 eq) was added as a solid. The 

reaction was stirred at 0°C for a further 30 min and then the ice-water bath was removed and the 

reaction allowed to warm to rt. The reaction was refluxed at 40°C for 3 days, then diluted with DCM 

(50 ml) as material started precipitating out on cooling. The DCM phase was washed with 1 M HCl 

(150 ml × 3), 1 M Na2CO3 (150 ml × 2), water (150 ml), and finally brine (150 ml). The organic phase 

was dried over MgSO4, filtered and the filtrate evaporated to yield 3.11 as a waxy white solid (0.53 g, 

85%). No further purification was required. 

Rf 0.44 (9:1, DCM/MeOH, KMnO4 stain). [α]D = -15.8° (c = 1.0, CHCl3). M.p not acquired. 1H NMR 

(CDCl3/CD3OD, 400 MHz)  4.27-4.22 (m, α-H, 1H); 3.64 (s, C(O)OCH3, 3H); 3.18-3.12 (m, 2 × 

CH2NH, 4H); 2.31 (t, CH2C(O)OCH3, J = 7.5 Hz, 2H); 2.20 (t, CH2C(O)NH, J = 7.0 Hz, 2H); 2.14 (t, 

CH2C(O)NH, J = 7.0 Hz, 2H); 1.79-1.09 (m, C12 CH2’s, lysine CH2’s and C6 linker CH2’s, 48 H); 0.85 

(t, 2 × C12 CH3, J = 7.0 Hz, 6H). 13C NMR (CDCl3/CD3OD, 100 MHz)  174.60, 174.41, 174.35, 

172.28 (C(O)NH amide × 3, C(O)OCH3); 52.67 (α-CH); 51.21 (C(O)OCH3); 38.89, 38.53 

(CH2NHC(O) × 2); 36.16, 35.94 (CH2C(O)NH × 2); 33.55 (CH2C(O)OCH3); 31.61, 31.50, 29.31, 

29.23, 29.04, 28.55, 28.44, 26.01, 25.68, 25.49, 24.19, 22.50, 22.36 (C12, lysine and C6 linker CH2’s); 

13.62 (C12 CH3 × 2). ߥmax (cm-1) (solid): 3302w (N-H amide stretch); 2916m, 2847w (C-H alkyl 

stretches); 1736m (C=O ester stretch); 1636m (C=O amide stretch); 1543s (N-H amide bend); 1458m, 

1373m (C-H alkyl bends); 1242m, 1150s, 1103m (C-O ester and C-N amide stretches). ESI-MS (m/z): 

Calc. for C37H72N3O5 638.5466; found: 638.5465 (78%, [M+H]+). 
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Synthesis of C12-Lys(C12)-(CH2)5-OH (3.12) 

 

Compound 3.11 (0.5 g, 0.78 mmol, 1.0 eq) was dissolved in MeOH (20 ml) with heating at 40°C. 1 M 

NaOH (2.35 ml, 2.35 mmol, 3 eq) was added and the reaction was kept stirring at 40°C for 1 h, after 

which time TLC indicated presence of starting material, so heating was increased to 50°C, after which 

time TLC still indicated presence of starting material, so heating was increased to 60°C and the 

reaction refluxed for 3 h after a further addition of 1 M NaOH (2.35 ml, 2.35 mmol, 3 eq, 6 eq in 

total), after which time TLC did not indicate presence of starting material. The solvent was then 

removed in vacuo and the residue was dissolved in water (50 ml) and heated to 70°C until the sample 

became cloudy but had dissolved, then 1.33 M NaHSO4 was added until pH ~2 was reached. The 

white precipitate was taken up in DCM with heating, and the organic layer was separated and washed 

with hot water (250 ml), then hot brine (250 ml), dried over MgSO4, filtered, and the filtrate 

evaporated to yield a white solid (~0.5 g). Purification by column chromatography (SiO2, 9:1 

DCM/MeOH) yielded 3.12 as a waxy white solid (0.36 g, 73%). 

Rf 0.33 (9:1, DCM/MeOH, KMnO4 stain). [α]D = -15.5° (c = 1.0, CHCl3). M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  7.32 (br s, NH amide, 1H); 7.12 (br s, NH amide, 1H); 6.38 (br s, NH amide, 

1H); 4.48-4.42 (m, α-H, 1H); 3.33-3.08 (m, 2 × CH2NH, 4H); 2.29 (t, CH2C(O)OH, J = 7.0 Hz, 2H); 

2.18 (t, CH2C(O)NH, J = 7.0 Hz, 2H); 2.13 (t, CH2C(O)NH, J = 7.0 Hz, 2H); 1.81-1.11 (m, C12 

CH2’s, lysine CH2’s and C6 linker CH2’s, calc 48 H, found 47 H); 0.83 (t, 2 × C12 CH3, J = 7.0 Hz, 

6H). 13C NMR (CDCl3, 100 MHz)  177.27, 174.77, 174.52, 172.80 (C(O)NH amide × 3, C(O)OH); 

52.81 (α-CH); 39.03, 38.90 (CH2NHC(O) × 2); 36.60, 36.31 (CH2C(O)NH × 2); 33.75 (CH2C(O)OH); 

32.02, 31.76, 29.50, 29.47, 29.40, 29.26, 29.24, 29.19, 28.83, 28.54, 25.94, 25.68, 25.59, 24.09, 22.48, 

22.42 (C12, lysine and C6 linker CH2’s); 13.87 (C12 CH3 × 2). ߥmax (cm-1) (solid): 3302m (N-H amide 

stretch); 2970m, 2916s, 2847m (C-H alkyl stretches); 1736m (C=O carboxylic acid stretch); 1636s (C=O 

amide stretch); 1543s (N-H amide bend); 1458m, 1373m (C-H alkyl bends); 1242m, 1157s, 1103m (C-O 

carboxylic acid and C-N amide stretches). ESI-MS (m/z): Calc. for C36H70N3O5 624.5310; found: 

624.5293 (100%, [M+H]+); calc. for C36H69N3NaO5 646.5129; found: 646.5103 (29%, [M+Na]+). 
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Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethanol (3.13) 

 

A solution of tetra(ethylene glycol) (27.2 g, 140 mmol) and TEA (15 ml, 108 mmol) in dry THF (100 

ml) was cooled to 0°C under nitrogen. To this was added p-toluenesulfonyl chloride solution (9.53 g, 

50 mmol) in dry THF (10 ml) dropwise over 45 minutes. The reaction mixture was allowed to warm 

to rt and stirred for 16 h. The reaction mixture changed from a white to yellow coloured precipitate 

solution overnight. The solvent was removed in vacuo and the yellow residue was dissolved in absolute 

ethanol (100 ml), then sodium azide (6.5 g, 100 mmol) was added as a solid and the mixture was 

refluxed for 22.5 h. The solvent was removed in vacuo and the residue diluted with Et2O (250 ml) and 

washed with brine (50 ml). The organic layer was separated and the aqueous layer extracted with DCM 

(3 × 100 ml). The organic fractions were combined and dried over MgSO4, filtered and the filtrate 

evaporated to yield a crude, orange oil (~15 g). Purification by column chromatography (SiO2, 1:1 

cyclohexane/EtOAc to 100% EtOAc) yielded 3.13 as a clear, colourless oil (5.5 g, 50%). 

Rf 0.25-0.38 (EtOAc, cerium stain). 1H NMR (CDCl3, 400 MHz)  3.73-3.59 (m, CH2O, 14H); 3.39 (t, 

CH2N3, J = 5.0 Hz, 2H); 2.64 (br s, OH, 1H). 13C NMR (CDCl3, 100 MHz)  72.47, 70.62, 70.58, 

70.51, 70.26, 69.98, 61.59 (7 × CH2O); 50.58 (CH2N3). ߥmax (cm-1) (oil): 3480w (O-H alcohol stretch); 

2909m, 2870m (C-H alkyl stretches); 2099s (N≡N asymmetric stretch); 1466w, 1350w (C-H alkyl 

bends); 1281m (N≡N symmetric stretch); 1103s, 1065s (C-O ether and alcohol stretches). ESI-MS 

(m/z): Calc. for C8H18N3O4 220.1292; found: 220.1294 (100%, [M+H]+). 

Synthesis of 14-azido-3,6,9,12-tetraoxatetradecan-1-oic acid (3.14) 

 

Compound 3.13 (2.4 g, 10.96 mmol) and sodium hydride (0.88 g, 21.92 mmol, 2.0 eq) were solubilised 

in dry THF (~ 25 ml) and stirred at 0°C for 45 minutes. Bromoacetic acid (1.52 g, 10.96 mmol, 1.0 eq) 

in dry THF (~ 25 ml) was then added. The reaction was stirred under nitrogen at rt for 26.5 h. The 

solvent was removed in vacuo and the residue taken up in water (100 ml), acidified to pH 2 with 1M 

HCl (20 ml) and then the aqueous phase was extracted with DCM (3 × 200 ml). The organic fractions 

were combined, dried over MgSO4, filtered and the solvent removed in vacuo to yield a crude, 

colourless oil (~3.2 g). This was purified by column chromatography (SiO2, 9:1 DCM/MeOH) to 

yield 3.14 as a colourless oil (~1.8 g, 59%). 
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Rf 0.47 (65:25:4 CHCl3/MeOH/H2O, KMnO4 stain). 1H NMR (CDCl3, 400 MHz)  6.08 (br s, 

C(O)OH, 1H); 4.12 (s, OCH2C(O)OH, 2H); 3.73-3.59 (m, CH2O, 14H); 3.39 (t, CH2N3, J = 5.0 Hz, 

2H). 13C NMR (CDCl3, 100 MHz)  172.93 (C(O)OH); 72.47, 70.62, 70.58, 70.51, 70.26, 69.98, 63.50, 

61.59 (8 × CH2O); 50.58 (CH2N3). ߥmax (cm-1) (oil): 3588w (O-H carboxylic acid stretch); 2909m, 

2870m (C-H alkyl stretches); 2099s (N≡N asymmetric stretch); 1751m (C=O carboxylic acid stretch); 

1466w, 1435w, 1389w, 1350w (C-H alkyl bends); 1288m (N≡N symmetric stretch); 1111s (C-O ether 

and carboxylic acid stretches). ESI-MS (m/z): Calc. for C10H19N3NaO6 300.1166; found: 300.1165 

(100%, [M+Na]+). 

Synthesis of N3-TEG-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (3.15) 

 

Compound 3.14 (78 mg, 0.28 mmol, 1.0 eq) was suspended in DCM (2 ml) and DIPEA (100 μL, 0.56 

mmol, 2.0 eq) was added. The reaction flask was cooled over an ice-water bath, then TBTU (91 mg, 

0.28 mmol, 1.0 eq) was added as a solid. The reaction mixture was stirred at 0°C for 10 min, then 

2.8(2.4) (200 mg, 0.28 mmol, 1.0 eq) was added as a solid and more DCM (4 ml) was used to rinse the 

contents of the vial into the reaction flask. The reaction was stirred at 0°C for a further 20 min, then 

the ice-water bath was removed and the reaction allowed to warm to rt and stirred for 5 days. The 

DCM phase was washed with 1.33 M NaHSO4 (50 ml × 3), 1 M Na2CO3 (50 ml × 3), 1 M HCl (50 

ml), water, and finally brine. The organic phase was dried over MgSO4, filtered and the filtrate 

evaporated to yield a tacky white foam (0.26 g, 96%). Purification by column chromatography (SiO2, 

100% DCM, to 98:2 DCM/MeOH, to 95:5 DCM/MeOH) yielded 3.15 as a white solid (140 mg, 

52%). 

Rf 0.53 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -2.9° (c = 0.4, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  7.82 (app br t, NH amide (Arg-Gly), 1H); 7.44 (d, NH amide, J = 7.5 Hz, 

1H); 7.16 (d, NH amide, J = 7.5 Hz, 1H); 6.31 (br s, NH2 guanidine, 2H); 6.18 (br s, NH guanidine, 

1H); 4.61-4.55 (m, Asp α-H and Arg α-H, 2H); 3.96 (s, OCH2C(O)NH, 2H); 3.94 (dd, Gly CHA, J = 

17.0 Hz and 5.5 Hz, 1H); 3.86 (dd, Gly CHB, J = 17.0 Hz and 5.5 Hz, 1H); 3.65-3.54 (m, TEG 

OCH2’s, 14H); 3.31 (t, CH2N3, J = 5.0 Hz, 2H); 3.28-3.20 (br m, Arg CHANH, 1H); 3.18-3.07 (br m, 
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Arg CHBNH, 1H); 2.89 (s, Pbf CH2, 2H); 2.76 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.63 (dd, 

Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 2.53 (s, Pbf CH3Ar, 3H); 2.45 (s, Pbf CH3Ar, 3H); 2.02 (s, Pbf 

CH3Ar, 3H); 1.95-1.84 (br m, Arg CHCHA, 1H); 1.71-1.60 (br m, Arg CHCHB, 1H); 1.57-1.46 (br m, 

Arg CH2CH2NH, 2H); 1.40 (s, Pbf CH3 × 2, 6H); 1.359, 1.355 (s × 2, C(CH3)3 × 2, calc 18H, found 

17H). 13C NMR (CDCl3, 100 MHz)  172.20, 170.40, 170.01, 169.65, 169.09, 158.56, 156.52 

(C(O)OtBu × 2, C(O)NH amide × 3, Pbf aromatic C-O, C=N guanidine); 138.27, 133.00, 132.21, 

124.48, 117.34 (Pbf aromatic C); 86.27 (Pbf CH2C(CH3)2O); 82.37, 81.51 (C(CH3)3 × 2); 71.00, 70.52, 

70.48, 70.43, 70.21, 69.91 (TEG OCH2’s and OCH2C(O)NH); 51.89 (Arg α-CH); 50.57 (CH2N3); 

49.26 (Asp α-CH); 43.20, 42.71 (Pbf ArCH2, Gly CH2); 40.00 (Arg CH2NH); 37.29 (Asp CH2); 29.66 

(Arg CHCH2); 28.56 (Pbf CH2C(CH3)2O); 27.98, 27.81 (C(CH3)3 × 2); 25.30 (Arg CH2CH2NH); 19.28, 

17.94, 12.45 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3325w (N-H amide stretch); 2978w, 2916w (C-H 

alkyl stretches); 2098m (N≡N asymmetric stretch); 1736w (C=O ester stretch); 1659m (C=O amide 

stretch); 1543s, 1450w, 1366w (N-H amide bend, C-H alkyl bend, C=C arene stretch and S=O stretch); 

1250m, 1142s, 1096s (C-O ester and ether stretches, and C-N amide stretches, overlapping N≡N 

symmetric stretch at ~1280m). ESI-MS (m/z): Calc. for C43H72N9O14S 970.4914; found: 970.4893 

(100%, [M+H]+). 

Synthesis of H2N-TEG-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (3.16) 

 

Compound 3.15 (120 mg, 0.12 mmol) was dissolved in EtOH (10 ml) followed by the addition of 

Pd/C catalyst (24 mg, 20%). The flask was subjected to several vacuum/H2 purges and then stirred 

for 3 days under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, 

and the filtrate evaporated in vacuo to yield 3.16 as a clear, colourless oil (~120 mg, quantitative yield). 

No further purification was required. 

Rf 0.00 (9:1 DCM/MeOH, cerium stain). [α]D = -11.6° (c = 0.5, CHCl3). 1H NMR (CD3OD, 400 

MHz)  4.66-4.61 (br m, Asp α-H, 1H); 4.49-4.40 (br m, Arg α-H, 1H); 4.14-4.03 (br m, Gly CH2, 

2H); 3.91 (s, OCH2C(O)NH, 2H); 3.78-3.60 (m, TEG OCH2’s, 14H); 3.27-3.09 (br m, CH2NH2 and 

Arg CH2NH, 4H); 3.00 (s, Pbf CH2, 2H); 2.78-2.66 (m, Asp CH2, 2H); 2.58 (s, Pbf CH3Ar, 3H); 2.51 
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(s, Pbf CH3Ar, 3H); 2.08 (s, Pbf CH3Ar, 3H); 1.95-1.84 (br m, Arg CHCHA, 1H); 1.80-1.66 (br m, Arg 

CHCHB, 1H); 1.66-1.52 (br m, Arg CH2CH2NH, 2H); 1.45, 1.44 (s × 2, Pbf CH3 × 2, C(CH3)3 × 2, 

24H). 13C NMR (CD3OD, 100 MHz)  172.76, 171.25, 171.23, 171.10, 159.82, 158.08 (C(O)OtBu × 2, 

C(O)NH amide × 3, Pbf aromatic C-O, C=N guanidine); 139.35, 134.35, 133.48, 126.01, 118.41 (Pbf 

aromatic C); 87.69 (Pbf CH2C(CH3)2O); 83.28, 82.47 (C(CH3)3 × 2); 71.94, 71.83, 71.38, 71.27, 71.20, 

71.10, 70.92, 70.77, 67.79, 66.84 (TEG OCH2’s and OCH2C(O)NH); 54.00 (Arg α-CH); 50.98 (Asp α-

CH); 43.98, 43.25 (Pbf ArCH2, Gly CH2); 41.35 (Arg CH2NH); 40.55 (CH2NH2); 38.25 (Asp CH2); 

30.26 (Arg CHCH2); 28.79 (Pbf CH2C(CH3)2O); 28.41, 28.24 (C(CH3)3 × 2); 26.79 (Arg CH2CH2NH); 

19.68, 18.51, 12.61 (Pbf ArCH3 × 3). ߥmax (cm-1) (oil): 3742w (N-H amide and amine stretches); 2978m, 

2886m (C-H alkyl stretches); 1736w (C=O ester stretch); 1667m (C=O amide stretch); 1543m, 1458w, 

1396w, 1366w (N-H amide bend, C-H alkyl bend, C=C arene stretch and S=O stretch); 1250m, 1088s 

(C-O ester and ether stretches, and C-N amide stretches). ESI-MS (m/z): Calc. for C43H74N7O14S 

944.5009; found: 944.4978 (100%, [M+H]+). 

Synthesis of C12-Lys(C12)-(CH2)5-TEG-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (3.17) 

 

Compound 3.12 (77 mg, 0.12 mmol, 1.0 eq) was suspended in DCM (3 ml) and then DIPEA (50 μL, 

0.25 mmol, 2.0 eq) was added. The reaction flask was cooled over an ice-water bath, then TBTU (49 

mg, 0.15 mmol, 1.2 eq) was added as a solid. The reaction mixture was stirred at 0°C for 10 min, then 

3.16 (120 mg, 0.12 mmol, 1.0 eq) was dissolved in DCM (2 ml) and added rapidly to the reaction flask, 

then more DCM (5 ml) was used to rinse the contents of the vial into the reaction flask. The ice-water 

bath was removed; the reaction allowed to warm to rt and then refluxed at 40°C for 13 h. The 

reaction was diluted with DCM (10 ml), washed with 1.33 M NaHSO4 (50 ml), 1 M Na2CO3 (50 ml), 

and finally brine. The organic phase was dried over MgSO4, filtered and the filtrate evaporated to yield 

a brown foam/solid (~180 mg, 92%). Purification by column chromatography (SiO2, 100% DCM, to 

98:2 DCM/MeOH, to 95:5 DCM/MeOH, to 9:1 DCM/MeOH) yielded 3.17 as a white solid (50 mg, 

26%). 

