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Abstract 

Chemically modified peptides often display improved biological activity and 

pharmacological properties when compared with their native equivalents. In contrast to their 

linear counterparts, conformationally constrained peptides demonstrate higher structural 

rigidity and improved pharmacokinetic properties.   

Whilst there are many synthetic techniques that could be employed to cyclize peptides, 

these often rely upon polar side chains, heteroatoms or unnatural amino acids, which can 

detract from peptide function and contribute to poor atom economy. Methods focussed on 

alternative strategies to achieve cyclization are therefore crucial for maximising versatility 

and enabling a broader scope for constrained peptide application. Click chemistry reactions 

are well suited to cyclization due to their tolerance for other functional groups and high 

yields. Recently, sulfur(VI)-fluoride exchange (SuFEx) has been described as the “next 

generation click reaction” however, it is yet to be fully explored as a technique in peptide 

modification. Methods of introducing SuFEx-able hubs to amino acids and particularly 

peptide substrates are lacking. 

This body of work describes the development of a new cyclization method involving the C-

H functionalization of ethenesulfonyl fluorides (ESF) onto linear peptides to install a reactive 

arylvinylsulfonyl fluoride (aryl VSF) at phenylalanine, an otherwise unreactive residue. The 

protocol then subjects the modified peptide to sulfur(VI)-fluoride exchange (SuFEx) 

chemistry in order to facilitate the synthesis of further diversified structures, including cyclic 

peptides through intramolecular SuFEx transformations. The results show that a broad 

scope of linear, short-chained peptides containing phenylalanine residues can be modified 

with ESF to form aryl VSFs in good yields. The modified peptides were then exposed to 

developed conditions in order to facilitate SuFEx transformations generating diverse new 

structures. SuFEx reactions were carried out successfully with primary amine, secondary 

amine and silyl ether nucleophiles. The power of the technique was demonstrated by the 

generation of cyclic peptides from their linear counterparts. 
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 Introduction 
 

1.1 Peptides as drug candidates 

 

Until late in the 20th century, drug design was limited to small molecules due to the need to 

produce candidates that could be administered orally.1 These small compounds typically 

required a molecular weight below 500 Da. Recent advances in the field of proteomics have 

led to the understanding that proteins demonstrate exceptionally high selectivity to 

molecular targets as well as outstanding site potency.2 This makes them highly desirable 

drug candidates. In vivo, breakdown of proteins to peptides, and subsequently peptides to 

amino acids, means that a potentially lower toxicity is observed in protein-based drug 

molecules.  

 

Small molecule drugs can be adapted to traverse quickly over surface membranes and 

arrive at the target protein easily. However, the target itself must be a protein with a 

hydrophobic pocket for binding the small molecule. This is a considerable limitation on what 

is ‘druggable’ by this class of drug.3,4 Comparatively, proteins have a plethora of surface 

area with which to engage another target protein. Ironically, these protein drug candidates 

are limited to extracellular targets, which according to a bioinformatic study accounts for 

less than 10% of all human proteins.3 Collectively, these two main classes of drug 

candidates are unable to access or interact with an estimated 75-80% of all existing protein 

structures.5 This stark statistic has provided the impetus to develop different classes of drug 

to the well-developed existing families. 

 

Peptides represent a class of drug that occupies the space between small molecule drugs 

and biologics (e.g., antibodies and proteins). A huge amount of effort is now being invested 

in the design of peptide-based drugs as a means of mimicking protein structures. This has 

culminated in a vast number of peptide-based drugs available for the treatment of a wide 
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variety of conditions. These range from carbetocin, a synthetic analogue of oxytocin for the 

treatment of amenorrhea,6 octreotide used to treat tumours in acromegaly patients7 and 

degarelix, which has been used in the treatment of hormone responsive prostate cancer8 

among many others, Figure 1.9,10 Indeed, peptide-based drugs now occupy more than 10% 

of the pharmaceutical market and the increase of market share is rivalled by no other class 

of drug.2  

 

 

Figure 1 – A selection of FDA-approved, peptide-based drugs. 

 

The use of native peptides as protein mimics has not been without its challenges. Peptides 

that are not housed in a protein scaffold usually demonstrate a diminished biological activity 

and low proteolytic stability.5 The cost associated with the manufacture of peptide-based 
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drugs is also relatively high. Despite these generic disadvantages, the field of peptide-based 

drugs continues to receive significant investment. This is attributed to the large number of 

advantages such as high potency, high selectivity, low toxicity, low accumulation in tissues 

and high chemical and biological diversity.11 

 

The growing interest surrounding peptides is not without merit. Though the highlighted 

problems associated with peptides as drug candidates are well documented, it can be 

argued that the benefits of using such molecules vastly outweigh the complications. Calls 

for advanced medicines that demonstrate increasing potency and selectivity while 

simultaneously decreasing toxicity continue. Peptides have emerged as a class of 

molecules that contain enormous potential to address these demands.  

 

1.2 Peptide Modification 

 

Over the last 15 years, the field of peptide modification has received a huge amount of 

attention from academia and industry alike. The biological activity and pharmacological 

properties of peptides can be significantly affected by altering the structure, shape or 

sequence of the native equivalent.  Focus on chemical modification, particularly that which 

can be established ‘late-stage’, has been remarkably prosperous.  A diverse ‘toolbox’ of 

modifications are now widely available for overcoming the main drawbacks stipulated in 

Section 1.1.11,12 It has become common practice to induce a chemical modification in order 

to tailor peptides to comprise desired properties. 
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Figure 2 – Properties that can be significantly affected by peptide modification. 