Rf 0.33 (9:1 DCM/MeOH, UV and cerium stain). [α]D not acquired. M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  7.99 (br s, NH amide, 1H); 7.62 (br s, NH amide, 1H); 7.25, 7.23 (br s, NH 
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amide × 2, 2H); 7.02 (br s, NH amide, 1H); 6.93 (br s, NH amide, 1H); 6.45, 6.38 (br s × 2, NH2 

guanidine, NH guanidine, NH amide, 4H); 4.65-4.54 (m, Asp α-H and Arg α-H, 2H); 4.42-4.33 (m, 

Lys α-H, 1H); 4.04 (s, OCH2C(O)NH, 2H); 4.01-3.86 (m, Gly CH2, 2H); 3.74-3.48 (m, TEG OCH2’s, 

14H); 3.44-3.30, 3.29-3.08 (m × 2, CH2NHC(O) (Lys), CH2NHC(O) (C6 linker), C(O)NHCH2CH2O, 

Arg CH2NH, 2H+6H); 2.93 (s, Pbf CH2, 2H); 2.79 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.68 

(dd, Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 2.56 (s, Pbf CH3Ar, 3H); 2.49 (s, Pbf CH3Ar, 3H); 2.21-

2.10 (m, CH2C(O)NH (C6 linker), CH2C(O)NH × 2 (C12 tails), 6H); 2.06 (s, Pbf CH3Ar, 3H); 1.98-

1.04 (m, C12 CH2’s, lysine CH2’s, C6 linker CH2’s, Arg CH2 × 2, Pbf CH3 × 2, C(CH3)3 × 2, calc 72H, 

found 75 H); 0.85 (t, 2 × C12 CH3, J = 7.0 Hz, 6H). 13C NMR (CDCl3, 100 MHz)  173.92, 173.88, 

172.29, 172.23, 172.17, 170.72, 170.10, 169.73, 168.91, 158.67, 156.63 (C(O)OtBu × 2, C(O)NH amide 

× 7, Pbf aromatic C-O, C=N guanidine); 138.32, 133.31, 132.23, 124.59, 117.48 (Pbf aromatic C); 

86.40 (Pbf CH2C(CH3)2O); 82.45, 81.64 (C(CH3)3 × 2); 77.47, 70.81, 70.35, 70.19, 70.00 (TEG OCH2’s 

and OCH2C(O)NH); 53.08, 52.44, 49.38 (Arg α-CH, Lys α-CH, Asp α-CH); 43.35, 42.88 (Pbf ArCH2, 

Gly CH2); 40.22 (Arg CH2NH); 39.24, 39.19, 38.95, 37.48, 36.79, 36.56, 36.15 (C(O)NHCH2CH2O, 

Asp CH2, CH2NHC(O) × 2 (Lys and C6 linker), CH2C(O)NH × 2 (C12 tails), CH2C(O)NH (C6 

linker)); 32.21, 32.12, 31.99, 29.74, 29.71, 29.64, 29.53, 29.49, 29.43, 29.04, 28.90, 28.69, 28.11, 27.96, 

26.37, 25.98, 25.86, 25.56, 25.18, 22.76, 22.67 (C12, lysine and C6 linker CH2’s, Arg CHCH2, Arg 

CH2CH2NH, Pbf CH2C(CH3)2O, C(CH3)3 × 2); 19.40, 18.08 (Pbf ArCH3 × 2); 14.20 (C12 CH3 × 2); 

12.57 (Pbf ArCH3). IR not acquired. ESI-MS (m/z): Calc. for C79H140N10NaO18S 1571.9960; found: 

1571.9976 (12%, [M+H]+). Calc. for C79H142N10O18S 775.5107; found 775.5089 (100%, [M+2H]2+). 

Synthesis of C12-Lys(C12)-(CH2)5-TEG-Arg-Gly-Asp (3.18) 

 

Compound 3.17 (49 mg, 31.6 μmol) was dissolved in a mixture of TFA, water and TIS (2 ml, 

95:2.5:2.5) and shaken for 1 h 15 min, after which time TLC indicated that the deprotection reaction 

was complete. The volatiles were removed in vacuo, then the residue was dissolved in the minimum 

amount of hot MeOH and precipitated with cold Et2O, filtered and washed with the minimum 

amount of cold Et2O to yield a white solid. The sample was then dissolved in a mixture of 

water/tBuOH, filtered over a PTFE membrane filter (0.2 μm), shell frozen and lyophilised to yield the 

product 3.18 as a fluffy white powder (17 mg, 41% as TFA salt). 
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Rf 0.00 (9:1 DCM/MeOH, cerium stain). [α]D = -2.0° (c = 0.05, MeOH). M.p not acquired. 1H NMR 

(CD3OD, 400 MHz)  4.72 (t, Asp α-H, J = 5.5 Hz, 1H); 4.44 (dd, Arg α-H, J = 7.5 Hz and 6.0 Hz, 

1H); 4.22 (dd, Lys α-H, J = 9.0 Hz and 5.5 Hz, 1H); 4.06 (s, OCH2C(O)NH, 2H); 3.97 (d, Gly CHA, J 

= 17.0 Hz, 1H); 3.87 (d, Gly CHB, J = 17.0 Hz, 1H); 3.74-3.56 (m, TEG OCH2’s, 14H); 3.52, 3.34, 

3.22-3.12 (t (J = 5.5 Hz), t (J = 5.0 Hz), m, CH2NHC(O) (Lys), CH2NHC(O) (C6 linker), 

C(O)NHCH2CH2O, Arg CH2NH, calc 2H+2H+4H, found 2H+2H+6H); 2.83 (d, Asp CH2, J = 5.5 

Hz, 2H); 2.25-2.13 (m, CH2C(O)NH (C6 linker), CH2C(O)NH × 2 (C12 tails), 6H); 2.01-1.20 (m, C12 

CH2’s, lysine CH2’s, C6 linker CH2’s, Arg CH2 × 2, calc 48H, found 52 H); 0.88 (t, 2 × C12 CH3, J = 

7.0 Hz, 6H). ߥmax (cm-1) (solid): 3302m (O-H acid and N-H amide/guanidino stretches); 2940m, 2870m 

(C-H alkyl stretches); 1636m (C=O amide stretch); 1551m, 1450m, 1350m, 1273m (N-H amide bend, 

C-H alkyl bend); 1242m, 1219m, 1096s (C-O carboxylic acid and ether stretches, and C-N amide 

stretches). ESI-MS (m/z): Calc. for C58H109N10O15 1185.8068; found: 1185.7971 (12%, [M+H]+). Calc. 

for C58H110N10O15 593.4071; found 593.4052 (100%, [M+2H]2+). 

6.4 Chapter 4 – Linear RGD Peptide Conjugate Hydrogelators 

Synthesis of C12-urea-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (4.1) 

 

Dodecylisocyanate (68 μL, 0.28 mmol, 1.0 eq) was solubilised in DCM (1.5 ml) and cooled over an 

ice-water bath. Compound 2.8(2.4) (200 mg, 0.28 mmol, 1.0 eq) was dissolved in DCM (1.5 ml) and 

added in one portion to the reaction flask. The ice-water bath was removed and the reaction was 

stirred at rt for 1.5 h, after which time TLC analysis indicated that the reaction was incomplete 

(presence of H2N-Arg(Pbf)-Gly-Asp(OtBu)2 starting material) so more dodecylisocyanate (68 μL, 0.28 

mmol, 1.0 eq, 2.0 eq in total) was added neat and stirring continued overnight. The solvent was 

removed in vacuo to yield a crude clear oil (290 mg) which was purified by column chromatography 

(SiO2, 100% DCM to 98:2 DCM/MeOH, to 95:5 DCM/MeOH) yielding 4.1 as a fluffy, white solid 

(200 mg, 77%). 
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Rf 0.18 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -33.2° (c = 0.1, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  7.71 (br t, NH amide (Arg-Gly), J = 5.0 Hz, 1H); 7.41 (br d, NH amide 

(Gly-Asp), J = 6.5 Hz, 1H); 6.38 (br s, NH guanidine, NH2 guanidine and NH urea overlapping, 4H); 

5.99 (br s, NH urea, 1H); 4.66-4.62 (m, Asp α-H, 1H); 4.31-4.22 (br m, Arg α-H, 1H); 4.00-3.82 (br m, 

Gly CH2, 2H); 3.46-3.31 (br m, Arg CHANH, 1H); 3.17-3.00 (m, Arg CHBNH and CH2NHC(O)NH 

overlapping, 3H); 2.93 (s, Pbf CH2, 2H); 2.77 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.69 (dd, 

Asp CHB, J = 17.0 Hz and 5.0 Hz, 1H); 2.55 (s, Pbf CH3Ar, 3H); 2.50 (s, Pbf CH3Ar, 3H); 2.06 (s, Pbf 

CH3Ar, 3H); 1.85-1.52 (m, Arg CHCH2 and Arg CH2CH2NH overlapping, 4H); 1.442, 1.437, 1.39 (s 

× 3, Pbf CH3 × 2, C(CH3)3 × 2, C12 CH2 (underlying multiplet), calc 26H, found 25H); 1.33-1.16 (br 

m, C12 CH2’s, 18H); 0.85 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  170.08, 

169.95, 169.25, 158.95, 156.90 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH urea, Pbf ArCO, C=N 

guanidine, calc 7 peaks, found 5 peaks, overlapping?); 138.47, 132.61, 132.38, 124.74, 117.68 (Pbf 

aromatic C × 5); 86.50 (Pbf CH2C(CH3)2O); 82.50, 81.57 (C(CH3)3 × 2); 54.45 (Arg α-CH); 49.50 (Asp 

α-CH); 43.38 (Pbf ArCH2); 43.00 (Gly CH2); 40.58, 40.34 (CH2NHC(O)NH, Arg CH2NH); 37.48 

(Asp CH2); 32.02, 30.29, 29.77, 29.56, 29.47 (C12 CH2’s, Arg CHCH2 or CH2CH2NH, multiple 

overlapping peaks); 28.71 (Pbf CH2C(CH3)2O); 28.14, 27.99 (C(CH3)3 × 2); 27.17 (C12 CH2); 26.17 

(Arg CHCH2 or CH2CH2NH); 22.79 (C12 CH2); 19.47, 18.09 (Pbf ArCH3 × 2); 14.22 (C12 CH3); 

12.59 (Pbf ArCH3). ߥmax (cm-1) (solid): 3341w (N-H stretch); 2978m, 2932m, 2862w (C-H alkyl 

stretches); 1728m (C=O ester stretch); 1651s (C=O amide/urea stretch); 1551s (N-H bend and C=C 

arene stretch); 1450m, 1366m (C-H alkyl bends and S=O stretch); 1250s, 1150s, 1096s (C-O ester and 

C-N stretches). ESI-MS (m/z): Calc. for C46H80N7O10S 922.5682; found: 922.5692 (100%, [M+H]+). 

Calc. for C46H79N7NaO10S 944.5501; found 944.5507 (44%, [M+Na]+). 

Synthesis of C12-urea-Arg-Gly-Asp (4.2) 

 

Compound 4.1 (180 mg, 0.2 mmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (3 ml, 95:2.5:2.5) and shaken for 40 min, after which time TLC indicated that the deprotection 

reaction was complete. The volatiles were removed in vacuo, then the residue was dissolved in the 

minimum amount of MeOH, precipitated with cold Et2O, filtered and washed with the minimum 

amount of cold Et2O to yield 4.2 as a white solid (105 mg, 80% as TFA salt). 
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N.B. There was evidence of a small amount of methyl esterification of the carboxylic acids as a 

consequence of the recovery procedure, but this is not believed to affect gelation behaviour. 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = +4.8° (c = 0.25, DMSO). M.p not acquired. 1H NMR 

(CD3OD, 400 MHz)  4.77 (t, Asp α-H, J = 6.5 Hz, 1H); 4.17-4.13 (m, Arg α-H, 1H); 3.96 (d, Gly 

CHA, J = 17.0 Hz, 1H); 3.87 (d, Gly CHB, J = 17.0 Hz, 1H); 3.24-3.16 (m, Arg CH2NH, 2H); 3.15-

3.06 (m, CH2NHC(O)NH, 2H); 2.90 (dd, Asp CHA, J = 17.0 Hz and 5.5 Hz, 1H); 2.83 (dd, Asp CHB, 

J = 17.0 Hz and 6.5 Hz, 1H); 1.92-1.80 (br m, Arg CHCHA, 1H); 1.80-1.63 (br m, Arg CHCHB and 

Arg CH2CH2NH overlapping, 3H); 1.54-1.42 (br m, C12 CH2, 2H); 1.39-1.22 (br m, C12 CH2’s, 18H); 

0.90 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CD3OD, 100 MHz)  176.20, 174.00, 173.87, 171.55, 

160.77, 158.64 (C(O)OH × 2, C(O)NH amide × 2, C(O)NH urea, C=N guanidine); 55.34 (Arg α-

CH); 50.27 (Asp α-CH); 43.36 (Gly CH2); 42.02, 41.16 (Arg CH2NH, CH2NHC(O)NH); 36.84 (Asp 

CH2); 33.07, 31.32, 30.80, 30.78, 30.56, 30.52, 30.48, 28.06, 26.06, 23.73 (C12 CH2’s, Arg CHCH2 and 

CH2CH2NH, multiple overlapping peaks); 14.44 (C12 CH3). ߥmax (cm-1, solid): 3341w, 3202w (O-H 

acid and N-H stretches); 2924m, 2862w (C-H alkyl stretches); 1705w (C=O acid stretch); 1651s, 1620m, 

(C=O amide/urea stretch); 1566m (N-H bend); 1165s, 1034m (C-O acid and C-N stretches). ESI-MS 

(m/z): Calc. for C25H48N7O7 558.3610; found: 558.3621 (100%, [M+H]+). 

Synthesis of C12-[urea-Arg(Pbf)-Gly-Asp(OtBu)-OtBu]2 (4.3) 

 

Compound 2.8(2.4) (0.5 g, 0.70 mmol, 2.4 eq) was dissolved in DCM (5 ml) then 1,12-

diisocyanatododecane (74 mg, 0.29 mmol, 1.0 eq), solubilised in DCM (1 ml), was added dropwise 

over ~1 min and a further portion of DCM (1 ml) was used to wash any residual diisocyanate into the 

reaction flask. The reaction was stirred vigorously overnight at rt, after which time a white ‘jelly-like’ 

solid had precipitated out. Stirring was continued for a total of 19 h then the solvent was removed in 
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vacuo to yield a crude white solid (~600 mg). The crude material was dissolved in the minimum 

amount of DCM/MeOH (98:2) and purified by column chromatography (SiO2, 98:2 DCM/MeOH, 

to 95:5 DCM/MeOH, to 9:1 DCM/MeOH) yielding 4.3 as a fluffy, white solid (480 mg, 98%). 

Rf 0.39 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -1.2° (c = 0.5, MeOH). M.p not acquired. 1H 

NMR (CD3OD, 400 MHz)  4.65 (t, Asp α-H × 2, J = 6.0 Hz, 2H); 4.14 (br m, Arg α-H × 2, 2H); 

3.89 (br m, Gly CH2 × 2, 4H); 3.28-3.15 (br m, Arg CH2NH × 2, 4H); 3.15-3.04 (m, CH2NHC(O)NH 

× 2, 4H); 2.99 (s, Pbf CH2 × 2, 4H); 2.77 (dd, Asp CHA × 2, J = 17.0 Hz and 6.5 Hz, 2H); 2.68 (dd, 

Asp CHB × 2, J = 16.5 Hz and 6.5 Hz, 2H); 2.57 (s, Pbf CH3 × 2, 6H); 2.51 (s, Pbf CH3 × 2, 6H); 

2.07 (s, Pbf CH3 × 2, 6H); 1.85-1.72 (m, Arg CHCHA × 2, 2H); 1.70-1.52 (m, Arg CHCHB × 2, Arg 

CH2CH2CH2 × 2, 6H); 1.44 (s, [(Pbf CH3 × 2)] × 2, 12H); 1.44, 1.43 (s, [(tBu CH3 × 6)] × 2, 36H); 

1.35-1.28 (br m, C12 CH2’s, calc 20H, found 15H). 13C NMR (CD3OD, 100 MHz)  175.96, 171.31, 

171.20, 171.08, 160.47, 159.82, 158.06 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH urea, Pbf 

ArCO, C=N guanidine); 139.36, 134.29, 133.48, 125.97, 118.38 (Pbf aromatic C × 5); 87.64 (Pbf 

CH2C(CH3)2O); 83.20, 82.36 (C(CH3)3 × 2); 55.28 (Arg α-CH); 51.01 (Asp α-CH); 43.98, 43.31 (Pbf 

ArCH2, Gly CH2); 41.44, 41.06 (Arg CH2NH, CH2NHC(O)NH); 38.25 (Asp CH2); 31.26, 30.69, 

30.56, 30.48 (C12 CH2’s, Arg CHCH2 or CH2CH2NH, multiple overlapping peaks); 28.79 (Pbf 

CH2C(CH3)2O); 28.41, 28.25 (C(CH3)3 × 2); 27.99, 26.78 (C12 CH2, Arg CHCH2 or CH2CH2NH); 

19.69, 18.48, 12.63 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3348w (N-H stretch); 2978m, 2940m, 2870w 

(C-H alkyl stretches); 1728m (C=O ester stretch); 1651s (C=O amide/urea stretch); 1551s (N-H bend 

and C=C arene stretch); 1450m, 1366m (C-H alkyl bends and S=O stretch); 1250s, 1150s, 1088s (C-O 

ester and C-N stretches). ESI-MS (m/z): Calc. for C80H134N14O20S2 837.4665; found: 837.4638 (100%, 

[M+2H]2+); 848.4538 (28%, [M+H+Na]2+); 859.4444 (18%, [M+2Na]2+). 

Synthesis of C12-[urea-Arg-Gly-Asp]2 (4.4) 

 

Compound 4.3 (400 mg, 0.24 mmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (7.5 ml, 95:2.5:2.5) and shaken for 2 h 10 min, after which time TLC indicated that the 

deprotection reaction was complete. The volatiles were removed in vacuo, then the residue was 

dissolved in the minimum amount of hot MeOH, precipitated with cold Et2O, filtered and washed 
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with the minimum amount of cold Et2O to yield 4.4 as a white solid (280 mg, quantitative yield as 

TFA salt). The sample was then dissolved in a mixture of water/tBuOH, shell frozen and lyophilised 

to yield the product 4.4 as a fluffy white powder. 

N.B. There was evidence of a small amount of methyl esterification of the carboxylic acids as a 

consequence of the recovery procedure, but this is not believed to affect gelation behaviour. 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = +24.1° (c = 0.5, TFA). M.p not acquired. 1H NMR 

(CD3OD, 400 MHz)  4.77 (t, Asp α-H, J = 6.5 Hz, 2H); 4.20-4.17 (m, Arg α-H, 2H); 3.97 (d, Gly 

CHA, J = 17.0 Hz, 2H); 3.87 (d, Gly CHB, J = 17.0 Hz, 2H); 3.27-3.18 (m, Arg CH2NH, 4H); 3.16-

3.06 (m, CH2NHC(O)NH, 4H); 2.90 (dd, Asp CHA, J = 17.0 Hz and 5.5 Hz, 2H); 2.83 (dd, Asp CHB, 

J = 17.0 Hz and 6.5 Hz, 2H); 1.92-1.80 (br m, Arg CHCHA, 2H); 1.76-1.64 (br m, Arg CHCHB and 

Arg CH2CH2NH overlapping, 6H); 1.53-1.43 (br m, C12 CH2, 4H); 1.40-1.25 (br m, C12 CH2’s, 16H). 

13C NMR (CD3OD, 100 MHz)  175.92, 174.00, 173.89, 171.47, 160.69, 158.65 (C(O)OH × 2, 

C(O)NH amide × 2, C(O)NH urea, C=N guanidine); 55.09 (Arg α-CH); 50.25 (Asp α-CH); 43.29 (Gly 

CH2); 42.08 (Arg CH2NH); 41.12 (CH2NHC(O)NH); 36.85 (Asp CH2); 31.26, 30.71, 30.64, 30.45, 

27.97, 26.08 (C12 CH2’s, Arg CHCH2 and CH2CH2NH, multiple overlapping peaks). ߥmax (cm-1, solid): 

3348w, 3210w (O-H acid and N-H stretches); 2978m, 2878w (C-H alkyl stretches); 1705w (C=O acid 

stretch); 1651s (C=O amide/urea stretch); 1566s (N-H bend); 1165s, 1042m (C-O acid and C-N 

stretches). ESI-MS (m/z): Calc. for C38H69N14O14 945.5112; found: 945.5076 (7%, [M+H]+). Calc. for 

C38H70N14O14 473.2592; found: 473.2538 (100%, [M+2H]2+). 

Synthesis of C6-urea-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (4.5) 

 

Compound 2.8(2.4) (0.2 g, 0.28 mmol, 1.0 eq) was dissolved in DCM (2 ml) then hexyl isocyanate (36 

mg, 0.28 mmol, 1.0 eq), solubilised in DCM (0.5 ml), was added rapidly to the reaction flask and a 

further portion of DCM (1.5 ml) was used to wash any residual isocyanate into the reaction flask. The 

reaction was stirred vigorously for 3 days, then the solvent was removed in vacuo to yield a crude clear 

solid (270 mg). The crude material was purified by column chromatography (SiO2, 100% DCM, to 
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98:2 DCM/MeOH, to 95:5 DCM/MeOH, to 9:1 DCM/MeOH) yielding 4.5 as a white solid (210 mg, 

89%). 