 

The means by which peptides can be modified range from small and subtle, such as 

deviations from the native peptide amino acid sequence to large more obvious interventions 

involving the covalent installation of large structures onto the peptide chain. Recently, 

peptides have been modified to afford derivatives with a whole host of different properties 

and some of the most biologically significant are highlighted above, Figure 2. A selection 

of key areas in which modification can favourably change a peptides properties will be 

addressed in the following sections.  

 

1.2.1 Cell Penetration 
 

In the therapeutic treatment of many forms of disease, one of the most significant problems 

to overcome is the crossing of cellular membranes.13 If treatment requires the targeting of 

intracellular proteins, ensuring drug complexes arrive at their intended target across the 

membrane is not trivial. Small molecules can generally pass over the membrane by diffusion 

with relative ease. However, much larger and hydrophilic molecules are not able to 

penetrate the amphiphilic cell membrane without active transport processes.14  
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Oligopeptides do not usually fall into the class of small molecules and often exhibit very 

poor cell permeability. One technique to enhance cell penetration involves the substitution 

of amino acids in the sequence with those more likely to facilitate permeation across the 

cell membrane, such as arginine or lysine residues.15,16 Substitution must be carried out 

with care to ensure that amino acids that are crucial for peptide function are not removed 

or affected. Depending on the nature of the peptide, this is not always possible and in such 

cases the use of cell penetrating peptides may be required.  

 

Cell-penetrating peptides are small to mid-sized oligopeptides that are able to traverse the 

cell membrane without the involvement of energy-dependant processes. The structure and 

conformation are often extremely varied; however, they are frequently cationic, and the only 

feature that most share is the ability to cross cell membranes using processes that do not 

require energy.16,17  

 

 

Figure 3 – The delivery of impermeable cargo over cell membranes has been achieved by modification with cell 
penetrating peptides which are able to draw cargo through when permeating the cell membrane. 

 

Peptides along with other possible cargo that demonstrate poor cell permeability are often 

conjugated to cell penetrating compounds, harnessing their ability to cross cell membranes 

and drawing the poorly permeable cross-linked structures with them. The cross-linking of 
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cell-penetrating peptides and cargo can either be covalent or non-covalent. It is often 

important in covalent attachment to introduce a spacer group in order to keep the cell-

penetrating peptide at a reasonable distance from the cargo, ensuring that optimal distance 

between the two peptides is maintained.15,16  

 

Frequently used cell-penetrating peptides include EB1 (Sequence: LIKLWSHLIHIWF-

QNRRLKWKKK) and Transportan (Sequence: GWTLNSAGYLLGKINLKALAALAKKIL).18  

Drugs, fluorescent markers, antibodies and other impermeable compounds can also be 

delivered over cell membranes in this manner as well as other peptides, Figure 3.17,19–22 

 

1.2.2 Biological/Drug Conjugation 
 

The conjugation of drug compounds to peptides that demonstrate significant “targeting” 

ability to certain tissues is a technique used in order to improve selectivity of some 

therapeutics. Conjugation marries the characteristic high selectivity of the peptide and 

therapeutic potential of the bound drug to improve efficacy of the treatment. 

 

One significant example of this was the use of peptide conjugates to significantly improve 

the therapeutic index of chemotherapeutic, Doxorubicin. Phage peptide libraries identified 

peptide motifs that targeted tumours in mice, the best of which were coupled to doxorubicin 

molecules, forming peptide-Doxorubicin conjugates. Primary tumour growth and metastasis 

were inhibited by the peptide-drug conjugate and accumulation of the conjugate in large 

tumours significantly sequestered the drug, leading to a reduction of toxicity.23 

 

1.2.3 Fluorescent Imaging Probes 
 

One of the most of effective modifications of peptides has been the conjugation to a 

fluorescent tag for use as in-situ imaging agents. Labelling peptides in this way is a powerful 

tool that can be used to chart receptor-ligand binding, discern protein structure and map 

enzyme activity.24–27 Fluorescent  peptides have also been used as agents to provide real-

time imaging of bacterial and fungal infection,28–30 monitor cell events such as apoptosis,31 
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and as metal sensors.32–34 The key challenge when designing fluorescent sensors is 

ensuring that the tag is positioned correctly. The structural characteristics of the peptide 

must be maintained as much as possible whilst fluorescent change is maximised upon 

complexation.27 

 

1.2.4 Mapping Biological Events/Mechanisms using Fluorophores 
 

Some fluorophores emit different wavelengths of light depending on the nature of the 

surrounding physiochemical properties. Solvatochromic fluorophores demonstrate a weak 

fluorescent emission in aqueous solution but become highly fluorescent in non-polar 

solvents.27 These types of fluorophores find application in the mapping of binding events in 

proteins where aromatic residues of peptides can be substituted for fluorogenic unnatural 

amino acids or modified with fluorophores. If the peptide binds to the target protein, placing 

the fluorophore into the hydrophobic pocket, a change in fluorescent signal is observed, 

Figure 4A. 

 

Certain fluorophores contain heteroatoms that can coordinate metal ions. Upon binding the 

metal ion, the fluorophore will display different electronic properties and as such the 

fluorescent emission will change, Figure 4B. This behaviour lends itself to applications in 

metal ion sensing, although finding the correct geometric and conformational requirements 

for high affinity to selective metal ions remains a significant challenge.34,35 

 

Other fluorophores have been used as molecular beacons, Figure 4C. When isolated, the 

fluorescent moieties arrange themselves close together and emit a certain wavelength. 

Upon protein binding or interaction, the peptide is no longer free to adopt the conformation 

that brings the two fluorophores together, causing a change in the emission. The major 

difficulty with this ‘through space’ effect is that small, isolated peptides have high degrees 

of freedom and controlling the conformation to allow the FRET or quenching to take place 

can be problematic. 
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Figure 4 – Mechanisms of fluorescent tags. Figure adapted from reference 26. [A] Fluorescence alters as 

fluorophore hidden in hydrophobic environment as a result of peptide binding. [B] Fluorophore affected by metal 

chelation. [C] Fluorophores emit specific wavelength when close together or do not emit when near a fluorescent 

quencher. 

 
1.2.5 Biological Tags 
 

In addition to tagging peptides with fluorescent labels, cell penetrating peptides and other 

conjugates of biological importance, they can also be utilised as the tag themselves. 

Designed in such a way that they will react with specific residues of a specific protein, 

conjugation allows for the detection or in some cases isolation without significant 

perturbation of protein function.36  

 

Proteins have also been tagged ‘for deletion’ using this technology. A peptide sequence, 

which is known to be specifically recognised by a protease enzyme was tagged to the -
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COOH terminus of a selection of proteins. Rate of degradation of proteins tagged with the 

peptide sequence was drastically increased.37 

 

1.2.6 Stability 
 

One of the most significant obstacles to the use of peptides as therapeutic agents in humans 

is the rapid proteolytic degradation carried out by endogenous enzymes. Administered 

peptides are exposed to peptidases in the blood, liver and kidneys38 and most degrade 

within minutes. Those peptides that survive are rapidly eliminated by filtration in the kidney, 

culminating in the characteristic short peptide half-life.39 

 

Diminished peptide stability has been addressed in a number of ways, all of which introduce 

structural modifications to prevent recognition by the protease. Modification of the C- or N-

terminus of peptides can guard significantly against exopeptidases. C-terminal amidation 

or N-terminal acetylation are perhaps two of the simplest modifications for stability.40 

Another significant approach is the covalent attachment of PEG to either termini of the 

peptide, preventing exopeptidases attacking them.41 The marked increase in molecular 

mass also reduces the likelihood of complete excretion through the renal route.  

 

Cyclization of peptides by the formation of an amide bond between the N-terminus and C-

terminus of the peptide has generally worked well, however, the chain must be of sufficient 

length so that the bond does not significantly affect the shape and therefore the activity.42–

45 When carried out effectively, exopeptidase caused degradation can be almost completely 

supressed.38 

 

Recently, b-amino acids have been used as surrogates for a-amino acids as an attempt to 

increase biological activity, bioavailability and selectivity.46 They have been known to adopt 

specific helical conformations and are highly resistant to protease degradation. However, 

the specific helices that b-amino acids generally adopt do not match those formed by a-

amino acids and this mismatch can lead to significant waning of biological activity.47,48 As a 
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result, recent efforts have been directed at finding a balance between a- and b-amino acids 

(a /b) in peptides so that a helical conformation can be adopted that closely resembles the 

canonical a-helix.49,50 

 

D-peptides have also been shown to be less susceptible to proteolytic degradation than L-

peptides.51,52 However, use of D-amino acids and D-peptides can significantly alter 

conformation, in turn severely diminishing activity and selectivity.48 Whilst they can be a 

very effective technique for improving peptide stability, caution must be exercised when 

using different enantiomers due to the significant alteration in conformation they can cause.  

 

Alkylation of the amide has also been a successful stabilising modification. Natural sources 

of N-alkylated peptides can be found in marine or microbial organisms, which generally 

demonstrate higher proteolytic stability than the isolated natural equivalents.2 The N-alkyl 

group affects conformational freedom of the backbone and side chain of proximal amino 

acids whilst eliminating the predominance of trans peptide bonds. The removal of the amide 

proton also results in fewer hydrogen bonds both inter- and intramolecularly.53 

 

1.2.7 Binding Affinity/Selectivity 
 

In order to improve selectivity, specific amino acid sequences can be introduced. Perhaps 

the most famous example of this is the introduction of RGD sequences, Figure 5 which are 

known to specifically target integrins.23,46,54 One of the most challenging stages of 

optimisation of peptides to improve binding affinity is the prediction of beneficial amino acid 

substitutions.53,55 These decisions can be made based on rational design considerations or 

assisted by computational methods.56–59 
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Figure 5 – The integrin targeting RGD sequence. 

 
1.2.8 Conformational Constraints 
 

Binding affinity is intrinsically linked to peptide conformation. In proteins, which exhibit 

extraordinary site selectivity, the peptide sequence is held in the biologically active 

secondary conformation by the rest of the protein structure. Peptide sequences, when 

isolated from the protein, exhibit diminished biological activity and low proteolytic stability.5 

Simply mimicking the amino acid sequence is not enough to generate the same 

pharmacokinetic properties demonstrated when the peptide forms part of the protein 

structure.  