Rf 0.26 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -12.9° (c = 1.0, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  7.76 (br t, NH amide (Arg-Gly), 1H); 7.50 (br d, NH amide (Gly-Asp), J = 

7.0 Hz, 1H); 6.39 (br s, NH guanidine, NH2 guanidine and NH urea overlapping, 4H); 5.95 (br s, NH 

urea, 1H); 4.66-4.62 (m, Asp α-H, 1H); 4.31-4.19 (br m, Arg α-H, 1H); 4.01-3.83 (br m, Gly CH2, 2H); 

3.42-3.25 (br m, Arg CHANH, 1H); 3.21-2.99 (m, Arg CHBNH and CH2NHC(O)NH overlapping, 

3H); 2.93 (s, Pbf CH2, 2H); 2.76 (dd, Asp CHA, J = 17.0 Hz and 5.5 Hz, 1H); 2.69 (dd, Asp CHB, J = 

17.0 Hz and 5.5 Hz, 1H); 2.54 (s, Pbf CH3Ar, 3H); 2.49 (s, Pbf CH3Ar, 3H); 2.06 (s, Pbf CH3Ar, 3H); 

1.83-1.52 (m, Arg CHCH2 and Arg CH2CH2NH overlapping, 4H); 1.43 (s, Pbf CH3 × 2, 6H); 1.38 (s, 

C(CH3)3 × 2, C6 CH2 (underlying multiplet), calc 20H, found 19H); 1.27-1.17 (br m, C6 CH2’s × 3, 

6H); 0.82 (t, C6 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  169.99, 169.92, 169.30, 158.90, 

158.86, 156.81 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH urea, Pbf ArCO, C=N guanidine, calc 7 

peaks, found 6 peaks, overlapping?); 138.38, 132.47, 124.68, 117.59 (Pbf aromatic C × 5, calc 5 peaks, 

found 4 peaks, overlapping?); 86.44 (Pbf CH2C(CH3)2O); 82.41, 81.47 (C(CH3)3 × 2); 54.41 (Arg α-

CH); 49.49 (Asp α-CH); 43.31 (Pbf ArCH2); 42.89 (Gly CH2); 40.46 (CH2NHC(O)NH, Arg CH2NH, 

calc 2 peaks, found 1 peak, overlapping?); 37.44 (Asp CH2); 31.62, 30.17 (C6 CH2’s, Arg CHCH2 or 

CH2CH2NH, multiple overlapping peaks); 28.66 (Pbf CH2C(CH3)2O); 28.08, 27.93 (C(CH3)3 × 2); 

26.72, 22.64 (C6 CH2, Arg CHCH2 or CH2CH2NH); 19.41, 18.03 (Pbf ArCH3 × 2); 14.10 (C6 CH3); 

12.54 (Pbf ArCH3). ߥmax (cm-1) (solid): 3341w (N-H stretch); 2970m, 2870w (C-H alkyl stretches); 

1728m (C=O ester stretch); 1643m (C=O amide/urea stretch); 1551s (N-H bend and C=C arene 

stretch); 1450m, 1366m (C-H alkyl bends and S=O stretch); 1250s, 1150s, 1096s (C-O ester and C-N 

stretches). ESI-MS (m/z): Calc. for C40H68N7O10S 838.4743; found: 838.4734 (100%, [M+H]+). Calc. 

for C40H67N7NaO10S 860.4562; found 860.4545 (49%, [M+Na]+). 

Synthesis of C6-urea-Arg-Gly-Asp (4.6) 

 

Compound 4.5 (180 mg, 0.22 mmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (3 ml, 95:2.5:2.5) and shaken for 1 h 20 min, after which time TLC indicated that the 

deprotection reaction was complete. The volatiles were removed in vacuo, then the residue was 
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dissolved in the minimum amount of hot MeOH, precipitated with cold Et2O, filtered and washed 

with the minimum amount of cold Et2O to yield 4.6 as a white solid (110 mg, 87% as TFA salt). 

N.B. There was evidence of a small amount of methyl esterification of the carboxylic acids as a 

consequence of the recovery procedure. 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = +42.0° (c = 0.1, TFA). M.p not acquired. 1H NMR 

(CD3OD, 400 MHz)  4.77 (t, Asp α-H, J = 6.5 Hz, 1H); 4.17-4.13 (m, Arg α-H, 1H); 3.96 (d, Gly 

CHA, J = 17.0 Hz, 1H); 3.87 (d, Gly CHB, J = 17.0 Hz, 1H); 3.26-3.17 (m, Arg CH2NH, 2H); 3.16-

3.06 (m, CH2NHC(O)NH, 2H); 2.90 (d, Asp CHA, J = 17.0 Hz and 5.5 Hz, 1H); 2.83 (d, Asp CHB, J 

= 17.0 Hz and 6.5 Hz, 1H); 1.92-1.79 (m, Arg CHCHA, 1H); 1.79-1.64 (m, Arg CHCHB and Arg 

CH2CH2NH overlapping, 3H); 1.53-1.42 (m, C6 CH2, 2H); 1.38-1.25 (m, C6 CH2’s, 6H); 0.91 (t, C6 

CH3, J = 7.0 Hz, 3H). 13C NMR (CD3OD, 100 MHz)  176.18, 174.03, 173.90, 171.58, 160.80, 158.64 

(C(O)OH × 2, C(O)NH amide × 2, C(O)NH urea, C=N guanidine); 55.35 (Arg α-CH); 50.26 (Asp α-

CH); 43.35 (Gly CH2); 42.05 (Arg CH2NH); 41.16 (CH2NHC(O)NH); 36.83 (Asp CH2); 32.83, 31.31, 

30.56, 27.76, 26.10, 23.76 (C6 CH2’s × 4, Arg CHCH2 and CH2CH2NH); 14.48 (C6 CH3). ߥmax (cm-1, 

solid): 3341w, 3202w (O-H acid and N-H stretches); 2956w, 2870w (C-H alkyl stretches); 1705w (C=O 

acid stretch); 1651s (C=O amide/urea stretch); 1574s (N-H bend); 1157s, 1026m (C-O acid and C-N 

stretches). ESI-MS (m/z): Calc. for C19H36N7O7 474.2671; found: 474.2681 (100%, [M+H]+). 

Synthesis of C6-[urea-Arg(Pbf)-Gly-Asp(OtBu)-OtBu]2 (4.7) 

 

Compound 2.8(2.4) (0.25 g, 0.35 mmol, 2.0 eq) was dissolved in DCM (2 ml) then 1,6-

diisocyanatohexane (30 mg, 0.18 mmol, 1.0 eq), solubilised in DCM (0.5 ml), was added rapidly to the 
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reaction flask and a further portion of DCM (1.5 ml) was used to wash any residual diisocyanate into 

the reaction flask. A viscous solution formed upon addition of the diisocyanate, therefore more DCM 

(~5 ml) was added to try to improve stirring. The reaction was stirred vigorously for 17 h at rt, then 

the solvent was removed in vacuo to yield a crude white solid (280 mg). The crude material was purified 

by column chromatography (SiO2, 9:1 DCM/MeOH) yielding 4.7 as a white solid (260 mg, 92%). 

Rf 0.17 (9:1 DCM/MeOH, UV and cerium stain). [α]D = +1.0° (c = 0.1, MeOH). 1H NMR (CD3OD, 

400 MHz)  4.64 (t, Asp α-H × 2, J = 6.0 Hz, 2H); 4.16 (br m, Arg α-H × 2, 2H); 3.94-3.85 (br m, Gly 

CH2 × 2, 4H); 3.25-3.16 (br m, Arg CH2NH × 2, 4H); 3.14-3.05 (m, CH2NHC(O)NH × 2, 4H); 2.98 

(s, Pbf CH2 × 2, 4H); 2.77 (dd, Asp CHA × 2, J = 16.5 Hz and 6.0 Hz, 2H); 2.68 (dd, Asp CHB × 2, J 

= 17.0 Hz and 6.5 Hz, 2H); 2.57 (s, Pbf CH3 × 2, 6H); 2.51 (s, Pbf CH3 × 2, 6H); 2.07 (s, Pbf CH3 × 

2, 6H); 1.86-1.72 (m, Arg CHCHA × 2, 2H); 1.69-1.53 (m, Arg CHCHB × 2, Arg CH2CH2CH2 × 2, 

6H); 1.53-1.38 (m, [(Pbf CH3 × 2)] × 2, [(tBu CH3 × 6)] × 2, C6 CH2’s × 2, calc 52H, found 47H); 

1.38-1.29 (m, C6 CH2’s × 2, 4H). 13C NMR (CD3OD, 100 MHz)  175.97, 171.28, 171.24, 171.11, 

160.48, 159.84, 158.06 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH urea, Pbf ArCO, C=N 

guanidine); 139.39, 134.30, 133.50, 126.00, 118.42 (Pbf aromatic C × 5); 87.67 (Pbf CH2C(CH3)2O); 

83.25, 82.42 (C(CH3)3 × 2); 55.26 (Arg α-CH); 51.01 (Asp α-CH); 44.00, 43.33 (Pbf ArCH2, Gly CH2); 

41.50, 40.86 (Arg CH2NH, CH2NHC(O)NH); 38.28 (Asp CH2); 31.14, 30.66 (C6 CH2, Arg CHCH2 or 

CH2CH2NH); 28.83 (Pbf CH2C(CH3)2O); 28.44, 28.28 (C(CH3)3 × 2); 27.55, 26.83 (C6 CH2, Arg 

CHCH2 or CH2CH2NH); 19.74, 18.53, 12.67 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3341w (N-H 

stretch); 2978m, 2878w (C-H alkyl stretches); 1728m (C=O ester stretch); 1651m (C=O amide/urea 

stretch); 1551s (N-H bend and C=C arene stretch); 1450m, 1366s (C-H alkyl bends and S=O stretch); 

1250s, 1150s, 1088s (C-O ester and C-N stretches). ESI-MS (m/z): Calc. for C74H121N14O20S2 

1589.8318; found: 1589.8104 (12%, [M+H]+). Calc. for C74H122N14O20S2 795.4195; found: 795.4137 

(100%, [M+2H]2+). 

Synthesis of C6-[urea-Arg-Gly-Asp]2 (4.8) 
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Compound 4.7 (230 mg, 0.14 mmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (3 ml, 95:2.5:2.5) and shaken for 1 h 20 min, after which time TLC indicated that the 

deprotection reaction was complete. The volatiles were removed in vacuo, then the residue was 

dissolved in the minimum amount of hot MeOH, precipitated with cold Et2O, filtered and washed 

with the minimum amount of cold Et2O to yield 4.8 as a white solid (160 mg, quantitative yield as 

TFA salt). 

N.B. There was evidence of a small amount of methyl esterification of the carboxylic acids as a 

consequence of the recovery procedure. 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = +51.0° (c = 1.0, TFA). M.p not acquired. 1H NMR 

(CD3OD, 400 MHz)  4.76 (t, Asp α-H, J = 6.5 Hz, 2H); 4.19-4.11 (m, Arg α-H, 2H); 3.96 (d, Gly 

CHA, J = 17.0 Hz, 2H); 3.90 (d, Gly CHB, J = 17.0 Hz, 2H); 3.27-3.18 (m, Arg CH2NH, 4H); 3.18-

3.04 (m, CH2NHC(O)NH, 4H); 2.92 (dd, Asp CHA × 2, J = 17.0 Hz and 5.5 Hz, 2H); 2.86 (dd, Asp 

CHB × 2, J = 17.0 Hz and 6.5 Hz, 2H); 1.92-1.79 (br m, Arg CHCHA, 2H); 1.79-1.64 (br m, Arg 

CHCHB and Arg CH2CH2NH overlapping, 6H); 1.53-1.42 (br m, C6 CH2, 4H); 1.40-1.27 (br m, C6 

CH2’s, 4H). 13C NMR (CD3OD, 100 MHz)  176.45, 174.38, 174.16, 171.65, 160.81, 158.35 (C(O)OH 

× 2, C(O)NH amide × 2, C(O)NH urea, C=N guanidine); 55.35 (Arg α-CH); 50.15 (Asp α-CH); 43.34 

(Gly CH2); 41.93 (Arg CH2NH); 40.77 (CH2NHC(O)NH); 36.76 (Asp CH2); 30.81, 30.20, 27.24, 26.04 

(C6 CH2’s, Arg CHCH2 and CH2CH2NH, multiple overlapping peaks). ߥmax (cm-1, solid): 3341w, 

3186w (O-H acid and N-H stretches); 2978m, 2870w (C-H alkyl stretches); 1643s, 1612s (C=O 

amide/urea stretch); 1558s (N-H bend); 1389w (C-H alkyl bends); 1165s, 1034s (C-O acid and C-N 

stretches). ESI-MS (m/z): Calc. for C32H57N14O14 861.4173; found: 861.4134 (9%, [M+H]+); 431.2016 

(100%, [M+2H]2+). 

Synthesis of CH2-[Ar-urea-Arg(Pbf)-Gly-Asp(OtBu)-OtBu]2 (4.9) 

 

Compound 2.8(2.4) (0.2 g, 0.28 mmol, 2.4 eq) was dissolved in DCM (2 ml) then 4,4’-

methylenbis(phenyl isocyanate) (29 mg, 0.12 mmol, 1.0 eq), solubilised in DCM (0.5 ml), was added 
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dropwise over ~1 min and a further portion of DCM (3 × 0.5 ml) was used to wash any residual 

diisocyanate into the reaction flask. The reaction became viscous/ ‘jelly-like’ and white in appearance a 

few minutes after the addition of the diisocyanate, therefore more DCM (4 ml) was added to the 

reaction flask to try to improve stirring. The reaction was stirred vigorously for 3 days at rt, then the 

solvent was removed in vacuo to yield a crude white solid (220 mg). The crude material was purified by 

column chromatography (SiO2, 95:5 DCM/MeOH, to 9:1 DCM/MeOH) yielding 4.9 as a white solid 

(180 mg, 93%). 

Rf 0.31 (9:1 DCM/MeOH, UV and cerium stain). [α]D = -10.1° (c = 0.5, MeOH). M.p not acquired. 

1H NMR (CD3OD, 400 MHz)  7.25 (d, CH aromatic × 4, J = 8.0 Hz, 4H); 7.00 (d, CH aromatic × 4, 

J = 9.0 Hz, 4H); 4.63 (t, Asp α-H × 2, J = 6.0 Hz, 2H); 4.27-4.19 (br m, Arg α-H × 2, 2H); 3.95-3.86 

(br m, Gly CH2 × 2, 4H); 3.81-3.69 (app br s, ArCH2Ar, 2H); 3.25-3.07 (br m, Arg CH2NH × 2, 4H); 

2.91 (s, Pbf CH2 × 2, 4H); 2.72 (dd, Asp CHA × 2, J = 16.5 Hz and 6.0 Hz, 2H); 2.61 (dd, Asp CHB × 

2, J = 16.5 Hz and 6.0 Hz, 2H); 2.55 (s, Pbf CH3 × 2, 6H); 2.49 (s, Pbf CH3 × 2, 6H); 2.02 (s, Pbf 

CH3 × 2, 6H); 1.88-1.74 (m, Arg CHCHA × 2, 2H); 1.74-1.51 (m, Arg CHCHB × 2, Arg CH2CH2CH2 

× 2, 6H); 1.40, 1.38 (s × 2, [(Pbf CH3 × 2)] × 2, [(tBu CH3 × 6)] × 2, calc 48H, found 47H). 13C NMR 

(CD3OD, 100 MHz)  175.68, 171.33, 171.25, 171.09, 159.87, 158.09, 157.67 (C(O)OtBu × 2, 

C(O)NH amide × 2, C(O)NH urea, Pbf ArCO, C=N guanidine); 139.41, 138.59, 137.05, 134.24, 

133.55 (Pbf aromatic C × 3, Ar aromatic C × 2); 130.24 (Ar aromatic CH); 126.06 (Pbf aromatic C); 

120.39 (Ar aromatic CH); 118.45 (Pbf aromatic C); 87.68 (Pbf CH2C(CH3)2O); 83.28, 82.40 (C(CH3)3 

× 2); 55.21 (Arg α-CH); 51.06 (Asp α-CH); 43.98, 43.42 (Pbf ArCH2, Gly CH2); 41.56, 41.50 (Arg 

CH2NH, ArCH2Ar); 38.30 (Asp CH2); 30.58 (Arg CHCH2); 28.84 (Pbf CH2C(CH3)2O); 28.47, 28.30 

(C(CH3)3 × 2); 26.87 (Arg CH2CH2NH); 19.80, 18.56, 12.71 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 

3341w (N-H amide stretch); 2978m, 2878w (C-H alkyl and arene stretches); 1728m (C=O ester stretch); 

1682m (C=O amide/urea stretches); 1543s, 1512s (N-H bend and C=C arene stretch); 1450m, 1366m 

(C-H alkyl bend and S=O stretch); 1242s, 1150s, 1088s (C-O ester and C-N stretches, C-H arene 

bends); 995w, 810m, 779m (C-H arene bends). ESI-MS (m/z): Calc. for C81H120N14O20S2 836.4117; 

found: 836.4090 (100%, [M+2H]2+); 847.3985 (24%, [M+H+Na]2+); 858.3903 (14%, [M+2Na]2+). 

Synthesis of CH2-[Ar-urea-Arg-Gly-Asp]2 (4.10) 
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Compound 4.9 (165 mg, 99 μmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (5 ml, 95:2.5:2.5) and shaken for 45 min, after which time TLC indicated that the deprotection 

reaction was complete. The volatiles were removed in vacuo, then the residue was suspended in the 

minimum amount of hot MeOH, precipitated with cold Et2O, filtered and washed with the minimum 

amount of cold Et2O to yield 4.10 as a white solid (110 mg, 95% as TFA salt). 

N.B. There was evidence of a small amount of methyl esterification of the carboxylic acids as a 

consequence of the recovery procedure. 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = +36.3° (c = 1.0, TFA). M.p not acquired. 1H NMR 

(CD3OD/D2O, 400 MHz)  7.25 (d, CH aromatic × 4, J = 8.5 Hz, 4H); 7.08 (d, CH aromatic × 4, J = 

9.0 Hz, 4H); 4.75 (t, Asp α-H × 2, J = 6.0 Hz, 2H); 4.24-4.21 (m, Arg α-H × 2, 2H); 3.97 (d, Gly CHA 

× 2, J = 17.0 Hz, 2H); 3.92 (d, Gly CHB × 2, J = 17.0 Hz, 2H); 3.82 (app br s, ArCH2Ar, 2H); 3.21 (t, 

Arg CH2NH × 2, J = 7.0 Hz, 4H); 2.85 (dd, Asp CHA × 2, J = 17.0 Hz and 5.5 Hz, 2H); 2.78 (dd, Asp 

CHB × 2, J = 17.0 Hz and 5.5 Hz, 2H); 1.94-1.82 (m, Arg CHCHA × 2, 2H); 1.82-1.63 (m, Arg 

CHCHB × 2, Arg CH2CH2CH2 × 2, 6H). 13C NMR (CD3OD, 100 MHz)  176.07, 174.59, 174.28, 

171.64, 158.19, 158.14 (C(O)OH × 2, C(O)NH amide × 2, C(O)NH urea, C=N guanidine); 137.85, 

137.70 (Ar aromatic C × 2); 130.18, 121.03 (Ar aromatic CH × 2); 55.11 (Arg α-CH); 50.08 (Asp α-

CH); 43.31 (Gly CH2); 41.85 (ArCH2Ar); 41.27 (Arg CH2NH); 36.74 (Asp CH2); 30.07 (Arg CHCH2); 

25.84 (Arg CH2CH2NH). ߥmax (cm-1, solid): 3341w, 3194w (O-H acid and N-H stretches); 2978m, 

2878w (C-H alkyl and arene stretches); 1721w (C=O acid stretch); 1651s, 1605m (C=O amide/urea 

stretch); 1535s, 1512s (N-H bend and C=C arene stretch); 1404m, 1312m (C-H alkyl bends); 1157s, 

1042s (C-O acid and C-N stretches); 964m, 864m, 833m, 772m (C-H arene bends). ESI-MS (m/z): Calc. 

for C39H55N14O14 943.4017; found: 943.3989 (100%, [M+H]+). 

Synthesis of Z-Asp(OtBu)-C12 (4.11) 

 

Z-Asp(OtBu)-OH (1.00 g, 3.09 mmol, 1.0 eq) was dissolved in DCM (25 ml) then DIPEA (1.1 ml, 

6.31 mmol, 2.0 eq) was added. The reaction flask was cooled over an ice-water bath then TBTU (1.00 

g, 3.1 mmol, 1.0 eq) was added as a solid and the reaction was stirred at 0°C for 10 min before 

dodecylamine (0.57 g, 3.09 mmol, 1.0 eq) was added as a solid and more DCM was used to rinse any 

residual dodecylamine into the reaction flask. The reaction was stirred at 0°C for a further 30 min 

before removing the ice-water bath and stirring the reaction at rt for 22 h. The organic phase was 
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washed successively with 1.33 M NaHSO4 (3 × 50 ml), 1 M Na2CO3 (3 × 50 ml), and finally brine (50 

ml). The organic phase was dried over MgSO4 and filtered before removing the solvent in vacuo to 

yield a crude orange oil (1.6 g). Purification by column chromatography (SiO2, 98:2 DCM/MeOH, to 

95:5 DCM/MeOH) yielded 4.11 as an off-white waxy solid (1.03 g, 68%). 

Rf 0.59 (95:5, DCM/MeOH, UV and cerium stain). [α]D = +16.5° (c = 1.0, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  7.34-7.27 (m, CH aromatic, 5H); 6.54 (app br t, NH amide, 1H); 6.05 

(d, NH carbamate, J = 8.0 Hz, 1H); 5.10 (s, CH2 benzylic, 2H); 4.50-4.45 (br m, Asp α-H, 1H); 3.19 (q, 

C(O)NHCH2, J = 6.5 Hz, 2H); 2.87 (dd, Asp CHA, J = 17.0 Hz and 4.5 Hz, 1H); 2.59 (dd, Asp CHB, J 

= 17.0 Hz and 6.5 Hz, 1H); 1.49-1.36 (s (+ underlying m), C(CH3)3 (+ C12 CH2), 11H); 1.31-1.19 (m, 

C12 CH2 × 9, 18H); 0.86 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  171.25, 170.29, 

156.09 (C(O)OtBu, C(O)NH amide, C(O)NH carbamate); 136.17 (C aromatic); 128.60, 128.30, 128.16 

(CH aromatic); 81.73 (C(CH3)3); 67.17 (CH2 benzylic); 51.18 (Asp α-CH); 39.70 (C(O)NHCH2); 37.59 

(Asp CH2); 31.96, 29.70, 29.67, 29.65, 29.57, 29.47, 29.40, 29.32 (C12 CH2’s); 28.05 (C(CH3)3); 26.85, 

22.73 (C12 CH2’s); 14.18 (C12 CH3). ߥmax (cm-1) (solid): 3302m (N-H amide stretch); 2978m, 2916m, 

2855m (C-H alkyl and arene stretches); 1728m (C=O ester stretch); 1690m, 1651s (C=O amide 

stretch); 1535s (N-H amide bend and C=C arene stretch); 1458w, 1366m (C-H alkyl bends); 1288m, 

1258s, 1157s, 1049m, 1003w (C-O ester and C-N amide stretches, C-H arene bends); 949w, 903w, 849w, 

694s (C-H arene bends). ESI-MS (m/z): Calc. for C28H47N2O5 491.3479; found: 491.3462 (100%, 

[M+H]+). Calc. for C28H46N2NaO5 513.3299; found: 513.3279 (68%, [M+Na]+). 

Synthesis of H2N-Asp(OtBu)-C12 (4.12) 

 

Compound 4.11 (1.00 g, 2.04 mmol) was dissolved in EtOH (20 ml) followed by the addition of Pd/C 

catalyst (0.20 g, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 25 h 

under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 4.12 as a white waxy solid (0.66 g, 90%). No further purification 

was required. 

Rf 0.20 (95:5, DCM/MeOH, cerium stain). [α]D = -12.5° (c = 0.5, CHCl3). M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  7.37 (t, NH amide, J = 4.5 Hz, 1H); 3.63 (dd, Asp α-H, J = 8.5 Hz and 3.5 Hz, 

1H); 3.22 (dd, C(O)NHCHA, J = 7.0 Hz and 3.0 Hz, 1H); 3.19 (dd, C(O)NHCHB, J = 7.0 Hz and 3.0 

Hz, 1H); 2.83 (dd, Asp CHA, J = 17.0 Hz and 4.0 Hz, 1H); 2.48 (dd, Asp CHB, J = 17.0 Hz and 8.5 
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Hz, 1H); 1.93 (br s, NH2, 2H); 1.51-1.40 (s (+ underlying m), C(CH3)3 (+ C12 CH2), 11H); 1.27-1.17 

(m, C12 CH2 × 9, 18H); 0.85 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  173.18, 

171.34 (C(O)OtBu, C(O)NH amide); 81.08 (C(CH3)3); 52.05 (Asp α-CH); 40.58 (Asp CH2); 39.26 

(C(O)NHCH2); 31.92, 29.66, 29.63, 29.59, 29.55, 29.35, 29.32 (C12 CH2’s); 28.09 (C(CH3)3); 26.94, 

22.69 (C12 CH2’s); 14.13 (C12 CH3). ߥmax (cm-1) (solid): 3649m (N-H stretch); 2978m, 2924m, 2855m 

(C-H alkyl stretches); 1728m (C=O ester stretch); 1659w (C=O amide stretch); 1566w (N-H amide 

bend); 1458w, 1366m (C-H alkyl bends); 1258w, 1150s (C-O ester and C-N stretches). ESI-MS (m/z): 

Calc. for C20H41N2O3 357.3112; found: 357.3114 (100%, [M+H]+). 

Synthesis of Z-Gly-Asp(OtBu)-C12 (4.13) 

 

Z-Gly-OH (0.38 g, 1.8 mmol, 1.0 eq) was dissolved in DCM (8 ml) upon the addition of DIPEA (0.63 

ml, 3.6 mmol, 2.0 eq). The reaction flask was cooled over an ice-water bath, TBTU (0.58 g, 1.8 mmol, 

1.0 eq) was added as a solid and the reaction stirred for 15 min, then compound 4.12 (0.64 g, 1.8 

mmol, 1.0 eq) dissolved in DCM (5 ml) was added rapidly to the reaction flask then more DCM (5 ml) 

was used to rinse any residual 4.12 into the reaction flask. The reaction was stirred at 0°C for a further 

30 min before removing the ice-water bath and stirring the reaction at rt for 2 days. The organic phase 

was washed successively with 1.33 M NaHSO4 (3 × 50 ml), 1 M Na2CO3 (3 × 50 ml), water (50 ml) 

and finally brine (50 ml). The organic phase was dried over MgSO4 and filtered before removing the 

solvent in vacuo to produce the product, 4.13, as a pale yellow oil (1.05 g, quantitative yield). No further 

purification was carried out. 

Rf 0.53 (95:5, DCM/MeOH, cerium stain). [α]D = +1.1° (c = 1.0, CHCl3). 1H NMR (CDCl3, 400 

MHz)  7.55 (d, NH amide (Gly-Asp), J = 9.0 Hz, 1H); 7.34-7.28 (m, CH aromatic, 5H); 6.94 (br t, 

NH amide (Asp-C12), J = 5.5 Hz, 1H); 6.12 (br t, NH carbamate, J = 5.0 Hz, 1H); 5.13 (d, CHA 

benzylic, J = 12.0 Hz, 1H); 5.09 (d, CHB benzylic, J = 12.0 Hz, 1H); 4.79-4.74 (m, Asp α-H, 1H); 3.93-

3.77 (br m, Gly CH2, 2H); 3.26-3.08 (m, C(O)NHCH2, 2H); 2.88 (dd, Asp CHA, J = 17.0 Hz and 5.0 

Hz, 1H); 2.59 (dd, Asp CHB, J = 17.0 Hz and 6.0 Hz, 1H); 1.52-1.39 (s (+ underlying m), C(CH3)3 (+ 

C12 CH2), 11H); 1.35-1.17 (m, C12 CH2 × 9, 18H); 0.87 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR 

(CDCl3, 100 MHz)  171.12, 170.00, 169.18, 156.99 (C(O)OtBu, C(O)NH amide × 2, C(O)NH 

carbamate); 136.13 (C aromatic); 128.52, 128.19, 127.99 (CH aromatic); 81.65 (C(CH3)3); 67.13 (CH2 

benzylic); 49.31 (Asp α-CH); 44.77 (Gly CH2); 39.79 (C(O)NHCH2); 37.08 (Asp CH2); 31.90, 29.63, 

29.55, 29.34 (C12 CH2’s); 27.98 (C(CH3)3); 26.87, 22.68 (C12 CH2’s); 14.13 (C12 CH3). ߥmax (cm-1) 
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(oil): 3279m (N-H stretch); 2978m, 2924m, 2855m (C-H alkyl and arene stretches); 1728m (C=O ester 

stretch); 1690m, 1643s (C=O amide/carbamate stretch); 1551s, 1512m (N-H bend and C=C arene 

stretch); 1458w, 1366m (C-H alkyl bends); 1250s, 1219s, 1150s, 1049w (C-O ester and C-N stretches, C-

H arene bends); 980m, 849w, 694s (C-H arene bends). ESI-MS (m/z): Calc. for C30H50N3O6 548.3694; 

found: 548.3690 (82%, [M+H]+). Calc. for C30H49N3NaO6 570.3514; found: 570.3511 (100%, 

[M+Na]+). 

Synthesis of H2N-Gly-Asp(OtBu)-C12 (4.14) 

 

Compound 4.13 (1.00 g, 1.83 mmol) was dissolved in EtOH (25 ml) followed by the addition of Pd/C 

catalyst (0.20 g, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 19 h 

under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 4.14 as a white waxy solid (0.66 g, 87%). No further purification 

was required. 

Rf 0.13 (9:1, DCM/MeOH, cerium stain). [α]D = -28.0° (c = 0.5, CHCl3). M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  8.26 (d, NH amide (Gly-Asp), J = 4.0 Hz, 1H); 7.19 (app br s, NH amide (Asp-

C12), 1H); 4.77-4.68 (m, Asp α-H, 1H); 4.12 (br s, NH2, 2H); 3.55 (d, Gly CHA, J = 17.0 Hz, 1H); 3.48 

(d, Gly CHB, J = 17.0 Hz, 1H); 3.23-3.12 (m, C(O)NHCHA, 1H); 3.12-3.03 (m, C(O)NHCHB, 1H); 

2.72 (dd, Asp CHA, J = 17.0 Hz and 7.0 Hz, 1H); 2.62 (dd, Asp CHB, J = 17.0 Hz and 7.0 Hz, 1H); 

1.46-1.33 (s (+ underlying m), C(CH3)3 (+ C12 CH2), 11H); 1.26-1.18 (m, C12 CH2 × 9, 18H); 0.81 (t, 

C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  170.75, 170.67, 170.38 (C(O)OtBu, 

C(O)NH amide × 2); 81.52 (C(CH3)3); 49.51 (Asp α-CH); 43.46 (Gly CH2); 39.73 (C(O)NHCH2); 

37.56 (Asp CH2); 31.91, 29.68, 29.64, 29.44, 29.35 (C12 CH2’s); 28.02 (C(CH3)3); 26.94, 22.67 (C12 

CH2’s); 14.10 (C12 CH3). ߥmax (cm-1) (solid): 3294w (N-H stretch); 2978m, 2924m, 2855m (C-H alkyl 

stretches); 1728m (C=O ester stretch); 1690w, 1643s (C=O amide stretches); 1551m (N-H amide 

bend); 1466w, 1366m (C-H alkyl bends); 1296w, 1250m, 1150s (C-O ester and C-N stretches). ESI-MS 

(m/z): Calc. for C22H44N3O4 414.3326; found: 414.3324 (100%, [M+H]+). 
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Synthesis of Z-Arg(Pbf)-Gly-Asp(OtBu)-C12 (4.15) 

 

Z-Arg(Pbf)-OH.CHA (5.52 g, 8.37 mmol) was taken up in EtOAc (200 ml) and washed with NaHSO4 

(3 × 50 ml). The organic layer was then separated off and evaporated in vacuo to yield Z-Arg(Pbf)-OH 

as a white solid. Z-Arg(Pbf)-OH (0.89 g, 1.6 mmol, 1.0 eq) was dissolved in DCM (5 ml), cooled over 

an ice-water bath, followed by the addition of DIPEA (0.56 ml, 3.2 mmol, 2.0 eq) and TBTU (513 mg, 

1.6 mmol, 1.0 eq). The reaction mixture was stirred at 0°C for 15 min, then 4.14 (0.66 g, 1.6 mmol, 1.0 

eq) was dissolved in DCM (7 ml) and added in one portion to the reaction flask, and a further portion 

of DCM (3 ml) used to rinse any residual 4.14 into the reaction flask. The reaction was stirred at 0°C 

for a further 30 min before removing the ice-water bath and stirring the reaction at rt for 13 h. The 

organic phase was washed with 1.33 M NaHSO4 (3 × 50 ml), 1 M Na2CO3 (3 × 50 ml), water (50 ml) 

and finally brine (50 ml). The organic phase was dried over MgSO4 and filtered before removing the 

solvent in vacuo to produce the crude product as a white solid (1.32 g, 86%). Purification by column 

chromatography (SiO2, 100% DCM + 1% TEA, to 98:2 DCM/MeOH, to 95:5 DCM/MeOH) yielded 

4.15 as a white solid (1.00 g, 65%). Residual TEA was removed by re-dissolving the product in DCM, 

then washing with water, 1.33 M NaHSO4 and then brine. The organic phase was dried over MgSO4 

and filtered before removing the solvent in vacuo to produce the product as a white solid (0.87 g, 57%). 

Rf 0.50 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -12.0° (c = 0.1, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  8.19 (app br s, NH amide (Arg-Gly), 1H); 7.58 (br d, NH amide (Gly-

Asp), J = 7.5 Hz, 1H); 7.32-7.23 (m, CH aromatic, 5H); 7.18 (app br s, NH amide (Asp-C12), 1H); 

6.45 (br s, NH2 guanidine, 2H); 6.42 (br s, NH guanidine, 1H); 6.03 (br s, NH carbamate, 1H); 5.12 (d, 

CHA benzylic, J = 12.5 Hz, 1H); 4.99 (d, CHB benzylic, J = 12.5 Hz, 1H); 4.75-4.70 (m, Asp α-H, 1H); 

4.42-4.28 (br m, Arg α-H, 1H); 4.16-3.99 (br m, Gly CHA, 1H); 3.86-3.74 (br m, Gly CHB, 1H); 3.54-

3.28 (br m, Arg CHANH, 1H); 3.13-2.96 (br m, Arg CHBNH and C(O)NHCHA, 2H); 2.92 (s, Pbf 

CH2, 2H); 2.88-2.79 (br m, C(O)NHCHB, 1H); 2.79-2.68 (br m, Asp CH2, 2H); 2.57 (s, Pbf CH3Ar, 

3H); 2.48 (s, Pbf CH3Ar, 3H); 2.05 (s, Pbf CH3Ar, 3H); 1.90-1.75 (br m, Arg CHCHA, 1H); 1.68-1.48 

(br m, Arg CHCHB and Arg CH2CH2NH, 3H); 1.43 (s, Pbf CH3 × 2, 6H); 1.35 (s, C(CH3)3, 9H); 1.31-

1.07 (br m, C12 CH2 × 10, 20H); 0.86 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  
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173.57, 170.69, 170.48, 169.93, 158.93, 157.06, 156.73 (C(O)OtBu, C(O)NH amide × 3, C(O)NH 

carbamate, Pbf aromatic C-O, C=N guanidine); 138.39 (Pbf aromatic C); 136.15 (Z group aromatic C); 

132.43, 132.28 (Pbf aromatic C); 128.55, 128.21, 127.99 (Z group aromatic CH); 124.73, 117.70 (Pbf 

aromatic C); 86.50 (Pbf CH2C(CH3)2O); 81.55 (C(CH3)3); 67.08 (CH2 benzylic); 54.43 (Arg α-CH); 

50.04 (Asp α-CH); 43.28 (Pbf ArCH2, Gly CH2); 39.83 (C(O)NHCH2); 39.30 (Arg CH2NH); 37.24 

(Asp CH2); 31.96, 29.74, 29.69, 29.40, 29.34, 29.26 (C12 CH2’s); 28.65 (Pbf CH2C(CH3)2O); 27.97 

(C(CH3)3); 26.93 (C12 CH2); 25.71 (Arg CH2CH2NH); 22.73 (C12 CH2); 19.47, 18.16 (Pbf ArCH3 × 

2); 14.18 (C12 CH3); 12.56 (Pbf ArCH3). ߥmax (cm-1) (solid): 3325w (N-H amide stretch); 2978m, 

2939m, 2870w (C-H alkyl and arene stretches); 1659s (C=O amide/carbamate stretch, overlapping 

C=O ester stretch); 1543s (N-H bend and C=C arene stretch); 1450m, 1366m (C-H alkyl bend and 

S=O stretch); 1250s, 1150s, 1088s (C-O ester and C-N stretches, C-H arene bends); 1026w-733w (C-H 

arene bends). ESI-MS (m/z): Calc. for C49H78N7O10S 956.5525; found: 956.5553 (100%, [M+H]+). 

Synthesis of H2N-Arg(Pbf)-Gly-Asp(OtBu)-C12 (4.16) 

 

Compound 4.15 (0.84 g, 0.88 mmol) was dissolved in EtOH (10 ml) followed by the addition of Pd/C 

catalyst (168 mg, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 44.5 

h under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 4.16 as a white solid (0.66 g, 92%). No further purification was 

required. 

Rf 0.11 (9:1, DCM/MeOH, UV and cerium stain). [α]D = +3.5° (c = 0.5, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  8.45 (app br s, NH amide (Arg-Gly), 1H); 7.88 (app br s, NH amide 

(Gly-Asp), 1H); 7.31 (app br s, NH amide (Asp-C12), 1H); 6.71 (br s, NH guanidine, 1H); 6.49 (br s, 

NH2 guanidine, 2H); 4.76-4.66 (m, Asp α-H, 1H); 4.14-3.99 (br m, Gly CHA, 1H); 3.99-3.75 (br m, 

Arg α-H and Gly CHB, 2H); 3.32-3.06 (br m, Arg CH2NH and C(O)NHCHA, 3H); 3.06-2.94 (br m, 

C(O)NHCHB, 1H); 2.91 (s, Pbf CH2, 2H); 2.81-2.72 (app br m, Asp CHA, 1H); 2.71-2.58 (app br m, 

Asp CHB, 1H); 2.52 (s, Pbf CH3Ar, 3H); 2.45 (s, Pbf CH3Ar, 3H); 2.04 (s, Pbf CH3Ar, 3H); 1.95-1.82 

(br m, Arg CHCHA, 1H); 1.82-1.70 (br m, Arg CHCHB, 1H); 1.70-1.52 (br m, Arg CH2CH2NH, 2H); 
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1.42 (s, Pbf CH3 × 2, calc 6H, found 5H); 1.36 (s, C(CH3)3, calc 9H, found 10H); 1.28-1.00 (br m, C12 

CH2 × 10, calc 20H, found 21H); 0.84 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CDCl3, 100 MHz)  

170.89, 170.59, 169.47, 158.84, 156.77 (C(O)OtBu, C(O)NH amide × 3, Pbf aromatic C-O, C=N 

guanidine); 138.28, 132.57, 132.20, 124.69, 117.60 (Pbf aromatic C × 5); 86.46 (Pbf CH2C(CH3)2O); 

81.67 (C(CH3)3); 53.78 (Arg α-CH); 49.91 (Asp α-CH); 43.27 (Gly CH2); 43.03 (Pbf ArCH2); 40.11 

(Arg CH2NH); 39.86 (C(O)NHCH2); 37.51 (Asp CH2); 31.96, 29.70, 29.41 (C12 CH2’s); 28.64 (Pbf 

CH2C(CH3)2O); 28.03 (C(CH3)3); 26.98 (C12 CH2); 25.15 (Arg CH2CH2NH); 22.72 (C12 CH2); 19.39, 

18.06 (Pbf ArCH3 × 2); 14.17 (C12 CH3); 12.52 (Pbf ArCH3). ߥmax (cm-1) (solid): 3649w (N-H stretch); 

2978s, 2886m (C-H alkyl stretches); 1659s (C=O amide/carbamate stretch, overlapping C=O ester 

stretch); 1551s (N-H bend and C=C arene stretch); 1450m, 1366m (C-H alkyl bend and S=O stretch); 

1250s, 1150s, 1088s (C-O ester and C-N stretches). ESI-MS (m/z): Calc. for C41H72N7O8S 822.5158; 

found: 822.5171 (100%, [M+H]+). 

Synthesis of C12-Arg(Pbf)-Gly-Asp(OtBu)-C12 (4.17) 

 

Lauric acid (49 mg, 0.24 mmol, 1.0 eq) was dissolved in DCM (4 ml), cooled over an ice-water bath, 

followed by the addition of DIPEA (85 μL, 0.49 mmol, 2.0 eq) and TBTU (78 mg, 0.24 mmol, 1.0 eq) 

and more DCM (2 ml) was used to rinse any residual TBTU into the reaction flask. The reaction 

mixture was stirred at 0°C for 15 min, then 4.16 (0.2 g, 0.24 mmol, 1.0 eq) was added as a solid, and 

DCM (2 ml) used to rinse any residual 4.16 into the reaction flask. The reaction was stirred at 0°C for 

a further 30 min before removing the ice-water bath and stirring the reaction at rt for 19 h. The 

reaction started to form a gel when cold and then became cloudy and subsequently a clear solution on 

warming to rt. DCM (20 ml) was added to try to dissolve the fine cloudy precipitate that had formed 

overnight. The organic phase was washed with cold 1.33 M NaHSO4 which formed an emulsion 

therefore the layers where gently heated with a heat gun to break down the emulsion. The organic 

phase was separated and washed again with hot 1.33 M NaHSO4, hot 1 M Na2CO3 (2 × 50 ml), hot 

water (50 ml) and finally brine (50 ml). The organic phase was dried over MgSO4 and filtered before 

removing the solvent in vacuo to produce the crude product as a white solid (0.23 g, 94%). Purification 
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by column chromatography (SiO2, 100% DCM, to 98:2 DCM/MeOH, to 95:5 DCM/MeOH) yielded 

4.17 as a white solid (180 mg, 74%). 