 

The structural rigidity introduced by the protein reduces the number of degrees of freedom 

a native peptide chain experiences. This conformational constraint, which is inherent to the 

protein, minimises thermodynamic penalties associated with orientation to the correct 

binding conformation. The means of introducing conformational constraint to peptides, 

mimicking protein structures has received huge attention in recent years, the most prevalent 

of which has been peptide cyclization. Presently, there are in excess of 60 peptides that 

have been approved for use by the FDA and EMA.60 Over two thirds of these peptides are 

conformationally constrained.61 Unlike techniques such as N-alkylation, or the use of 

peptidomimetics, cyclization does not necessarily alter the structure of peptides, potentially 

preserving function.62  

 

The forming of an intramolecular covalent bond in the synthesis of a peptide macrocycle 

can have a profound effect on the conformational freedom of the chain. No longer able to 
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adopt a wide variety of conformers, the peptide assumes a well-defined shape. In order to 

introduce a conformational constraint, there are four distinct strategies.63,64 The covalent 

link can either be generated between the carboxyl ‘head’ and the amino ‘tail’, between two 

side chains, or a combination of side chain and head or side chain and tail, generating four 

different products accordingly, Figure 6. 

 

 

Figure 6 – Strategies to introduce cyclization in peptides. Figure adapted from reference 62. 

 

Peptidase resistance has been demonstrated in all four categories. By linking the head and 

tail groups, resistance to exopeptidases is significantly improved.38 However, when forming 

peptide macrocycles with intent to mimic secondary protein structure, it is likely that the 

head and tail of the peptide are required for oligomeric peptide bonding and as such, side 

chain-to-side chain cyclization is often considered the ideal strategy. 

 

In order to afford macrocyclization, peptides have been subjected to a whole host of 

different chemical reaction conditions with differing target macrocycles and varying degrees 

of success. The most prevalent methods for cyclic peptide synthesis will be discussed here, 

with the exception of the immerging method of C-H functionalization, which will be 

discussed in Section 1.3. 
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1.2.8.1 Lactamization 
 

The means by which peptides are intramolecularly linked are limited in natural peptides to 

reactivity found in the twenty canonical amino acids. Peptide bonds are amides formed from 

a free amino group and a carboxylic acid, which are always present at the head and tail of 

peptide chains. If the chain is long enough, the intramolecular reaction can take place, 

generating a cyclic peptide via the amide, Scheme 1.45 Peptide macrocyclizations are 

notoriously tricky, as are most cyclization reactions, due to competing oligomerization 

pathways and often these steps have to be carried out high dilution or using sophisticated 

preorganisation strategies.63,65 

 

 

Scheme 1 – Cyclization between carboxyl head and amino tail to form lactam-based macrocycle.45 

 

The generation of cyclic amide macrocycles is known as lactamization. As well as utilising 

the reactivity at the head and tail, amino and carboxyl reactivity is also found on side chains 

of some amino acids. The lysine side chain consists of a primary amine at the end of a 

hydrocarbon chain. The amino acids glutamic acid and aspartic acid both contain carboxylic 

acids, differing in the hydrocarbon chain length linking them to the amino acid backbone, 

Figure 7. These three amino acids can provide the side-chain reactivity needed to form 

head-to-side chain and side chain-to-tail macrocyclic structures. The presence of a lysine 

and glutamic acid or aspartic acid also provides the capability for the peptide to undergo 

sidechain to sidechain macrocyclization. 
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Figure 7 – Reactivity in the twenty proteinogenic amino acids that can be used in lactamization strategies. 

 

Lactamization has been one of the most studied methods of peptide macrocyclization. 

Introduction of the relevant reactivity into the peptide chain is trivial as generally, the 

canonical amino acids are sufficient. Diversity in structure can be achieved by using the 

relevant amino acid at different positions on the peptide chain or by swapping different 

amino acids to alter cycle size. Importantly, lactamization generates an amide bond which 

is ubiquitous in human biochemistry. Its biocompatibility means that this cyclization 

technique will not form toxic by-products upon breakdown One problem is the requirement 

for an orthogonal protecting group strategy for the amino acids in question in order to 

specifically deprotect those whilst leaving other protected amino acids intact. These 

orthogonally protected amino acids are easy to source and are relatively cheap, however 

they are not routinely used in synthesis and bespoke conditions may be required. 

 

1.2.8.2 Disulfide Bridges 
 

Further reactivity native to the natural amino acids is found in cysteine residues, which 

contain thiol functionality. Thiols are capable of interacting with other thiols, forming a sulfur-

sulfur bond. In peptides, thiols of different cysteine residues can form these bonds, forming 

a covalent link between two side chains, known as a disulfide bridge, Scheme 2.  
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Scheme 2 – The formation of a disulfide bridge between two cysteine residues in a peptide chain. 

These are a common structural motif found in secondary protein structures known as b-

sheets and are interesting targets for study. However, disulfide bridges are formed under 

oxidising conditions and are susceptible to the reducing environments repeatedly 

experienced in vivo, yielding them unstable and not always suitable as tools for introducing 

conformational constraint.66  

 

1.2.8.3 Ring Closing Metathesis 
 

Divergence from the natural twenty amino acids significantly increases the means by which 

cyclization can occur. Still adhering to the four cyclization strategies, non-natural amino 

acids can provide alternative functionality to peptides meaning that more than just amide 

and disulfide bridge formation is possible. 

 

One of the most prevalent strategies for introducing macrocyclic character to peptide 

structures has been the use of Grubbs’ catalyst to carry out alkene metathesis. The catalyst 

works by activating two alkene groups, breaking their double bonds before forming a 

singular double bond between the two and liberating a molecule of ethylene. Grubbs 

catalyst demonstrates remarkable selectivity for alkenes and importantly, exhibits high 

tolerance of other functional groups, Scheme 3. All of which makes this technology ideal 

for use in peptide macrocycle formation.67,68 
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Scheme 3 – Macrocyclization achieved by ring closing metathesis using a ruthenium catalyst. 

 

Grubbs catalyst has been widely used in the conformational constraint of peptides and its 

use in stabilising secondary protein structures is arguably the most vastly explored 

methodology.45 As a result, a variety of Fmoc protected unnatural amino acids with alkene-

based side chains are commercially available, meaning synthesis of peptides capable of 

being cyclised by metathesis is entirely routine. FIG 

 

 

Figure 8 – A selection of commercially available amino acids for RCM cyclization. 

 

This range of amino acids encompasses all-hydrocarbon side chains of differing length, as 

well as protected polar amino acids such as O-allyl-serine and homoserine along with many 

others. A published protocol for the introduction of allylic amides at any position on the 

peptide backbone has also increased applicability, ensuring that this type of 

macrocyclization chemistry can be applied to a wide variety of problems.69 
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1.2.8.4 Thioether formation 
 

Aside from reactions with other thiols, sulfur is capable of other reactivity when non-native 

functionality is introduced to peptides. Sulfur is an excellent nucleophile, which makes it an 

ideal species to perform SN2 reactions. Installation of alkyl halides in unnatural amino acids 

means that once the peptide has been formed and deprotected, the displacement reaction 

can take place forming a thioether.  

 

One advantage to using sulfur to form thioether bonds in this manner rather than disulfide 

bridges is the formation a bond which is stable in cell extracts.70 However, perhaps the most 

interesting property is the nonimmunogenic character of the thioether bond which has the 

potential to be advantageous over other cyclization techniques.71 Thioether formation has 

been achieved most commonly by cyclization between a cysteine residue side chain and a 

protected amino tail, Scheme 4, as well as between a cysteine side chain and another non-

native side chain.  

 

 

Scheme 4 – Thioether formation as a means of producing a peptide macrocycle. 

This methodology lends itself to use in solid phase peptide synthesis due to the ease at 

which the halo-acetyl group can be installed. A published method describes a strategy for 

installation on-resin, introducing a modular characteristic to the technique.72 Due to its 

impressive nucleophilicity, ligation strategies where a cysteine residue is the site of the 

covalent link are well developed. This has led to a wide variety of orthogonal protecting 

groups for cysteine residues in solid phase peptide synthesis, which can be manipulated to 

increase selectivity of one cysteine residue over another.73 
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1.2.8.5 Copper-catalysed Alkyne-Azide Cycloaddition (CuAAC) 
 

An interesting approach to introducing macrocyclic structure to linear peptides has been the 

use of click chemistry. In order to be characterised as a click reaction, the transformation 

must be easy to perform in the presence of oxygen or water, giving consistently high yields 

without the need for laborious work up and purification. The scope of the reaction should 

be wide with a variety of starting materials available that demonstrate click capacity 

consistently.74 Such demands on reactivity set the bar for this type of reaction extremely 

high and as a result, real examples are few and far between. 

 

 

Scheme 5 – A copper catalysed azide-alkyne cycloaddition reaction. 

 

In terms of peptide chemistry, the most successful and relevant of the click reactions is the 

copper catalysis of Huisgen’s 1,3-dipolar cycloaddition of azides and alkynes to generate 

triazoles, Scheme 5.75 Azides and alkynes are simultaneously extremely energetic species 

as well as existing amongst the least reactive functional groups in organic chemistry. As a 

result, these functional groups act as benign spectators when exposed to a variety of 

reaction conditions until they are deliberately activated.74 The copper catalysis of this 

reaction, and the beneficial effects of performing it in water have propelled this reactivity to 

prevalence in the field of peptide conjugation.76 

 

Amino acids containing azides or alkynes are accessible either by purchasing from chemical 

vendors or synthesis from readily available starting materials.77,78 Recently, advances using 

biosynthetic routes to the target starting materials have been determined.79 They can be 

easily installed in peptide sequences by standard solid phase methodology and then 

activated to form triazole-linked macrocycles, Scheme 6. This transformation can be 

achieved either on- or off-resin.80 
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Scheme 6 – A CuAAC reaction used to produce peptide macrocycles. 

 

Aside from the excellent ‘clean’ reactivity and tolerance of other functional groups, another 

interesting property is the isosteric nature of the triazole unit when compared with peptide 

bonds, Figure 9. Isosteres are defined as groups that possess approximately the same 

number of electrons, exhibit the same molecular shape and demonstrate similar physical 

properties.81  

 

 

Figure 9 – Amides and tetrazoles are isosteric functional groups. They have lone pairs and protons available 
for hydrogen bonding, are similar in dimension and even have comparable dipole moments. 