Rf 0.52 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -2.4° (c = 0.5, CHCl3). M.p not acquired. 1H 

NMR (CDCl3, 400 MHz)  8.14 (app br s, NH amide (Arg-Gly), 1H); 7.76 (app br s, NH amide (Gly-

Asp), 1H); 7.23 (app br s, NH amide (Asp-C12), 1H); 6.97 (app br s, NH amide (C12-Arg), 1H); 6.45 

(br s, NH2 guanidine, 2H); 6.38 (br s, NH guanidine, 1H); 4.79-4.74 (m, Asp α-H, 1H); 4.53-4.41 (br 

m, Arg α-H, 1H); 4.08-3.94 (br m, Gly CHA, 1H); 3.94-3.77 (br m, Gly CHB, 1H); 3.48-3.29 (br m, Arg 

CHANH, 1H); 3.20-3.01 (br m, Arg CHBNH and C(O)NHCHA, 2H); 3.01-2.82 (s (+ underlying m), 

Pbf CH2 (+ C(O)NHCHB), 3H); 2.82-2.67 (app br m, Asp CH2, 2H); 2.56 (s, Pbf CH3Ar, 3H); 2.48 (s, 

Pbf CH3Ar, 3H); 2.19 (t, C12 CH2C(O)NH, J = 7.5 Hz, 2H); 2.06 (s, Pbf CH3Ar, 3H); 1.90-1.78 (br 

m, Arg CHCHA, 1H); 1.71-1.49 (br m, Arg CHCHB, Arg CH2CH2NH, C12 CH2, 5H); 1.44 (s, Pbf 

CH3 × 2, 6H); 1.37 (s, C(CH3)3, 9H); 1.32-0.99 (br m, C12 CH2 × 18, calc 36H, found 38H); 0.85 (t, 

C12 CH3 × 2, J = 7.0 Hz, 6H). 13C NMR (CDCl3, 100 MHz)  174.49, 173.50, 170.83, 170.62, 169.95, 

158.93, 156.89 (C(O)OtBu, C(O)NH amide × 4, Pbf aromatic C-O, C=N guanidine); 138.36, 132.61, 

132.26, 124.74, 117.68 (Pbf aromatic C × 5); 86.51 (Pbf CH2C(CH3)2O); 81.50 (C(CH3)3); 53.53 (Arg 

α-CH); 50.01 (Asp α-CH); 43.33 (Gly CH2); 43.24 (Pbf ArCH2); 39.89 (C(O)NHCH2 and Arg CH2NH, 

overlapping peaks); 37.50 (Asp CH2); 36.23 (CH2CH2C(O)NH); 31.99, 29.74, 29.69, 29.53, 29.44, 

29.36 (C12 CH2’s); 28.68 (Pbf CH2C(CH3)2O); 28.05 (C(CH3)3); 27.00, 25.66, 22.76 (C12 CH2’s); 

19.47, 18.15 (Pbf ArCH3 × 2); 14.20 (C12 CH3 × 2); 12.57 (Pbf ArCH3). ߥmax (cm-1) (solid): 3279w (N-

H stretch); 2978s, 2932s, 2862m (C-H alkyl stretches); 1728w (C=O ester stretch); 1628s (C=O 

amide/carbamate stretch); 1543s (N-H bend and C=C arene stretch); 1450m, 1373m (C-H alkyl bend 

and S=O stretch); 1250s, 1150s, 1096s (C-O ester and C-N stretches). ESI-MS (m/z): Calc. for 

C53H94N7O9S 1004.6828; found: 1004.6823 (100%, [M+H]+). 

Synthesis of C12-Arg-Gly-Asp-C12 (4.18) 

 

Compound 4.17 (160 mg, 0.16 mmol) was dissolved in a mixture of TFA, water and triisopropylsilane 

(TIS) (5 ml, 95:2.5:2.5) and shaken for 1 h 30 min, after which time TLC indicated that the 

deprotection reaction was complete. The volatiles were removed in vacuo, then the residue was 

dissolved in the minimum amount of MeOH, sonicated and then heated until dissolution, then 
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precipitated with cold Et2O, filtered and washed with the minimum amount of cold Et2O to yield 4.18 

as a white solid (140 mg, quantitative yield as TFA salt). The sample was then dissolved in a mixture 

of hot water/tBuOH, filtered over a PTFE membrane filter (0.2 μm), shell frozen and lyophilised to 

yield the product 4.18 as a fluffy white powder. 

N.B. There was evidence of a small amount of methyl esterification of the carboxylic acids as a 

consequence of the recovery procedure, but this is not believed to affect gelation behaviour. 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = -15.6° (c = 0.5, TFA). M.p not acquired. 1H NMR 

(DMSO-d6, 400 MHz)  8.48 (app br s, NH amide (Arg-Gly), 1H); 8.35 (br d, NH amide (Gly-Asp), J 

= 7.0 Hz, 1H); 8.05 (d, NH amide (C12-Arg), 1H); 7.38 (app br s, NH amide (Asp-C12), 1H); 7.17 (br 

s, NH2 and NH guanidine, 3H); 4.37-4.32 (m, Asp α-H, 1H); 4.22-4.17 (br m, Arg α-H, 1H); 3.69-3.58 

(br m, Gly CH2, 2H); 3.12-2.90 (br m, Arg CH2NH and C(O)NHCH2, 4H); 2.54-2.42 (app m, Asp 

CH2, 2H); 2.09 (app t, C12 CH2C(O)NH, J = 7.5 Hz, 2H); 1.84-1.71 (br m, Arg CHCHA, 1H); 1.58-

1.36-1.28-1.10 (br m × 3, Arg CHCHB, Arg CH2CH2NH, C12 CH2’s × 19, calc 41H, found 40H); 

0.82 (t, C12 CH3 × 2, J = 7.0 Hz, 6H). 13C NMR (DMSO-d6, 100 MHz)  173.14, 172.84, 172.66, 

170.24, 168.42, 156.79 (C(O)OH, C(O)NH amide × 4, C=N guanidine); 52.02 (Arg α-CH); 49.64 (Asp 

α-CH); 42.50 (Gly CH2); 40.17 (Arg CH2NH); 38.65 (C(O)NHCH2); 36.59 (Asp CH2); 34.97 

(CH2CH2C(O)NH); 31.27, 29.02, 28.94, 28.78, 28.70, 28.65, 26.21, 25.14, 24.73, 22.06 (C12 CH2’s); 

13.90 (C12 CH3 × 2). ߥmax (cm-1, solid): 3279m (O-H acid and N-H amide/guanidino stretches); 

2978m, 2924m, 2855m (C-H alkyl stretches); 1620s (C=O amide stretch, overlapping C=O acid 

stretch); 1543m (N-H amide bend); 1466m, 1381m (C-H alkyl bends); 1250m, 1150m, 1080m (C-O acid 

and C-N amide stretches). ESI-MS (m/z): Calc. for C36H70N7O6 696.5382; found: 696.5389 (100%, 

[M+H]+). 

Synthesis of 4-iodophenyl-urea-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (4.19) 

 

Compound 2.8(2.4) (0.5 g, 0.7 mmol, 1.2 eq) was dissolved in DCM (10 ml), then 4-iodophenyl 

isocyanate (144 mg, 0.59 mmol, 1.0 eq) was added as a solid and a further portion of DCM (2 ml) was 
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used to rinse any residual isocyanate into the reaction flask. Upon adding the isocyanate to the 

reaction flask, a fibrous-like white precipitate formed. The reaction was stirred vigorously at rt for 16 

h, after which time TLC indicated the reaction was complete and MeOH was added to ‘quench’ any 

residual isocyanate and dissolve the precipitate. The solvent was removed in vacuo to yield a fluffy 

white solid (0.64 g). Purification of the crude material by column chromatography (SiO2, 98:2 

DCM/MeOH, to 95:5 DCM/MeOH) yielded the product, 4.19, as a fluffy white solid (0.51 g, 91%). 

Rf 0.41 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -9.8° (c = 0.5, MeOH). M.p not acquired. 1H 

NMR (CD3OD, 400 MHz)  7.53 (d, CH aromatic, J = 9.0 Hz, 2H); 7.21 (d, CH aromatic, J = 9.0 Hz, 

2H); 4.65 (t, Asp α-H, J = 6.5 Hz, 1H); 4.22 (dd, Arg α-H, J = 7.0 Hz and 5.0 Hz, 1H); 3.90 (s, Gly 

CH2, 2H); 3.25-3.17 (br m, Arg CH2NH, 2H); 2.96 (s, Pbf CH2, 2H); 2.73 (dd, Asp CHA, J = 17.0 Hz 

and 6.5 Hz, 1H); 2.61 (dd, Asp CHB, J = 17.0 Hz and 6.5 Hz, 1H); 2.57 (s, Pbf CH3Ar, 3H); 2.50 (s, 

Pbf CH3Ar, 3H); 2.06 (s, Pbf CH3Ar, 3H); 1.91-1.80 (m, Arg CHCHA, 1H); 1.74-1.57 (m, Arg CHCHB 

and Arg CH2CH2NH, 3H); 1.50-1.38 (m, Pbf CH3 × 2, C(CH3)3 × 2, calc 24H, found 26H). 13C NMR 

(CD3OD, 100 MHz)  175.55, 171.32, 171.29, 171.14, 159.92, 158.21, 157.35 (C(O)OtBu × 2, 

C(O)NH amide × 2, C(O)NH urea, Pbf aromatic C-O, C=N guanidine); 140.82, 139.43 (aromatic C-

NHC(O)NH, Pbf aromatic C); 138.83 (aromatic CH); 134.24, 133.57, 126.08 (Pbf aromatic C × 3); 

121.92 (aromatic CH); 118.49 (Pbf aromatic C); 87.71 (Pbf CH2C(CH3)2O); 85.43 (aromatic C-I); 

83.32, 82.46 (C(CH3)3 × 2); 55.21 (Arg α-CH); 51.07 (Asp α-CH); 43.99, 43.39 (Pbf ArCH2, Gly CH2); 

41.45 (Arg CH2NH); 38.30 (Asp CH2); 30.47 (Arg CHCH2); 28.77 (Pbf CH2C(CH3)2O); 28.42, 28.25 

(C(CH3)3 × 2); 26.95 (Arg CH2CH2NH); 19.66, 18.45, 12.57 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 

3649w, 3341w (N-H stretch); 2978s, 2886w (C-H alkyl and arene stretches); 1728m (C=O ester stretch); 

1690m (C=O amide/urea stretches); 1535s (N-H bend and C=C arene stretch); 1481m, 1450m, 1389m, 

1366m (C-H alkyl bend and S=O stretch); 1242s, 1150s, 1088s (C-O ester and C-N stretches, C-H 

arene bends); 995w, 957w, 818m, 787w, 664m (C-H arene bends); 563m (C-I stretch). ESI-MS (m/z): 

Calc. for C40H59IN7O10S 956.3083; found: 956.3057 (100%, [M+H]+). Calc. for C40H58IN7NaO10S 

978.2903; found: 978.2854 (34%, [M+Na]+). 

Synthesis of 1,4-bis((trimethylsilyl)ethynyl)benzene (4.20) 

 

1,4-dibromobenzene (1 g, 4.23 mmol, 1.0 eq), copper iodide (8.7 mg, 45.7 μmol, 1 mol%) and 

bis(triphenylphosphine)palladium(II) dichloride (60 mg, 84.8 μmol, 2 mol%) were dissolved in 

diethylamine (25 ml) and the reaction flask was subjected to several vacuum/argon purges. 

Trimethylsilylethyne (2.4 ml, 17 mmol, 4 eq) was injected dropwise over ~2 min and the reaction was 

refluxed at 70°C under argon for 14.5 h. The diethylammonium bromide salt, which had formed 
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overnight, was filtered off, washed with Et2O and the filtrate evaporated in vacuo to yield a black solid 

(1.3 g). The crude material was then dissolved in hexane (10 ml) and filtered to remove most of the 

palladium catalyst, before evaporating the filtrate in vacuo to yield a brown solid (1.2 g). Purification of 

the crude material by column chromatography (SiO2, hexane) yielded the product, 4.20, as a brown 

solid (0.95 g, 83%).  

Rf 0.22 (hexane, UV and KMnO4 stain). M.p not acquired. 1H NMR (CDCl3, 400 MHz)  7.39 (s, CH 

aromatic, 4H); 0.25 (s, Si(CH3)3, calc 18H, found 16H). 13C NMR (CDCl3, 100 MHz)  131.88 (CH 

aromatic); 123.27 (C aromatic); 104.69 (-C≡C-Si(CH3)3); 96.41 (-C≡C-Si(CH3)3); 0.05 (Si(CH3)3). ߥmax 

(cm-1) (solid): 2963m, 2893w (C-H alkyl and arene stretches); 2153m (C≡C stretch); 1574w (C=C arene 

stretch); 1489m, 1389m (C-H alkyl bend); 1242s (Si-C stretch); 826s, 748s, 694m, 625m (C-H arene 

bends). No MS data. 

Synthesis of 1,4-diethynylbenzene (4.21) 

 

Compound 4.20 (0.88 g, 3.26 mmol, 1.0 eq) was dissolved in THF (15 ml) and 1 M NaOH (6.5 ml, 6.5 

mmol, 2.0 eq) was added. The reaction was stirred vigorously at rt for 3 h, after which time TLC 

indicated that the reaction was complete, and then the THF was removed in vacuo yielding a white 

precipitate. The white precipitate was taken up in DCM (40 ml), the organic layer was separated, and 

the aqueous layer was extracted with DCM (2 × 40 ml). The organic fractions were combined, dried 

over Na2SO4, filtered and the filtrate was evaporated to yield 4.21 as a white solid (0.33 g, 80%). No 

further purification was required.  

N.B. the compound was found to be quite volatile and leaving the material to dry on the high-vacuum 

line overnight resulted in the majority of it subliming off under vacuum. 

Rf 0.22 (hexane, UV and KMnO4 stain). M.p not acquired. 1H NMR (CDCl3, 500 MHz)  7.42 (s, CH 

aromatic, 4H); 3.15 (s, CH alkyne, 2H). 13C NMR (CDCl3, 125 MHz)  132.10 (CH aromatic); 122.66 

(C aromatic); 83.12 (-C≡C-H); 79.15 (-C≡C-H). ߥmax (cm-1) (solid): 2970m, 2916s, 2855m (C-H alkyne 

and arene stretches); 2106w (C≡C stretch); 1597w (C=C arene stretch); 833s (C-H arene bends); 648m 

(C-H alkyne bend). No MS data. 

 

 



Daniel J. Welsh        Chapter 6 – Experimental 

248 

Synthesis of linear OPE-[Arg(Pbf)-Gly-Asp(OtBu)-OtBu]2 (4.22) 

 

Compound 4.19 (200 mg, 0.21 mmol, 4.0 eq) copper iodide (0.24 mg, 1.05 μmol, 2 mol%) and 

bis(triphenylphosphine)palladium(II) dichloride (0.74 mg, 1.05 μmol, 2 mol%) were dissolved in 

diethylamine (6 ml) and the reaction flask was subjected to several vacuum/argon purges. Compound 

4.21 (6.6 mg, 52.4 μmol, 1.0 eq), dissolved in diethylamine (1 ml), was injected dropwise over ~1 min 

and more diethylamine (3 ml) was used to rinse any residual 4.21 into the reaction flask. The reaction 

was refluxed at 60°C under argon for 20 h and then a further portion of both copper iodide (0.24 mg, 

1.05 μmol, 2 mol%, 4 mol% in total) and bis(triphenylphosphine)palladium(II) dichloride (0.74 mg, 

1.05 μmol, 2 mol%, 4 mol% in total) were added to ensure the reaction was driven to completion. The 

reaction was refluxed at 60°C under argon for a further 3 h before removing the solvent in vacuo to 

yield a crude orange/brown solid. Purification of the crude material by column chromatography (SiO2, 

98:2 DCM/MeOH, to 95:5 DCM/MeOH, to 9:1 DCM/MeOH) yielded the product, 4.22, as an 

orange/brown solid (90 mg, 97% yield, 97% pure (contains some residual diethylamine)). 

Rf 0.26 (9:1, DCM/MeOH, UV and cerium stain). [α]D = +12.0° (c = 0.1, DMSO). M.p not acquired. 

1H NMR (CD3OD/CDCl3, 400 MHz)  7.43-7.29 (m, CH aromatic, 12H); 4.65 (obscured by the 

water peak, Asp α-H, calc 2H); 4.23 (dd, Arg α-H, J = 6.5 Hz and 5.0 Hz, 2H); 3.96 (d, Gly CHA, J = 

17.0 Hz, 2H); 3.90 (d, Gly CHB, J = 17.0 Hz, 2H); 3.29-3.16 (br m, Arg CH2NH, 4H); 2.93 (s, Pbf 

CH2, 4H); 2.73 (dd, Asp CHA, J = 17.0 Hz and 6.5 Hz, 2H); 2.64 (dd, Asp CHB, J = 17.0 Hz and 6.0 

Hz, 2H); 2.56 (s, Pbf CH3Ar, 6H); 2.49 (s, Pbf CH3Ar, 6H); 2.05 (s, Pbf CH3Ar, 6H); 1.90-1.79 (m, 

Arg CHCHA, 2H); 1.77-1.56 (m, Arg CHCHB and Arg CH2CH2NH, 6H); 1.49-1.35 (m, Pbf CH3 × 2, 

C(CH3)3 × 2, calc 48H, found 46H). 13C NMR (CD3OD/CDCl3, 100 MHz)  175.02, 170.75, 170.54, 

159.43, 157.39, 156.62 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH urea, Pbf aromatic C-O, C=N 
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guanidine, calc 7 peaks, found 6 peaks); 140.33, 138.93, 133.24, 132.96 (aromatic C × 4); 132.84, 

131.86 (aromatic CH × 2); 125.45, 123.74 (aromatic C × 2); 119.06 (aromatic CH); 118.17, 117.19 

(aromatic C × 2); 91.96, 88.72 (alkyne C × 2); 87.19 (Pbf CH2C(CH3)2O); 83.16, 82.24 (C(CH3)3 × 2); 

54.87 (Arg α-CH); 50.33 (Asp α-CH); 43.69, 43.16 (Pbf ArCH2, Gly CH2); 40.79 (Arg CH2NH); 37.90 

(Asp CH2); 29.52 (Arg CHCH2); 28.80 (Pbf CH2C(CH3)2O); 28.31, 28.16 (C(CH3)3 × 2); 26.37 (Arg 

CH2CH2NH); 19.62, 18.34, 12.69 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3649w, 3325w, 3248w (N-H 

stretch); 2978s, 2886w (C-H alkyl and arene stretches); 2214w (C≡C stretch); 1721m (C=O ester 

stretch); 1690m (C=O amide/urea stretches); 1520s (N-H bend and C=C arene stretch); 1450m, 1366s 

(C-H alkyl bend and S=O stretch); 1242s, 1150s, 1088s (C-O ester and C-N stretches, C-H arene 

bends); 957m, 833m, 787w, 664m (C-H arene bends). ESI-MS (m/z): Calc. for C90H122N14O20S2 

891.9234; found: 891.9160 (100%, [M{13C}+2H]2+). Calc. for C90H121N14O20S2 1782.8396; found: 

1782.8112 (14%, [M{13C}+H]+). 

Attempted synthesis of linear OPE-[Arg-Gly-Asp]2 (4.23) 

 

Compound 4.22 (80 mg, 45 μmol) was dissolved in a mixture of TFA, water and TIS (5 ml, 95:2.5:2.5) 

and shaken for ~2 h, after which time TLC indicated that the deprotection reaction was complete. 

The reaction mixture was cooled over an ice-water bath, precipitated with cold Et2O, filtered and 

washed with the minimum amount of cold Et2O and dried in vacuo. The sample was then dissolved in 

a mixture of water/tBuOH, filtered over a PTFE membrane filter (0.2 μm), shell frozen and 

lyophilised to yield predicted structure, 4.23, as a fluffy, yellow powder (61 mg, near quantitative yield 

as TFA salt). 

Rf 0.00 (9:1, DCM/MeOH, UV and cerium stain). [α]D = +14.0° (c = 0.1, DMSO). M.p not acquired. 

No discernible 1H NMR data (see appendix – spectrum 4.8). No discernible 13C NMR data. IR not 

acquired. No MS data. 
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Synthesis of 1,3,5-tris((trimethylsilyl)ethynyl)benzene (4.24)276 

 

1,3,5-tribromobenzene (1 g, 3.18 mmol, 1.0 eq), copper iodide (6 mg, 31.8 μmol, 1 mol%) and 

bis(triphenylphosphine)palladium(II) dichloride (45 mg, 63.5 μmol, 2 mol%) were dissolved in 

diethylamine (25 ml) and the reaction flask was subjected to several vacuum/argon purges. 

Trimethylsilylethyne (2.69 ml, 19.1 mmol, 6 eq) was injected dropwise over ~2 min and the reaction 

was refluxed at 70°C under argon for 21 h. The diethylammonium bromide salt, which had formed 

overnight, was filtered off, washed with Et2O and the filtrate evaporated in vacuo to yield a brown 

residue (1.4 g). Purification of the crude material by column chromatography (SiO2, hexane) yielded 

the product, 4.24, as a pale yellow solid (0.89 g, 77%). 