 

Although the triazole is approximately 1 angstrom longer than an amide bond, the hydrogen 

bonding abilities can be easily mimicked by the lone pairs on N-2 and N-3 and the C-H bond 

donor.82 Despite these common features, triazoles are stable to proteolytic degradation, 

hydrolysis and oxidation, making them more stable than lactam based cyclization 

techniques in vivo.83 The exhibition of these properties makes the triazole linkage an 

excellent peptide bond surrogate. Non-natural amino acids containing 1,2,3-triazoles have 

been demonstrated to replace dipeptides in an a-helix and maintain the conformational 

secondary structure.84 
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1.2.8.6 Summary 
 

A wide range of macrocyclization techniques have been reported over the recent past. The 

two most developed methods are arguably the ring closing metathesis and the CuAAC click 

reaction. The relative ease of the method is what understandably drives the research carried 

out in these areas. Coupled with reactions that are high yielding, have good functional group 

tolerance and generate single products, it is easy to see why these methods are prevalent 

in peptide macrocyclization. 

 

1.3 C-H functionalization of peptides 

 

The use of nucleophilic or electrophilic side chains has been needed to afford cyclization if 

new, non-canonical amino acids are not used in the peptide synthesis. This covers only a 

few of the twenty proteinogenic amino acids and substantially limits the diversification of 

natural peptides. In order to increase peptide cyclization applicability and markedly improve 

structural diversity, methods of modification of all the natural amino acids are required.12 A 

notable portion of these remaining amino acids are non-polar, with side chains consisting 

in many cases of only hydrocarbon bonds of sp2 or sp3 hybridised orbital character, Figure 

10. As they possess no obvious reactive handle, modification of specific, non-polar amino 

acids has traditionally not been possible. 
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Figure 10 – Non-polar proteinogenic amino acids. 

Recently, the field of C-H functionalization has gained significant traction as a tool not just 

for diversifying peptides in a stepwise and atom economical manner, but for improving the 

environmental impact of synthetic chemistry.85 The functionalization of C-H bonds has 

become a powerful means of achieving transformations originally carried out by cross-

coupling technology. The activation of a ubiquitous and native C-H bond rather than a C-X 

bond means that often, the step economy of a reaction can be vastly improved. 

 

1.3.1 C(sp3)-H Functionalization 
 

Since the turn of the century, huge interest in the functionalization of peptides by activation 

of C-H bonds has been shown. With so many potential C-H bonds available in peptides, the 

issue of selectivity is a significant challenge. Impressive strides forward in the 

functionalization of activated C(sp3)-H bonds, where the C-H bond is a- to a carbonyl 

species have been documented.86 Since then, the application to amino acids and peptides, 

mainly Gly derivatives, have been reported.87 

 

The more challenging functionalization of C(sp3)-H bonds which are not activated has also 

received much attention. As a result, the alkylation88–90, alkenylation91, arylation92–96 and 

acetoxylation92,97 of b- and g- C(sp3)-H bonds in peptides have been reported. However, in 
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order to achieve this activation, the use of directing groups, in all cases, has been employed, 

culminating in a loss of atom and step economy. 

 

Previous work in the Yu group had led to the discovery that monoprotected amino acid 

ligands could accelerate C-H functionalization reactions98–101 by utilising the chelating power 

of amides and carboxylates as a means to coordinate the transition metal catalyst, Scheme 

7A. Subsequently, in 2014, the group provided the next major milestone using the native 

peptide backbone to direct the catalyst into close proximity of a C-H bond, facilitating 

activation, Scheme 7B.102 

 

 

Scheme 7 – Binding to metal catalysts to facilitate C-H functionalization reactions. [A] N-protected amino acid 
and [B] N-protected peptide binding to a catalyst. 

 

Building on their work modifying amino acids by C-H functionalization,96 Yu was able to 

modify residues situated at the phthaloyl-protected N-terminus of di-, tri- and tetrapeptides, 

with large scope of aryl halides, including those decorated with electron donating and 

electron withdrawing groups, Scheme 8.102 In addition, alkynylation of N-terminal alanine 

residues in oligopeptides has also been achieved, providing the means to modify peptides 

with special cargo such as drug conjugates or fluorescent markers.103 
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Scheme 8 – Selective arylation of N-terminal residues in dipeptides. Examples of tri- and tetrapeptides are not 

shown.102 

 
The potent selectivity demonstrated in Yu’s work inspired modification as a means to 

facilitate macrocyclization. Independently, the groups of Albericio and Wang published work 

that utilised this technology, Scheme 9.104,105 It was reported that C(sp3)-H activation could 

be used to generate macrocyclic peptide structures in good yield in a wide variety of 

peptides and was tolerant to a host of protected functional groups. A procedure was 

developed to carry out this transformation on-resin in the solid phase104 and the biological 

properties and application in the synthesis of natural products were reported.105  

 

 

Scheme 9 – Intramolecular C(sp3)-H functionalization generating peptide macrocycles. [A] Pd(OAc)2, AgOAc, 

toluene/tBuOH, 100°C, 24h. [B]  Pd(OAc)2, AgOAc, DCE, air, 100 °C, 12h.104,105 
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1.3.2 C(sp2)-H Functionalization 
 

Early examples of activation and functionalization of C(sp2)-H bonds in peptides date back 

a decade to the arylation of tryptophan residues.106 The report utilised the reactivity of the 

C(sp2)-H bond at the C-2 position on the indole and aryl iodide coupling partners to ensure 

a highly selective transformation in peptides, Scheme 10. A range of examples were 

reported, including both polar and non-polar unprotected residues at differing positions in 

the tri- or tetrapeptide chain in moderate to excellent yield. 