Rf 0.30 (hexane, UV and KMnO4 stain). M.p not acquired. 1H NMR (CDCl3, 400 MHz)  7.49 (s, CH 

aromatic, 3H); 0.23 (s, Si(CH3)3, 27H). 13C NMR (CDCl3, 100 MHz)  135.06 (CH aromatic); 123.79 

(C aromatic); 103.29 (-C≡C-Si(CH3)3); 95.73 (-C≡C-Si(CH3)3); -0.01 (Si(CH3)3). ߥmax (cm-1) (solid): 

2970m, 2893w (C-H alkyl and arene stretches); 2160m (C≡C stretch); 1574w (C=C arene stretch); 

1412m (C-H alkyl bend); 1250s (Si-C stretch); 980s, 833s, 756m, 702m, 648m (C-H arene bends). EI-MS 

(m/z): Found: 366.1668 (18%, M+•); 351.1449 (42%, [M+•-•CH3]+); 41.0195 (100%, Si≡C-H+). 

Synthesis of 1,3,5-triethynylbenzene (4.25)277 

 

Compound 4.24 (0.6 g, 1.64 mmol, 1.0 eq) was dissolved in THF (8 ml) and 1 M NaOH (4 ml, 4 

mmol, 2.4 eq) was added. The reaction was stirred vigorously at rt for 3 h, after which time TLC 

indicated that the reaction was complete, and then the THF was removed in vacuo yielding a white 

precipitate. The white precipitate was taken up in DCM (20 ml), the organic layer was separated, and 

the aqueous layer was extracted with DCM (2 × 25 ml). The organic fractions were combined, dried 



Daniel J. Welsh        Chapter 6 – Experimental 

251 

over Na2SO4, filtered and the filtrate was evaporated to yield 4.25 as a yellow solid (140 mg, 56%). No 

further purification was required. 

Rf 0.21 (hexane, UV and KMnO4 stain). M.p not acquired. 1H NMR (CDCl3, 500 MHz)  7.57 (s, CH 

aromatic, 3H); 3.11 (s, CH alkyne, 3H). 13C NMR (CDCl3, 125 MHz)  135.72 (CH aromatic); 123.00 

(C aromatic); 81.71 (-C≡C-H); 78.78 (-C≡C-H). ߥmax (cm-1) (solid): 2978s, 2886m (C-H alkyne and 

arene stretches); 1582w (C=C arene stretch); 957m, 841m (C-H arene bends); 648m (C-H alkyne bend). 

EI-MS (m/z): Calc for C12H6 150.0470; found: 150.0461 (29%, M+•). 

Synthesis of triangular-shaped OPE-[Arg(Pbf)-Gly-Asp(OtBu)-OtBu]3 (4.26) 
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Compound 4.19 (200 mg, 0.21 mmol, 6.0 eq) copper iodide (0.2 mg, 1.05 μmol, 2 mol%) and 

bis(triphenylphosphine)palladium(II) dichloride (0.5 mg, 0.71 μmol, 2 mol%) were dissolved in 

diethylamine (6 ml) and the reaction flask was subjected to several vacuum/argon purges. Compound 

4.25 (5.2 mg, 34.9 μmol, 1.0 eq), dissolved in diethylamine (1 ml), was injected dropwise over ~1 min 

and more diethylamine (1 ml) was used to rinse any residual 4.25 into the reaction flask. The reaction 

was refluxed at 60°C under argon for 20 h and then a further portion of both copper iodide (0.2 mg, 

1.05 μmol, 2 mol%, 4 mol% in total) and bis(triphenylphosphine)palladium(II) dichloride (0.5 mg, 

0.71 μmol, 2 mol%, 4 mol% in total) were added to ensure the reaction was driven to completion. The 

reaction was refluxed at 60°C under argon for a further 2 h before removing the solvent in vacuo to 

yield a crude brown residue. Purification of the crude material by column chromatography (SiO2, 98:2 

DCM/MeOH, to 95:5 DCM/MeOH, to 9:1 DCM/MeOH) yielded the product, 4.26, as a brown 

solid (75 mg, 82% yield, 97% pure (contains some residual diethylamine)). 

N.B. Advantageously, the excess starting material, 4.19, could be recovered from the silica column 

purification procedure, in near quantitative yield, and could potentially be re-used. 

Rf 0.28 (9:1, DCM/MeOH, UV and cerium stain). [α]D = +8.0° (c = 0.1, DMSO). M.p not acquired. 

1H NMR (CD3OD/CDCl3, 400 MHz)  7.39 (s, CH aromatic, 3H); 7.25 (s, CH aromatic, 12H); 4.65 

(obscured by the water peak, Asp α-H, calc 3H); 4.25 (app br t, Arg α-H, 3H); 4.01 (d, Gly CHA, J = 

17.0 Hz, 3H); 3.91 (d, Gly CHB, J = 17.0 Hz, 3H); 3.29-3.17 (br m, Arg CH2NH, 6H); 2.94 (s, Pbf 

CH2, 6H); 2.77 (dd, Asp CHA, J = 17.0 Hz and 6.5 Hz, 3H); 2.68 (dd, Asp CHB, J = 17.0 Hz and 6.5 

Hz, 3H); 2.56 (s, Pbf CH3Ar, 9H); 2.49 (s, Pbf CH3Ar, 9H); 2.06 (s, Pbf CH3Ar, 9H); 1.94-1.81 (m, 

Arg CHCHA, 3H); 1.78-1.56 (m, Arg CHCHB and Arg CH2CH2NH, 9H); 1.52-1.36 (m, Pbf CH3 × 2, 

C(CH3)3 × 2, calc 72H, found 69H). 13C NMR (CD3OD/CDCl3, 100 MHz)  175.35, 170.74, 170.57, 

159.44, 157.42, 156.66 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH urea, Pbf aromatic C-O, C=N 

guanidine, calc 7 peaks, found 6 peaks); 140.26, 138.96, 133.63 (aromatic C × 3); 133.29, 132.98 

(aromatic CH × 2); 132.87, 125.46, 124.85 (aromatic C × 3); 119.00 (aromatic CH); 118.18, 117.02 

(aromatic C × 2); 91.24, 87.62 (alkyne C × 2); 87.20 (Pbf CH2C(CH3)2O); 83.19, 82.28 (C(CH3)3 × 2); 

54.86 (Arg α-CH); 50.40 (Asp α-CH); 43.72, 43.06 (Pbf ArCH2, Gly CH2); 40.78 (Arg CH2NH); 37.95 

(Asp CH2); 29.50 (Arg CHCH2); 28.81 (Pbf CH2C(CH3)2O); 28.38, 28.18 (C(CH3)3 × 2); 26.55 (Arg 

CH2CH2NH); 19.64, 18.36, 12.70 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3649w (N-H stretch); 2978s, 

2886w (C-H alkyl and arene stretches); 2207w (C≡C stretch); 1728w (C=O ester stretch); 1512m (N-H 

bend and C=C arene stretch, overlapping C=O amide/urea stretches); 1450s, 1373s (C-H alkyl bend 

and S=O stretch); 1250s, 1150s, 1088s (C-O ester and C-N stretches, C-H arene bends); 957m, 833m, 

787w, 664m (C-H arene bends). ESI-MS (m/z): Calc. for C132H180N21O30S3 878.7476; found: 878.7668 

(100%, [M+13C+3H]3+). Calc. for C132H179N21O30S3 1317.6178; found: 1317.6704 (100%, 

[M+13C+2H]2+). 
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Attempted synthesis of triangular-shaped OPE-[Arg-Gly-Asp]3 (4.27) 

 

Compound 4.26 (70 mg, 26.6 μmol) was dissolved in a mixture of TFA, water and TIS (5 ml, 

95:2.5:2.5) and shaken for 1 h, after which time TLC indicated that the deprotection reaction was 

complete. A small amount of solid had precipitated which was filtered off. The filtrate was cooled 

over an ice-water bath, precipitated with cold Et2O, filtered and washed with the minimum amount of 

cold Et2O and dried in vacuo. The sample was then dissolved in a mixture of water/tBuOH, shell 

frozen and lyophilised to yield predicted structure, 4.27, as a fluffy, beige powder (45 mg, 90% as TFA 

salt). 

Rf 0.00 (9:1, DCM/MeOH, UV and cerium stain). [α]D = +60.0° (c = 0.1, DMSO). M.p not acquired. 

No discernible 1H NMR data (see appendix – spectrum 4.10). No discernible 13C NMR data. IR not 

acquired. No MS data. 
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Synthesis of Z-Asp(OtBu)-Lys(Boc)-OtBu (4.28) 

 

Z-Asp(OtBu)-OH (1.01 g, 2.95 mmol, 1.0 eq) was solubilised in DCM (25 ml) upon addition of 

DIPEA (1.05 ml, 5.9 mmol, 2.0 eq). The reaction flask was cooled over an ice-water bath then TBTU 

(0.96 g, 2.95 mmol, 1.0 eq) was added as a solid and the reaction was stirred at 0°C for 10 min before 

H2N-Lys(Boc)-OtBu.HCl (1.00 g, 2.95 mmol, 1.0 eq) was added as a solid and more DCM (25 ml) was 

used to rinse any residual H2N-Lys(Boc)-OtBu.HCl into the reaction flask. The reaction was stirred at 

0°C for a further 20 min before removing the ice-water bath and stirring the reaction at rt for 3 days. 

The organic phase was washed successively with 1.33 M NaHSO4 (3 × 100 ml), sat. NaHCO3 (100 

ml), water (100 ml) and finally brine (100 ml). The organic phase was dried over MgSO4 and filtered 

before removing the solvent in vacuo to yield the product, 4.28, as a clear, tacky solid/oil (1.76 g, 98%). 

No further purification was required. 

Rf 0.76 (9:1, DCM/MeOH, UV and cerium stain). [α]D = +24.3° (c = 1.0, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  7.39-7.29 (m, CH aromatic, 5H); 7.04 (br d, NH amide, J = 8.0 Hz, 

1H); 6.05 (br d, Z group NH carbamate, J = 7.0 Hz, 1H); 5.13 (s, CH2 benzylic, 2H); 4.80 (app br s, 

Boc group NH carbamate, 1H); 4.60-4.51 (br m, Asp α-H, 1H); 4.45-4.40 (m, Lys α-H, 1H); 3.12-2.99 

(br m, Lys CH2NH, 2H); 2.92 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.64 (dd, Asp CHB, J = 

17.0 Hz and 6.0 Hz, 1H); 1.85-1.77 (m, Lys CHCHA, 1H); 1.67-1.57 (m, Lys CHCHB, 1H); 1.49-1.37 

(m, C(CH3)3 × 3 (+ Lys CH2), calc 29H, found 31H); 1.35-1.24 (m, Lys CH2, 2H). 13C NMR (CDCl3, 

100 MHz)  171.57, 171.40, 170.72, 156.48, 156.42 (C(O)OtBu × 2, C(O)NH amide, C(O)NH 

carbamate × 2); 136.46 (C aromatic); 128.82, 128.49, 128.44 (CH aromatic); 82.06, 81.75, 78.94 

(C(CH3)3 × 3); 67.13 (CH2 benzylic); 52.53 (Lys α-CH); 51.06 (Asp α-CH); 39.97, 37.22 (Asp CH2, Lys 

CH2NH); 31.76, 29.01 (Lys CH2 × 2); 28.17, 27.76, 27.73 (C(CH3)3 × 3); 21.76 (Lys CH2). ߥmax (cm-1) 

(solid): 3657w, 3356w (N-H stretch); 2978s, 2886m (C-H alkyl and arene stretches); 1705s (C=O ester 

stretch, overlapping C=O amide/carbamate stretch); 1504s (N-H bend and C=C arene stretch); 

1458w, 1366s (C-H alkyl bends); 1250s, 1150s, 1049m (C-O ester and C-N stretches, C-H arene bends); 
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957m, 849m, 741m (C-H arene bends). ESI-MS (m/z): Calc. for C31H50N3O9 608.3542; found: 

608.3555 (100%, [M+H]+). Calc. for C31H49N3NaO9 630.3361; found: 630.3371 (75%, [M+Na]+). 

Synthesis of H2N-Asp(OtBu)-Lys(Boc)-OtBu (4.29) 

 

Compound 4.28 (1.66 g, 2.73 mmol) was dissolved in EtOH (50 ml) followed by the addition of Pd/C 

catalyst (0.33 g, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 17.5 

h under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 4.29 as a clear colourless oil (1.26 g, 98%). No further purification 

was required. 

Rf 0.49 (9:1, DCM/MeOH, cerium stain). [α]D = +6.3° (c = 1.0, CHCl3). 1H NMR (CDCl3, 400 MHz) 

 7.85 (br d, NH amide, J = 8.0 Hz, 1H); 4.84 (app br s, Boc group NH carbamate, 1H); 4.40-4.34 (br 

m, Lys α-H, 1H); 3.75-3.66 (br m, Asp α-H, 1H); 3.12-2.88 (br m, Lys CH2NH and NH2, 4H); 2.77 

(dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.59 (dd, Asp CHB, J = 17.0 Hz and 6.0 Hz, 1H); 1.81-

1.72 (m, Lys CHCHA, 1H); 1.65-1.52 (m, Lys CHCHB, 1H); 1.50-1.22 (m, C(CH3)3 × 3 (+ Lys CH2 × 

2), calc 31H, found 30H). 13C NMR (CDCl3, 100 MHz)  172.70, 171.39, 171.08, 156.10 (C(O)OtBu × 

2, C(O)NH amide, C(O)NH carbamate); 81.92, 81.37, 78.92 (C(CH3)3 × 3); 52.34 (Lys α-CH); 51.73 

(Asp α-CH); 40.21 (Lys CH2NH); 39.88 (Asp CH2); 32.17, 29.26 (Lys CH2 × 2); 28.45, 28.09, 28.00 

(C(CH3)3 × 3); 22.29 (Lys CH2). ߥmax (cm-1) (oil): 3657w, 3372w (N-H stretch); 2978s, 2886m (C-H alkyl 

stretch); 1713s (C=O ester stretch, overlapping C=O amide/carbamate stretch); 1512s (N-H bend); 

1458w, 1366s (C-H alkyl bends); 1250s, 1150s (C-O ester and C-N stretches). ESI-MS (m/z): Calc. for 

C23H44N3O7 474.3174; found: 474.3182 (100%, [M+H]+). Calc. for C23H43N3NaO7 496.2993; found: 

496.3000 (20%, [M+Na]+). 
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Synthesis of Z-Gly-Asp(OtBu)-Lys(Boc)-OtBu (4.30) 

 

Z-Gly-OH (0.51 g, 2.45 mmol, 1.0 eq) was solubilised in DCM (20 ml) upon addition of DIPEA (0.85 

ml, 4.9 mmol, 2.0 eq). The reaction flask was cooled over an ice-water bath then TBTU (0.79 g, 2.45 

mmol, 1.0 eq) was added as a solid and the reaction was stirred at 0°C for 20 min before compound 

4.29 (1.16 g, 2.45 mmol, 1.0 eq), dissolved in DCM (15 ml), was added in one portion and more DCM 

(10 ml) was used to rinse any residual 4.29 into the reaction flask. The reaction was stirred at 0°C for a 

further 15 min before removing the ice-water bath and stirring the reaction at rt for 3 days. The 

organic phase was washed successively with 1.33 M NaHSO4 (150 ml), sat. NaHCO3 (150 ml), 1.33 M 

NaHSO4 (150 ml), and finally water (150 ml). The organic phase was dried over MgSO4 and filtered 

before removing the solvent in vacuo to yield the product, 4.30, as a white solid (1.44 g, 88%). No 

further purification was required. 

Rf 0.56 (9:1, DCM/MeOH, UV and cerium stain). [α]D = +1.3° (c = 1.0, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  7.42 (br d, NH amide, J = 7.5 Hz, 1H); 7.33-7.25 (m, CH aromatic, 

5H); 7.10 (d, NH amide, J = 8.0 Hz, 1H); 5.96 (app br s, Z group NH carbamate, 1H); 5.09 (s, CH2 

benzylic, 2H); 4.83 (app br s, Boc group NH carbamate, 1H); 4.80-4.75 (m, Asp α-H, 1H); 4.44-4.32 

(br m, Lys α-H, 1H); 3.92 (dd, Gly CHA, J = 17.0 Hz and 5.0 Hz, 1H); 3.84 (dd, Gly CHB, J = 17.0 Hz 

and 5.0 Hz, 1H); 3.10-2.95 (br m, Lys CH2NH, 2H); 2.88-2.80 (app m, Asp CHA, 1H); 2.60 (dd, Asp 

CHB, J = 17.0 Hz and 6.0 Hz, 1H); 1.82-1.73 (m, Lys CHCHA, 1H); 1.68-1.53 (m, Lys CHCHB, 1H); 

1.50-1.34 (m, C(CH3)3 × 3 (+ Lys CH2), calc 29H, found 27H); 1.32-1.19 (m, Lys CH2, 2H). 13C NMR 

(CDCl3, 100 MHz)  171.13, 170.91, 170.01, 169.34, 156.96, 156.15 (C(O)OtBu × 2, C(O)NH amide 

× 2, C(O)NH carbamate × 2); 136.24 (C aromatic); 128.58, 128.24, 128.12 (CH aromatic); 81.98, 

81.85, 79.16 (C(CH3)3 × 3); 67.23 (CH2 benzylic); 52.84 (Lys α-CH); 49.33 (Asp α-CH); 44.73 (Gly 

CH2); 40.35 (Lys CH2NH); 36.81 (Asp CH2); 31.70, 29.46 (Lys CH2 × 2); 28.49, 28.07, 28.03 (C(CH3)3 

× 3); 22.39 (Lys CH2). ߥmax (cm-1) (solid): 3657w, 3294w (N-H stretch); 2978s, 2886w (C-H alkyl and 

arene stretches); 1705s (C=O ester stretch); 1674m (C=O amide/carbamate stretch); 1512s (N-H bend 

and C=C arene stretch); 1458w, 1366m (C-H alkyl bends); 1242s, 1150s, 1049w (C-O ester and C-N 
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stretches, C-H arene bends); 972m, 841w, 756w (C-H arene bends). ESI-MS (m/z): Calc. for 

C33H53N4O10 665.3756; found: 665.3739 (37%, [M+H]+). Calc. for C33H52N4NaO10 687.3576; found: 

687.3569 (100%, [M+Na]+). 

Synthesis of H2N-Gly-Asp(OtBu)-Lys(Boc)-OtBu (4.31) 

 

Compound 4.30 (1.3 g, 1.96 mmol) was dissolved in EtOH (25 ml) followed by the addition of Pd/C 

catalyst (0.26 g, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 23 h 

under an atmosphere of H2. The catalyst was filtered off over Celite, washed with MeOH, and the 

filtrate evaporated in vacuo to yield 4.31 as a white solid (0.84 g, 81%). No further purification was 

required. 

Rf 0.28 (9:1, DCM/MeOH, cerium stain). [α]D = -1.5° (c = 0.5, CHCl3). M.p not acquired. 1H NMR 

(CDCl3, 400 MHz)  8.17 (d, NH amide, J = 8.0 Hz, 1H); 7.06 (d, NH amide, J = 7.5 Hz, 1H); 4.84 

(br t, Boc group NH carbamate, J = 5.0 Hz, 1H); 4.77-4.72 (m, Asp α-H, 1H); 4.37-4.32 (br m, Lys α-

H, 1H); 3.39 (app s, Gly CH2, 2H); 3.07-2.95 (br m, Lys CH2NH, 2H); 2.81 (dd, Asp CHA, J = 17.0 

Hz and 5.0 Hz, 1H); 2.60 (dd, Asp CHB, J = 17.0 Hz and 7.0 Hz, 1H); 1.99 (br s, NH2, 2H); 1.81-1.73 

(m, Lys CHCHA, 1H); 1.64-1.53 (m, Lys CHCHB, 1H); 1.48-1.34 (m, C(CH3)3 × 3 (+ Lys CH2), calc 

29H, found 27H); 1.32-1.21 (m, Lys CH2, 2H). 13C NMR (CDCl3, 100 MHz)  173.15, 170.98, 170.85, 

170.24, 156.07 (C(O)OtBu × 2, C(O)NH amide × 2, C(O)NH carbamate); 82.03, 81.65, 78.99 

(C(CH3)3 × 3); 52.75 (Lys α-CH); 49.09 (Asp α-CH); 44.69 (Gly CH2); 40.26 (Lys CH2NH); 37.10 (Asp 

CH2); 31.91, 29.37 (Lys CH2 × 2); 28.47, 28.04, 28.00 (C(CH3)3 × 3); 22.25 (Lys CH2). ߥmax (cm-1) 

(solid): 3649w, 3333w (N-H stretch); 2978s, 2886m (C-H alkyl stretch); 1690s (C=O amide/carbamate 

stretch, overlapping C=O ester stretch); 1512s (N-H bend); 1458w, 1366s (C-H alkyl bends); 1250s, 

1150s (C-O ester and C-N stretches). ESI-MS (m/z): Calc. for C25H47N4O8 531.3388; found: 531.3402 

(100%, [M+H]+). 
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Synthesis of Z-Arg(Pbf)-Gly-Asp(OtBu)-Lys(Boc)-OtBu (4.32) 

 

Z-Arg(Pbf)-OH.CHA (5.52 g, 8.37 mmol) was taken up in EtOAc (200 ml) and washed with NaHSO4 

(3 × 50 ml). The organic layer was then separated off and evaporated in vacuo to yield Z-Arg(Pbf)-OH 

as a white solid. Z-Arg(Pbf)-OH (0.85 g, 1.51 mmol, 1.0 eq) was dissolved in DCM (10 ml), cooled 

over an ice-water bath, followed by the addition of DIPEA (0.53 ml, 3.02 mmol, 2.0 eq) and TBTU 

(0.49 g, 1.51 mmol, 1.0 eq). The reaction mixture was stirred at 0°C for 10 min, then compound 4.31 

(0.8 g, 1.51 mmol, 1.0 eq) was taken up in DCM (5 ml) and added in one portion to the reaction flask, 

and a further portion of DCM (5 ml) used to rinse any residual 4.31 into the reaction flask. The 

reaction was stirred at 0°C for a further 45 min before removing the ice-water bath and stirring the 

reaction at rt for 7 days. The organic phase was washed with 1.33 M NaHSO4 (50 ml), saturated 

NaHCO3 (50 ml), 1.33 M NaHSO4 (50 ml), saturated NaHCO3 (50 ml), water and finally brine. The 

organic phase was dried over MgSO4 and filtered before removing the solvent in vacuo to produce the 

crude product as an off-white solid (~1.3 g, 80% crude yield). Purification by column chromatography 

(SiO2, 100% DCM, to 98:2 DCM/MeOH, to 95:5 DCM/MeOH, to 9:1 DCM/MeOH) yielded 4.32 

as a white solid (0.92 g, 57%). 