 

 

 

Scheme 10 – Arylation of Trp residues in tri- and tetrapeptides. 

 

The first use of this technology to generate macrocyclic structures was described soon after, 

where tryptophan and halophenyl-containing amino acids, at either end of a linker were 

cyclized, Scheme 11.107 Using adapted conditions, 15-25 membered macrocyclic structures 

were synthesised in moderate yield by intermolecular arylation at C-2 on Trp residues. 

 

 

Scheme 11 – Cyclization of structures by intramolecular arylation.107 
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More recently, by linking aryl iodide amino acid derivatives, iodo-Phe and iodo-Tyr with 

unprotected Trp residues on the same peptide chain, the first transformations by C(sp2)-H 

functionalization to conformationally constrained macrocyclic peptides were reported, 

Scheme 12.108 The macrocyclization was found to occur between amino acids that were 

separated by one residue. In the case where the coupling partners were next to each other 

in the peptide chain, the cyclo-dimeric species was observed rather than the macrocyclic 

peptide.109 

 

Scheme 12 – Conformational constraint of oligopeptides by intramolecular arylation. 

 

Primarily, functionalization of C(sp2)-H bonds in amino acids and peptides has focused on 

tryptophan residues, which contain the relatively labile C(sp2)-H bond at the C-2 position, 

aiding in the selectivity of the transformations reported.12,110 Comparatively, the modification 

of Trp residues in peptides is much more developed than other aromatic residues. Since 

the initial report in 2010,106 C-H functionalization has been used as a tool to perform 

arylation,107–109 alkylation,111,112 alkynylation113 and olefination114,115 at the C-2 position on 

tryptophan residues in peptides. This technology has been further utilised as a cyclization 

strategy, culminating in the cyclization of peptides containing tryptophan residues and an 

alkene based on the same linear peptide, Scheme 13.116 

 

Scheme 13 – Synthesis of cyclic peptides via C(sp2)-H olefination of tryptophan residues. 
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The functionalization of other aromatic residues besides tryptophan has also been reported. 

In contrast with Trp residues in peptides, examples of modification of His residues are rare. 

Arylation of the protected amino acid has been documented,117,118 as well as an example of 

late stage alkylation, which allows for selective modification and bioconjugation of His 

residues in peptides, Scheme 14.119  

 

 

Scheme 14 – Alkylation of N-terminal protected histidine residues in peptides.119 

 
Similarly, Tyr modification has received much less attention than Trp. Olefination of the 

amino acid has been documented,120,121 followed more recently by olefination of silanol 

protected tyrosine residues in peptides, Scheme 15.122 The silanol is reported to contain 

bifunctionality, acting as an orthogonal protecting group for use in SPPS as well as a 

directing group for the catalytic C-H olefination.   

 

 

Scheme 15 – Olefination of protected  tyrosine residues in peptides.122 

 

Self-arylation of two tyrosine residues to form biaryl-bridged cyclic peptides has recently 

been investigated independently by different research groups.123,124 The tripeptide 

backbone linked by a biaryl-bridge forms the core motif of arylomycin, a bioactive class of 
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natural and unnatural cyclic peptides that exhibit potent antibiotic activity against gram 

negative bacteria. Two main synthetic routes have been taken in order to access the 

arylomycin cyclic core using C-H functionalization, Scheme 16. The first approach involved 

forming the linear tripeptide before carrying out C-H functionalization as a cyclization step 

whereas more recently, bi-aryl bridge has been formed before the cyclic lactamization was 

carried out. This second approach has been reported to be better yielding overall.124 

 

 

Scheme 16 – Reported access to arylomycin cyclic core by C-H functionalization methods.123,124 

 

Like His and Tyr, modification of Phe residues is still in its infancy. Examples of olefination 

of the amino acid appeared first in the literature,120 followed much more recently by 

olefination of peptides containing Phe residues125,126 as well as reports of alkynylation127 

and acylation,128 Scheme 17. 
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Scheme 17 – Modification of Phe residues in peptides. 

 

The first documented case of macrocyclic peptides generated by C(sp2)-H activation of Phe 

residues, Scheme 18 was published by the Wang group.125 In this example, the group used 

the peptide backbone as endogenous directing groups to present the palladium catalyst to 

the ortho-aryl C-H bonds on phenylalanine residues. After activation of both the 

phenylalanine residue and the alkene functionality installed on the peptide chain, an 

intramolecular arene-alkene bond formed the macrocyclic peptides. 
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Scheme 18 – Peptide macrocyclization by formation of arene-alkene bond between phenylalanine residues 

and preinstalled alkene functionality.125 

 

The main limitation to using this method is the requirement for the phenylalanine residue to 

be away from the N-terminus of the peptide. The technique utilises the peptide backbone 

for catalyst coordination and it has been postulated that two amides are required in the N-

terminal direction in order to facilitate the transformation.125,126 Wang and co-workers were 

then able to expedite C(sp2)-H functionalization on aryl groups at the N-terminus of peptides 

using preinstalled directing groups at this site.  