Rf 0.35 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -11.6° (c = 0.5, CHCl3). M.p not acquired. 

1H NMR (CDCl3, 400 MHz)  8.00 (app br s, NH amide (Arg-Gly), 1H); 7.56 (br d, NH amide (Gly-

Asp), J = 7.0 Hz, 1H); 7.29-7.23 (m, CH aromatic and NH amide (Asp-Lys), 6H); 6.36 (br s, NH2 

guanidine, 2H); 6.24 (br s, NH guanidine and Z group NH carbamate, 2H); 5.09 (d, CHA benzylic, J = 

12.5 Hz, 1H); 5.01 (d, CHB benzylic and underlying Boc group NH carbamate, J = 12.5 Hz, 2H); 4.80-

4.75 (m, Asp α-H, 1H); 4.37-4.21 (br m, Lys α-H and Arg α-H, 2H); 4.01-3.78 (br m, Gly CH2, 2H); 

3.39-3.22 (br m, Arg CHANH, 1H); 3.17-3.06 (br m, Arg CHBNH, 1H); 3.06-2.94 (br m, Lys CH2NH, 
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2H); 2.91 (s, Pbf CH2, 2H); 2.83-2.67 (br m, Asp CH2, 2H); 2.54 (s, Pbf CH3Ar, 3H); 2.47 (s, Pbf 

CH3Ar, 3H); 2.05 (s, Pbf CH3Ar, 3H); 1.89-1.76 (br m, Arg CHCHA, 1H); 1.76-1.49 (br m, Lys CH2, 

Arg CHCHB and Arg CH2CH2NH, 5H); 1.49-1.16 (m, Pbf CH3 × 2, C(CH3)3 × 3 and Lys CH2 × 2, 

calc 37H, found 36H). 13C NMR (CDCl3, 100 MHz)  173.62, 171.24, 170.80, 170.52, 169.76, 158.81, 

156.69, 156.28 (C(O)OtBu × 2, C(O)NH amide × 3, C(O)NH carbamate × 2, Pbf aromatic C-O, 

C=N guanidine, calc 9 peaks, found 8 peaks); 138.40, 136.29, 132.85, 132.31 (Pbf aromatic C × 3 and 

Z group aromatic C); 128.53, 128.16, 128.06 (Z group aromatic CH × 3); 124.67, 117.56 (Pbf aromatic 

C × 2); 86.46 (Pbf CH2C(CH3)2O); 81.91, 81.62, 79.10 (C(CH3)3 × 3); 67.06 (CH2 benzylic); 54.62 (Arg 

α-CH); 53.11 (Lys α-CH); 49.68 (Asp α-CH); 43.41, 43.29 (Pbf ArCH2, Gly CH2); 40.33 (Lys CH2NH 

and Arg CH2NH, multiple overlapping peaks); 36.82 (Asp CH2); 31.37, 29.32 (Lys CH2 × 2, Arg 

CHCH2, calc 3 peaks, found 2 peaks); 28.66 (Pbf CH2C(CH3)2O); 28.51, 28.03, 28.00 (C(CH3)3 × 3); 

25.44 (Arg CH2CH2NH); 22.64 (Lys CH2); 19.39, 18.05, 12.54 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 

3657w, 3333w (N-H stretches); 2978s, 2886m (C-H alkyl and arene stretches); 1690s (C=O 

amide/carbamate stretch, overlapping C=O ester stretch); 1512s (N-H bend and C=C arene stretch); 

1450m, 1366m (C-H alkyl bend and S=O stretch); 1250s, 1150s, 1088s (C-O ester and C-N stretches, 

C-H arene bends); 957m; 849w, 779w (C-H arene bends). ESI-MS (m/z): Calc. for C52H81N8O14S 

1073.5587; found: 1073.5533 (100%, [M+H]+). 

Synthesis of H2N-Arg(Pbf)-Gly-Asp(OtBu)-Lys(Boc)-OtBu (4.33) 
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Compound 4.32 (0.9 g, 0.84 mmol) was dissolved in EtOH (10 ml) followed by the addition of Pd/C 

catalyst (0.18 g, 20%). The flask was subjected to several vacuum/H2 purges and then stirred for 2 

days under an atmosphere of H2. TLC indicated presence of starting material so more Pd/C catalyst 

(0.18 g, 20%, 40% in total) was added and the reaction stirred for a further 4 days. The catalyst was 
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filtered off over Celite, washed with MeOH, and the filtrate evaporated in vacuo to yield 4.33 as a white 

solid (0.74 g, 94%). No further purification was required. 

Rf 0.26 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -3.2° (c = 1.0, MeOH). M.p not acquired. 1H 

NMR (CD3OD, 400 MHz)  4.83-4.73 (m, Asp α-H, 1H); 4.28-4.18 (br m, Lys α-H, 1H); 4.02-3.94 (br 

m, Gly CH2 and Arg α-H, 3H); 3.29-3.19 (m, Arg CH2NH, 2H); 3.05-2.97 (br m, Lys CH2NH and Pbf 

CH2, 4H); 2.81 (dd, Asp CHA, J = 16.5 Hz and 5.5 Hz, 1H); 2.63 (dd, Asp CHB, J = 16.5 Hz and 7.5 

Hz, 1H); 2.56 (s, Pbf CH3Ar, 3H); 2.51 (s, Pbf CH3Ar, 3H); 2.08 (s, Pbf CH3Ar, 3H); 1.97-1.87 (br m, 

Arg CHCHA and Lys CHCHA, 2H); 1.84-1.76 (br m, Arg CHCHB or Lys CHCHB, 1H); 1.73-1.60 (br 

m, Arg CHCHB or Lys CHCHB, and Arg CH2CH2NH, 3H); 1.53-1.26 (m, Pbf CH3 × 2, C(CH3)3 × 3 

and Lys CH2 × 2, calc 37H, found 35H). 13C NMR (CD3OD, 100 MHz)  172.65, 171.29, 170.90, 

170.74, 159.99, 158.50, 158.10 (C(O)OtBu × 2, C(O)NH amide × 3, C(O)NH carbamate, Pbf 

aromatic C-O, C=N guanidine, calc 8 peaks, found 7 peaks); 139.44, 134.01, 133.60, 126.10, 118.52 

(Pbf aromatic C × 5); 87.76 (Pbf CH2C(CH3)2O); 82.94, 82.55, 79.89 (C(CH3)3 × 3); 54.61 (Lys α-CH); 

54.07 (Arg α-CH); 51.21 (Asp α-CH); 43.98, 43.25 (Pbf ArCH2, Gly CH2); 41.15 (Lys CH2NH and Arg 

CH2NH, multiple overlapping peaks); 38.32 (Asp CH2); 32.22, 30.44, 29.55 (Lys CH2 × 2 and Arg 

CHCH2); 28.87, 28.77, 28.37, 28.31 (Pbf CH2C(CH3)2O and C(CH3)3 × 3); 25.83 (Arg CH2CH2NH); 

24.06 (Lys CH2); 19.66, 18.46, 12.57 (Pbf ArCH3 × 3). ߥmax (cm-1) (solid): 3649w (N-H stretch); 2978s, 

2886m (C-H alkyl stretch); 1690m (C=O amide/carbamate stretch, overlapping C=O ester stretch); 

1551m (N-H bend and C=C arene stretch); 1450m, 1366s (C-H alkyl bend and S=O stretch); 1250s, 

1150s, 1088s (C-O ester and C-N stretches). ESI-MS (m/z): Calc. for C44H75N8O12S 939.5220; found: 

939.5189 (100%, [M+H]+). 

Synthesis of C12-urea-Arg(Pbf)-Gly-Asp(OtBu)-Lys(Boc)-OtBu (4.34) 
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Compound 4.33 (200 mg, 0.21 mmol, 1.0 eq) was dissolved in DCM (2.5 ml) then dodecyl isocyanate 

(90 mg, 0.43 mmol, 2.0 eq), solubilised in DCM (1 ml), was added rapidly and a further portion of 

DCM (1.5 ml) was used to wash any residual isocyanate into the reaction flask. The reaction was 

stirred for 15 h at rt, then the solvent was removed in vacuo to yield a crude oil/white solid. The crude 

material was dissolved in the minimum amount of DCM/MeOH (95:5) and purified by column 

chromatography (SiO2, 95:5 DCM/MeOH) yielding 4.34 as a fluffy, white solid (110 mg, 45%). 

Rf 0.43 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -9.2° (c = 0.5, MeOH). M.p not acquired. 1H 

NMR (CD3OD, 400 MHz)  4.80 (dd, Asp α-H, J = 8.0 Hz and 5.0 Hz, 1H); 4.22-4.19, 4.09-4.06 (m, 

Lys α-H and Arg α-H, 2H); 3.87 (app s, Gly CH2, 2H); 3.28-2.96 (br m, Arg CH2NH, C12 

CH2NHC(O)NH, Lys CH2NH, and Pbf CH2, 8H); 2.88 (dd, Asp CHA, J = 16.5 Hz and 5.5 Hz, 1H); 

2.68 (dd, Asp CHB, J = 17.0 Hz and 8.5 Hz, 1H); 2.58 (s, Pbf CH3Ar, 3H); 2.52 (s, Pbf CH3Ar, 3H); 

2.08 (s, Pbf CH3Ar, 3H); 1.85-1.22 (br m, Arg CHCH2, Arg CH2CH2NH, Lys CH2 × 3, Pbf CH3 × 2, 

C(CH3)3 × 3, C12 CH2 × 10, calc 63H, found 64H). 13C NMR (CD3OD, 100 MHz)  176.59, 172.72, 

172.53, 171.69, 171.36, 160.68, 159.90, 158.43, 158.16 (C(O)OtBu × 2, C(O)NH amide × 3, C(O)NH 

urea, C(O)NH carbamate, Pbf aromatic C-O, C=N guanidine); 139.43, 134.32, 133.54, 126.02, 118.45 

(Pbf aromatic C × 5); 87.69 (Pbf CH2C(CH3)2O); 82.80, 82.34, 79.83 (C(CH3)3 × 3); 55.91, 54.69 (Lys 

α-CH and Arg α-CH); 51.28 (Asp α-CH); 44.04, 43.82 (Pbf ArCH2, Gly CH2); 41.32, 41.21, 41.17 (Lys 

CH2NH, Arg CH2NH and C12 CH2NHC(O)NH); 38.19 (Asp CH2); 33.10, 32.16, 31.30, 30.79, 30.56, 

30.51, 30.43, 30.23 (C12 CH2’s and Arg CHCH2, multiple overlapping peaks); 28.92, 28.82, 28.42, 

28.35 (Pbf CH2C(CH3)2O and C(CH3)3 × 3); 28.08, 26.97, 24.07, 23.77 (C12 CH2’s and Arg 

CH2CH2NH, multiple overlapping peaks); 19.72, 18.54 (Pbf ArCH3 × 2); 14.54 (C12 CH3); 12.65 (Pbf 

ArCH3 × 1). ߥmax (cm-1) (solid): 3649w, 3341w (N-H stretches); 2978s, 2886m (C-H alkyl stretch); 

1690m (C=O amide/carbamate/urea stretch, overlapping C=O ester stretch); 1551m (N-H bend and 

C=C arene stretch); 1450m, 1366s (C-H alkyl bend and S=O stretch); 1250s, 1150s, 1088s (C-O ester 

and C-N stretches). ESI-MS (m/z): Calc. for C57H100N9O13S 1150.7156; found: 1150.7165 (100%, 

[M+H]+). 

Synthesis of C12-urea-Arg-Gly-Asp-Lys (4.35) 
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Compound 4.34 (90 mg, 78 μmol) was dissolved in a mixture of TFA, water and TIS (2 ml, 95:2.5:2.5) 

and shaken for 2 h, after which time TLC indicated that the deprotection reaction was complete. The 

reaction mixture was cooled over an ice-water bath, precipitated with cold Et2O, filtered and washed 

with the minimum amount of cold Et2O and dried in vacuo. The sample was then dissolved in a 

mixture of water/tBuOH, filtered over a PTFE membrane filter (0.2 μm), shell frozen and lyophilised 

to yield the product, 4.35, as a fluffy, white powder (40 mg, 56% as TFA salt). 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = -9.0° (c = 0.1, DMSO). M.p not acquired. 1H NMR 

(CD3OD, 400 MHz)  4.74 (dd, Asp α-H, J = 8.0 Hz and 5.5 Hz, 1H); 4.41 (dd, Lys α-H, J = 10.0 and 

4.0 Hz, 1H); 4.08 (app m, Arg α-H, 1H); 3.91 (d, Gly CHA, J = 17.0 Hz, 1H); 3.85 (d, Gly CHB, J = 

17.0 Hz, 1H); 3.28-3.05 (m, Arg CH2NH, C12 CH2NHC(O)NH, 4H); 2.96 (t, Lys CH2NH, J = 7.0 

Hz, 2H); 2.92 (dd, Asp CHA, J = 17.0 Hz and 5.0 Hz, 1H); 2.81 (dd, Asp CHB, J = 17.0 Hz and 8.0 

Hz, 1H); 2.02-1.23 (br m, Arg CHCH2, Arg CH2CH2NH, Lys CH2 × 3, C12 CH2 × 10, calc 30H, 

found 28H); 0.90 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CD3OD, 100 MHz)  176.98, 174.98, 

174.15, 173.04, 172.13, 160.97, 158.71 (COOH × 2, CONH amide × 3, C(O)NH urea, C=N 

guanidine); 55.90, 53.35 (Lys α-CH and Arg α-CH); 51.58 (Asp α-CH); 43.91 (Gly CH2); 41.99, 41.25, 

40.66 (Lys CH2NH, C12 CH2NHC(O)NH and Arg CH2NH); 36.45 (Asp CH2); 33.13, 31.81, 31.40, 

31.16, 30.85, 30.64, 30.54, 30.25, 28.14, 27.86, 26.14, 23.79, 23.63 (C12 CH2 × 10, Arg CHCH2, Arg 

CH2CH2NH and Lys CH2 × 3, multiple overlapping peaks); 14.50 (C12 CH3). ߥmax (cm-1, solid): 

3649w, 3364w (O-H acid and N-H stretches); 2978s, 2886m (C-H alkyl stretches); 1651m (C=O 

amide/urea stretch, overlapping C=O acid stretch); 1574s (N-H bend); 1381m (C-H alkyl bend); 

1250m, 1142s, 1080s (C-O acid and C-N stretches). ESI-MS (m/z): Calc. for C31H60N9O8 686.4559; 

found: 686.4568 (12%, [M+H]+); 343.7310 (100%, [M+2H]2+). 

Synthesis of C12-amide-Arg(Pbf)-Gly-Asp(OtBu)-Lys(Boc)-OtBu (4.36) 
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Compound 4.33 (200 mg, 0.21 mmol, 1.0 eq) was dissolved in DCM (4 ml), then lauric acid (43 mg, 

0.21 mmol, 1.0 eq) and DIPEA (74 μL, 0.42 mmol, 2.0 eq) were solubilised in DCM (3 ml) and added 

to the reaction flask. The flask was cooled over an ice-water bath and then TBTU (70 mg, 0.21 mmol, 

1.0 eq) was added as a solid and more DCM (3 ml) was used to transfer any residual TBTU to the 

reaction flask. The reaction was stirred at 0°C for 20 min before removing the ice-water bath and 

stirring at rt for 3 days. The reaction was worked up with 1.33 M NaHSO4 (30 ml), saturated NaHCO3 

(30 ml), 1.33 M NaHSO4 (30 ml), and finally brine (30 ml). The organic phase was dried over MgSO4 

and filtered before removing the solvent in vacuo to produce the crude product as a white solid (230 

mg, 96% crude yield). Purification by column chromatography (SiO2, 100% DCM, to 98:2 

DCM/MeOH, to 95:5 DCM/MeOH) yielded 4.36 as a white solid (180 mg, 75%). 

Rf 0.33 (9:1, DCM/MeOH, UV and cerium stain). [α]D = -7.3° (c = 0.5, MeOH). M.p not acquired. 1H 

NMR (CD3OD, 400 MHz)  4.78 (dd, Asp α-H, J = 8.0 Hz and 5.5 Hz, 1H); 4.28-4.19 (m, Lys α-H 

and Arg α-H, 2H); 3.93 (d, Gly CHA, J = 17.0 Hz, 1H); 3.84 (d, Gly CHB, J = 17.0 Hz, 1H); 3.29-3.20 

(br m, Arg CHANH, 1H); 3.19-3.12 (m, Arg CHBNH, 1H); 3.07-2.94 (br m, Lys CH2NH and Pbf 

CH2, 4H); 2.86 (dd, Asp CHA, J = 16.5 Hz and 5.5 Hz, 1H); 2.69 (dd, Asp CHB, J = 17.0 Hz and 8.0 

Hz, 1H); 2.58 (s, Pbf CH3Ar, 3H); 2.52 (s, Pbf CH3Ar, 3H); 2.26 (t, C12 CH2C(O)NH, J = 7.0 Hz, 

2H); 2.08 (s, Pbf CH3Ar, 3H); 1.88-1.21 (br m, Arg CHCH2, Arg CH2CH2NH, Lys CH2 × 3, Pbf CH3 

× 2, C(CH3)3 × 3, C12 CH2 × 9, calc 61H, found 60H). 13C NMR (CD3OD, 100 MHz)  176.62, 

175.21, 172.68, 172.51, 171.49, 171.31, 159.88, 158.42, 158.12 (C(O)OtBu × 2, C(O)NH amide × 4, 

C(O)NH carbamate, Pbf aromatic C-O, C=N guanidine); 139.42, 134.37, 133.52, 125.99, 118.42 (Pbf 

aromatic C × 5); 87.67 (Pbf CH2C(CH3)2O); 82.78, 82.35, 79.81 (C(CH3)3 × 3); 55.04, 54.62 (Lys α-CH 

and Arg α-CH); 51.25 (Asp α-CH); 44.03, 43.74 (Pbf ArCH2, Gly CH2); 41.30, 41.18 (Lys CH2NH and 

Arg CH2NH); 38.14 (Asp CH2); 36.68 (C12 CH2C(O)NH); 33.10, 32.16, 30.80, 30.77, 30.70, 30.52, 

30.44, 29.63 (C12 CH2’s, Arg CHCH2, and Lys CH2 × 2, multiple overlapping peaks); 28.91, 28.83, 

28.41, 28.34 (Pbf CH2C(CH3)2O and C(CH3)3 × 3); 26.77, 24.06, 23.77 (C12 CH2’s, Arg CH2CH2NH 

and Lys CH2, multiple overlapping peaks); 19.74, 18.56 (Pbf ArCH3 × 2); 14.55 (C12 CH3); 12.67 (Pbf 

ArCH3 × 1). ߥmax (cm-1) (solid): 3657w (N-H stretches); 2978s, 2886m (C-H alkyl stretch); 1697m (C=O 

amide/carbamate stretch, overlapping C=O ester stretch); 1505w (N-H bend and C=C arene stretch); 

1458w, 1373s (C-H alkyl bend and S=O stretch); 1250s, 1150s, 1088s (C-O ester and C-N stretches). 

ESI-MS (m/z): Calc. for C56H97N8O13S 1121.6890; found: 1121.6819 (100%, [M+H]+). 
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Synthesis of C12-amide-Arg-Gly-Asp-Lys (4.37) 

 

Compound 4.36 (200 mg, 0.18 mmol) was dissolved in a mixture of TFA, water and TIS (2 ml, 

95:2.5:2.5) and shaken for 2 h, after which time TLC indicated that the deprotection reaction was 

complete. The reaction mixture was cooled over an ice-water bath, precipitated with cold Et2O, 

filtered and washed with the minimum amount of cold Et2O and dried in vacuo. The sample was then 

dissolved in a mixture of water/tBuOH, filtered over a PTFE membrane filter (0.2 μm), shell frozen 

and lyophilised to yield the product, 4.37, as a fluffy, white powder (102 mg, 65% as TFA salt). 

Rf 0.00 (9:1, DCM/MeOH, cerium stain). [α]D = +16.0° (c = 0.1, DMSO). M.p not acquired. 1H NMR 

(CD3OD, 400 MHz)  4.73 (dd, Asp α-H, J = 7.5 Hz and 5.5 Hz, 1H); 4.41 (dd, Lys α-H, J = 9.5 and 

4.5 Hz, 1H); 4.28 (dd, Arg α-H, J = 8.5 and 5.0 Hz, 1H); 3.90 (app s, Gly CH2, 2H); 3.22 (t, Arg 

CH2NH, J = 6.0 Hz, 2H); 2.97 (t, Lys CH2NH, J = 7.0 Hz, 2H); 2.90 (dd, Asp CHA, J = 17.0 Hz and 

5.0 Hz, 1H); 2.82 (dd, Asp CHB, J = 17.0 Hz and 8.0 Hz, 1H); 2.31 (t, C12 CH2C(O)NH, J = 7.0 Hz, 

2H); 2.00-1.24 (br m, Arg CHCH2, Arg CH2CH2NH, Lys CH2 × 3, C12 CH2 × 9, calc 28H, found 

25H); 0.90 (t, C12 CH3, J = 7.0 Hz, 3H). 13C NMR (CD3OD, 100 MHz)  177.07, 175.48, 175.01, 

174.17, 173.07, 172.03, 158.67 (COOH × 2, CONH amide × 4, C=N guanidine); 55.04, 53.36 (Lys α-

CH and Arg α-CH); 51.57 (Asp α-CH); 43.88 (Gly CH2); 41.83, 40.66 (Lys CH2NH and Arg CH2NH); 

36.77 (Asp CH2); 36.49 (C12 CH2C(O)NH); 33.13, 31.75, 31.16, 30.82, 30.75, 30.60, 30.55, 30.51, 

29.68, 27.83, 26.87, 26.14, 23.79, 23.65 (C12 CH2 × 9, Arg CHCH2, Arg CH2CH2NH and Lys CH2 × 

3, multiple overlapping peaks); 14.51 (C12 CH3). ߥmax (cm-1, solid): 3657w, 3341w (O-H acid and N-H 

stretches); 2978s, 2886m (C-H alkyl stretches); 1643s (C=O amide stretch, overlapping C=O acid 

stretch); 1512m (N-H bend); 1389m (C-H alkyl bend); 1250m, 1142s, 1080s (C-O acid and C-N 

stretches). ESI-MS (m/z): Calc. for C30H57N8O8 657.4294; found: 657.4292 (23%, [M+H]+); 329.2185 

(100%, [M+2H]2+). 
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6.5 Procedures 

Fluorescence Polarisation Assays 

The FP competition experiment was adapted from a literature method.75 To demonstrate that the 

probe 2.24 could bind integrin and produce a FP response, 10 nM of the probe was assayed as a 

function of increasing concentration of integrin (Chapter 2 - Fig. 2.3). When no integrin was present 

the FP signal was around 35 mP (milli polarisation units). This is the background signal from intrinsic 

polarisation of the probe. This increased to over 100 mP when the concentration of integrin was more 

than 400 nM. This was envisaged as more integrin is available for binding to the probe and hence 

more [probe:protein] complex is formed. The calibration curve provides evidence that 2.24 binds to 

integrin αvβ3. The binding was found to be fast; incubating the mixed samples for longer than 5 min 

did not have any significant effect on the FP signal (data not shown). 

A solution of 187 μM 2.24 in PBS buffer (0.01 M phosphate, pH 7.4, 0.138 M NaCl, 0.0027 M KCl) 

was diluted with Tris buffer (50 mM TRIS, pH 7.4, 1 mM CaCl2, 10 μM MnCl2, 1 mM MgCl2, 100 

mM NaCl) to give a 100 nM stock. The assay mixture (200 μl in a 100 μl volume fluorescence 

microcuvette) was composed of 280 nM integrin αvβ3 (13.25 μg) and 10 nM 2.24 in TRIS buffer. 

Competition experiments were performed with the synthetic ligands, with PEG-GGG (2.20) and SDS 

serving as negative controls. Stocks of these compounds were made in PBS and diluted in the TRIS 

assay buffer to the desired concentration in the final stock titre (100 μl), which also contained 280 nM 

integrin αvβ3 (6.625 μg) and 10 nM 2.24. The titre was incubated at 29°C in a water bath for at least 5 

min before carrying out the titration experiment. The titre was added to the assay mixture in microlitre 

aliquots, the cuvette gently shaken and incubated at 29°C for at least 5 min, and then the single-point 

FP value recorded using λex = 485 nm, λem = 510 nm, while incubation of the stock titre was resumed 

at 29°C in between titrations. 2.24 alone (10 nM) served as control and all subsequent data with the 

protein present was normalised to 100 mP units using this value. All data points are presented as mean 

values ± standard deviations from at least 5 independent scans. The mP values were plotted against 

synthetic ligand concentration in Microsoft Excel and the concentration at which 50% inhibition of 

probe 2.24’s binding to integrin αvβ3 was achieved (IC50) was extrapolated at 50 mP units from the 

normalised data. 

Nile Red Assays 

The Nile Red encapsulation experiment was adapted from previously published methods.270, 312 To 

monitor the aggregation behaviour of the self-assembling surfactants in aqueous solution, 

encapsulation experiments with the hydrophobic dye Nile Red were carried out. The Nile Red 
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concentration was kept constant while a range of surfactant concentrations were examined, and the 

fluorescence emission of the dye was monitored. 

A stock solution of the surfactant was made in PBS buffer. Aliquots of the stock were taken and 

diluted to the desired concentration to make 1 ml assay samples in PBS buffer. A 2.5 mM Nile Red 

(technical grade, Sigma) stock solution was made in EtOH and diluted ~1000-fold in the surfactant 

assay samples (i.e. 1 μL was added to a 1 ml surfactant assay sample), swirled, and the fluorescence 

emission measured immediately after mixing. Nile Red fluorescence was measured at room 

temperature using an excitation wavelength of 550 nm. Fluorescence emission was monitored from 

550 to 700 nm at 1 nm intervals. Data are presented as mean values from 3 independent experiments. 

The critical aggregation concentration (CAC) was calculated by plotting the absorption of Nile Red at 

λmax against the log of the surfactant concentration (e.g. Chapter 3 – Fig. 3.5), setting the equation 

from each of the two trendlines as equal to one another and solving for ݔ at the turning point. As ݔ is 

log concentration, 10௫yields the CAC in mol dm-3. 

TEM 

Samples were ‘drop-cast’ onto a standard heat-treated (HT) copper TEM grid using either a Gilson 

pipette or a spatula, and allowed to equilibrate for several minutes before excess liquid was wicked off 

with filter paper and left to dry for 15-30 min prior to imaging. If the sample was deposited from 

buffered solution, the grids were washed with a few drops of deionised water to wash off crystallised 

salt from the buffer, and excess liquid was wicked off with filter paper and left to dry for 15-30 min 

prior to imaging. Depending on the sample, a few drops of a uranyl acetate stain (1% in water, pH 4.5) 

was sometimes used for contrast, as denoted in each figure. Excess stain was wicked off with filter 

paper and then allowed to dry for 10-15 minutes. Imaging was performed immediately afterwards. 

SEM 

A small portion of the gel was removed with a spatula and placed on a copper support, then freeze-

dried by immersing in liquid nitrogen and then placing under high vacuum overnight. Excess solid 

material was broken off with a spatula and then the sample was sputter coated with a thin layer (about 

12 nm) of gold/palladium to prevent sample charging, before placing the sample on a metal SEM stub 

and imaging. 

ASEM 

A small portion of the gel was removed with a spatula and placed on an ASEM thin film dish. The 

sample was negatively stained with uranyl acetate (1% in water, pH 4.5) and glucose (10 mg/ml in 
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water) was deposited on the sample to act as a free radical scavenger. Imaging was performed 

immediately afterwards. 

Tgel’s 

Eppendorf tubes containing different concentrations of freshly prepared gel samples were placed in a 

high precision thermoregulated oil bath and heated from 20°C at a rate of 1°C min-1. The temperature 

at which the gel collapsed was deemed the gel-sol transition end-point.  

Circular Dichroism 

CD samples were prepared by heating the hydrogel to a homogenous suspension and then quickly 

transferring this hot sample (~400 μL using a Gilson pipette) into the quartz CD cuvette (1 mm 

pathlength) and allowing the sample to cool to rt for several minutes until gelation was complete. CD 

spectra were then ascertained for the different concentrations of hydrogel using the following 

parameters: 

Temperature: 20°C 

Sensitivity: Standard (100mdeg) 

Start: 300nm 

End: 200nm 

Data Pitch: 1 nm 

Scanning Mode: Continuous 

Scan Speed: 100nm/min 

Response: 1 sec 

Band Width: 2nm 

Accumulation: 5 

A CD spectrum of Millipore pure water at 20°C was subtracted from the CD spectrum of each 

sample. 

VT-CD was carried out on a 1 mg/ml C12-[urea-RGD]2 hydrogel sample, and the parameters were 

as follows: 

Start: 30 °C 

End: 90 °C 

Data Pitch: 10 °C 

Delay Time: 120 sec 

Temperature Slope: 5 °C/min 
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Sensitivity: Standard (100mdeg) 

Response: 1 sec 

Band Width: 2nm 

Wavelength Settings: Same settings as for the 20°C scan. 

Delay (Equilibration) Time: 300 sec 

A CD spectrum of Millipore pure water at 20°C was subtracted from the CD spectrum of the sample 

at each temperature. 

VT-NMR 

Solid gelator was deposited in an NMR tube, then 0.5 ml of D2O (+0.05 wt% TSP-d4 as internal 

standard) was added, the sample was heated vigorously until a homogenous suspension formed and 

allowed to cool to rt to initiate gelation. Analysis was performed overnight on a JEOL ECX400 NMR 

spectrometer, at temperatures ranging from 25 to 90°C with 5°C increments. 

Small Molecule Encapsulation-Release 

Fluorescent molecule encapsulation was studied by using aqueous solutions of two different 

fluorescent molecules: fluorescein (Sigma) and FITC-dextran with an average MW of 70,000 g mol-1 

(Sigma). Fluorescein was pre-dissolved in DMSO (0.25 M) before diluting with Millipore pure water to 

50 μM. FITC-dextran was dissolved directly in Millpore pure water to 50 μM. These solutions were 

used to prepare the two gel samples. A 1 ml gel (5 mg/ml) was prepared in an eppendorf tube by 

using 5 mg of gelator, dissolving it in 200 μL of DMSO and then gently adding 800 μL of one of the 

fluorescent solutions, capturing all of the aqueous solution in the gel. Next, 1 ml of Millipore pure 

water was pipetted on top of the gel which was replaced with fresh water every 5 min and the 

fluorescence emission of the water removed was measured (excitation at 495 nm, 1 nm slit, emission 

at 512 nm for fluorescein and 521 nm for FITC-dextran, 2 nm slit). 
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Spectrum 2.1 – 1H NMR spectrum of H2N-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (2.4), in CDCl3. 

 

Spectrum 2.2 – 1H NMR spectrum of H2N-Arg(Pbf)-Gly-Asp(OtBu)-OtBu (2.8), in CDCl3. 
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Spectrum 2.3 – 1H NMR spectrum of 2.14, in CDCl3. 

 

Spectrum 2.4 – 1H NMR spectrum of 2.15, in CDCl3. 
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Spectrum 2.5 – 1H NMR spectrum of 2.16, in D2O. 

 

Spectrum 2.6 – 1H NMR spectrum of 2.17, in D2O. 
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Spectrum 2.7 – 1H NMR spectrum of PEG-RGD (2.19), in D2O. 

Spectrum 2.8 – 1H NMR spectrum of PEG-GGG (2.20), in CDCl3. 
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Spectrum 2.9 – 1H NMR spectrum of 2.23, in CD3OD. 

Spectrum 2.10 – 1H NMR spectrum of 5(6)-FL-c[RGDfK] (2.24), in CD3OD. 
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Spectrum 2.11 – 1H NMR spectrum of 2.32, in CDCl3. 

Spectrum 2.12 – 1H NMR spectrum of the material isolated from the deprotection of 2.32 following 

silica column purification, in CDCl3. 
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Spectrum 2.13 – 1H NMR spectrum of the material shown in spectrum 2.12 following an aqueous 

workup, in CDCl3. 

Spectrum 3.1 – 1H NMR spectrum of C12-RGD (3.2), in CD3OD. 
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Spectrum 3.2 – 1H NMR spectrum of Py-RGD (3.4), in a mixture of CDCl3, CD3OD and D2O. 

Spectrum 3.3 – 1H NMR spectrum of C22-RGD (3.6), in DMSO-d6. 
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Spectrum 3.4 – 1H NMR spectrum of C12-Lys(C12)-(CH2)5-TEG-RGD (3.18), in CD3OD. 

Spectrum 4.1 – 1H NMR spectrum of C12-urea-RGD (4.2), in CD3OD. 
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Spectrum 4.2 – 1H NMR spectrum of C12-[urea-RGD]2 (4.4), in CD3OD. 

Spectrum 4.3 – 1H NMR spectrum of C6-urea-RGD (4.6), in CD3OD. 
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Spectrum 4.4 – 1H NMR spectrum of C6-[urea-RGD]2 (4.8), in CD3OD. 

Spectrum 4.5 – 1H NMR spectrum of CH2-[Ar-urea-RGD]2 (4.10), in CD3OD. 
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Spectrum 4.6 – 1H NMR spectrum of C12-RGD-C12 (4.18), in DMSO-d6. 

Spectrum 4.7 – 1H NMR spectrum of linear OPE-[R(Pbf)GD(OtBu)OtBu]2 (4.22), in 

CD3OD/CDCl3. 
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Spectrum 4.8 – 500 MHz 1H NMR spectrum of the material obtained following the deprotection 

reaction on linear OPE-[R(Pbf)GD(OtBu)OtBu]2 (4.22), in an attempt to form linear OPE-

[RGD]2 (4.23), in TFA-d/D2O (referenced to TFA-d). 
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Spectrum 4.9 – 1H NMR spectrum of triangular-shaped OPE-[R(Pbf)GD(OtBu)OtBu]3 (4.26), in 

CD3OD/CDCl3. 
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Spectrum 4.10 – 500 MHz 1H NMR spectrum of the material obtained following the deprotection 

reaction on triangular-shaped OPE-[R(Pbf)GD(OtBu)OtBu]3 (4.26), in an attempt to form 

triangular-shaped OPE-[RGD]3 (4.27), in TFA-d/D2O (referenced to TFA-d). 
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Spectrum 4.11 – 1H NMR spectrum of 4.33, in CD3OD. 

Spectrum 4.12 – 1H NMR spectrum of C12-urea-RGDK (4.35), in CD3OD. 
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Spectrum 4.13 – 1H NMR spectrum of C12-amide-RGDK (4.37), in CD3OD. 
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Abbreviations 

[α]D specific rotation 

  max (cm-1) wavenumber at maximum peak intensity (IR)ࣇ

5(6)-FL-c[RGDfK] 5(6)-carboxyfluorescein, as a mixture of isomers in either the 5 or 

6 positions, conjugated to the cyclic peptide Arg-Gly-Asp-D-

Phe-Lys through the lysine side-chain 

5(6)-FLSE 

 

 

 

5(6)-carboxyfluorescein N-hydroxysuccinimide ester, a 

fluorescent dye purchased as a mixture of isomers, functionalised 

with an N-hydroxysuccinimide activated ester in either the 5 or 6 

positions 

Alloc allyloxycarbonyl 

app apparent 

B.p. boiling point 

Boc tert-butyloxycarbonyl 

Boc-Gly-OH Boc-glycine 

br broad (NMR) 

CD circular dichroism spectroscopy 

CD3C(O)CD3 deuterated acetone 

CD3OD deuterated methanol 

CDCl3 deuterated chloroform 

CHA cyclohexylammonia 

Chol cholesterol 

cont continued 

D L-aspartic acid 

d doublet (NMR) 

DCM dichloromethane 

dd doublet of doublets (NMR) 

DIPEA diisopropylethylamine 

DMAP N,N-dimethyl-4-aminopyridine 

DMF dimethylformamide 

DMSO dimethylsulfoxide 

DMSO-d6 deuterated dimethylsulfoxide 

dt doublet of triplets (NMR) 

EC50 effective concentration at 50% binding 

ECM extracellular matrix 

EDTA ethylenediaminetetraacetic acid 



Daniel J. Welsh                Abbreviations 

Abb2 

EI-MS electron ionisation mass spectrometry 

eq equivalent/s 

ESI-MS electrospray ionisation mass spectrometry 

Et2O diethyl ether 

EtOAc ethyl acetate 

f D-phenylalanine 

Fmoc 9H-fluoren-9-ylmethoxycarbonyl, protecting group for the N-

terminus of a peptide 

Fmoc-Arg(Pbf)-OH Nα-Fmoc-Nω-Pbf-L-arginine 

Fmoc-Gly-OH Fmoc-glycine 

FP fluorescence polarisation 

FT-IR Fourier transform infra-red spectroscopy 

FW formula weight 

G Glycine 

G1 generation 1 

G2 generation 2 

GPC gel permeation chromatography 

h hours 

H2N-Asp(OBn)-NH2.HCl L-aspartamide β-benzyl ester hydrochloride 

H2N-Asp(OtBu)-OtBu.HCl L-aspartic acid di-tert-butyl ester hydrochloride 

HBTU 

 

O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

hexafluorophosphate  

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer 

solution 

HFIP 1,1,1,3,3,3-hexafluoro-2-propanol 

HOBt 1-hydroxybenzotriazole 

HRMS high resolution mass spectrometry 

Hz hertz 

in vacuo under vacuum 

IR infrared 

J coupling constant (in Hz) 

m multiplet (NMR) 

m medium (IR) 

M.p. melting point 

m/z mass to charge ratio 

mdeg millidegrees 

MeOH methanol 
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Abb3 

mg milligrams 

MGC minimum gel concentration 

min minutes 

ml millilitres 

MS mass spectrometry 

MW molecular weight 

Na2CO3 sodium carbonate 

NaHCO3 sodium hydrogen carbonate 

NaHSO4 sodium hydrogen sulfate 

nm nanometre 

NMR nuclear magnetic resonance 

OBn benzyl ester (wrt abbreviated amino acid nomenclature) 

OPE oligo(phenylene ethynylene) 

OtBu tert-butyl ester (wrt abbreviated amino acid nomenclature) 

PA peptide amphiphile 

PB poly(butadiene) 

Pbf Nω-(2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl), an L-

arginine side chain protecting group 

PBS phosphate buffered saline solution 

PEG poly(ethylene glycol) (N.B. in this work the term ‘PEG’ is 

sometimes used to refer to a short ethylene oxide chain) 

PEO poly(ethylene oxide) 

pH negative logarithm of the concentration of hydrogen ions 

pKa negative logarithm of the acid dissociation constant 

ppm parts per million 

Py pyrene 

q quartet (NMR) 

R L-arginine 

Rf retention factor 

RGD the tripeptide Arg-Gly-Asp 

RSA retrosynthetic analysis 

Rt retention time 

rt room temperature 

s singlet (NMR) 

s strong (IR) 

SEM scanning electron microscopy 

SHE buffer solution containing sodium chloride, HEPES and EDTA 
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SiO2 silica 

SM starting material 

Sol a dispersion of discrete particles within a liquid 

t triplet (NMR) 

T3P (50 wt % in EtOAc or 

DMF) 

propylphosphonic anhydride (supplied as a 50 wt% solution in 

ethyl acetate or DMF) 

TBTU 

 

O-(Benzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium 

tetrafluoroborate 

TEA triethylamine 

TEG tetraethyleneglycol 

TEM transmission electron microscopy 

TFA trifluoroacetic acid 

Tgel gel-sol transition temperature 

THF tetrahydrofuran 

TIS triisopropylsilane, used as a scavenger of the pbf protecting 

group during the deprotection reaction 

TLC thin layer chromatography 

TOF time of flight 

TRIS tris(hydroxymethyl)aminomethane 

TSP-d4 deuterated trimethyl silyl propionate, an NMR internal standard 

UV ultraviolet 

UV/Vis ultraviolet/visible 

V L-valine 

VT-CD variable temperature circular dichroism spectroscopy 

VT-NMR variable temperature nuclear magnetic resonance 

w weak (IR) 

w/v weight for volume ratio 

wrt with respect to 

wt % weight percent 

Z or Cbz benzyloxy carbonyl (or benzyl carbamate) protecting group 

Z-Arg(Pbf)-OH.CHA Nα-Z-Nω-Pbf-L-arginine cyclohexylammonium salt 

δ NMR chemical shift (in ppm) 

μL microlitres 

μm  micrometre 

μM micromolar 
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