 

The use of aryl sulfonamides as an N-terminal directing group has been introduced as one 

way to modify aryl moieties at the N-terminus. Indeed, the Wang group was able to show 

that cyclization using this technique produces a varied library of cyclic peptides containing 

aryl sulfonamides linked to a preinstalled terminal alkene, Scheme 19.129 Moreover, the 

installation of an arylacetamide handle at the N-terminus was also used as a method to 

modify N-terminal aryl substituents.130 The cyclization was carried out on a range of different 

linear peptides possessing the handle forming peptide macrocycles in good yield linked by 

the arene-alkene C-C bond. 
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Scheme 19 - Sulfonamide directed C(sp2)-H olefination to facilitate macrocyclic peptide structures.129 

 

Although the transformations described do not take place on canonical amino acids and 

may still require the backbone amides as directing groups in some cases, they represent 

macrocyclizations that takes place in a different ‘direction’ to previously reported, 

broadening the applicability of the method. 

 

 

Scheme 20 – C(sp2)-H olefination of arylacetamide handles to generate macrocyclic peptide structures.130 

 
1.3.3 Residue Selectivity 
 

The use of C-H functionalization to modify peptides post-synthetically has gained enormous 

traction in the past 10 years. The Cross group has contributed to this field by developing 

separate methods for the olefination of peptides containing phenylalanine or tryptophan 

residues.114,126 The peptides used in these studies contained non-polar amino acids as well 

as the phenylalanine or tryptophan residues required for olefination. The C-H 

functionalization reaction is selective for C(sp2)-H over C(sp3)-H, which is expected. 

However, the olefination of one C(sp2)-H in the presence of another C(sp2)-H, in this case 

phenylalanine and tryptophan residues in the presence of each other had not been reported.  
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1.3.4 Summary 
 

In summary, the development of C-H functionalization methods for peptides has contributed 

to an expanding toolbox for post-synthetic manipulation of peptide properties. Modification 

by this means lends itself to applications in peptide chemistry due to the ability to target 

ubiquitous C-H bonds in contrast with other cyclization techniques. Huge research efforts 

in the area have significantly improved the scope of the technique yet some challenges 

remain. These include selectivity and decreased yields when modifying complex structures 

compared to ring closing metathesis and click chemistry. 

 

1.4 Click Chemistry – Sulfur(VI)-Fluoride Exchange (SuFEx) 

 

The copper catalysed azide-alkyne cycloaddition transformation is considered to be the 

quintessential click reaction although it is one a few reactions that qualify as a click 

chemistry.131 Its applications range from drug discovery74 and bioconjugation132 to materials 

science.133 In 2014, a major milestone in the development of click chemistry was reported: 

sulfur-fluoride exchange, known as SuFEx.134 Described as the “next generation of click 

chemistry” the sulfur-fluoride exchange reaction involves the transformation of a sulfur(VI)-

fluoride bond into a sulfonamide or sulfonate ester, Scheme 21.131 

 

 

Scheme 21 – Sulfur fluoride exchange transformations generate sulfonamides or sulfonate esters depending 
on selected coupling partner. 

 
Unlike in CuAAC click chemistry, the catalysis of the reaction is metal free, which 

significantly increases its appeal in drug discovery and other biological applications. 

Traditionally these types of reactions have been catalysed by DBU135–137 and more recently 
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have been expanded to different tertiary amine138,139 as well as phosphazine bases140 and 

even Lewis acids such as Ca(NTf2)2.141  

 

 

Scheme 22 – General suggested mechanistic pathway for SuFEx transformations. 

 

Although the reaction was identified as a click reaction over 10 years ago, and SuFEx 

chemistry has since received an enormous amount of attention, a fully determined 

mechanism is yet to be reported. However, the general consensus is that a basic tertiary 

amine forms the corresponding arylsulfonyl fluoride salt 1. This is then believed to activate 

the silyl ether forming the Si-F bond and releasing the O-aryl to form the sulfonate ester 

product 2 as in Scheme 22. 

 

1.4.1 SuFEx-able hubs 
 

A SuFEx-able hub is defined as a functional group capable of undergoing sulfur(vi)-fluoride 

exchange. Contrastingly with CuAAC, where the functional groups required are an alkyne 

and an azide, a sulfur-fluorine bond can be present in a few distinct functional groups. These 

discrete classes of SuFEx-able hub which generate differing functionality upon sulfur(vi)-

fluoride exchange, are highlighted in Figure 11 below.  

 

 

Figure 11 – Different types of SuFEx-able hubs. 

 

The phrase “molecular plugins” has been coined for these compounds. They have the ability 

to allow multiple bonds or links to be formed around the central sulfur atom. The generation 

of these different connecters contributes to the continually growing SuFEx toolbox. 
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1.4.1.1 Arylsulfonyl fluorides 
 

Aryl sulfonyl fluorides represent an example of a SuFEx-able hub in which the C-S bond 

has to be previously installed. They are relatively rare in organic chemistry when compared 

to aryl sulfonyl chlorides meaning synthetic routes to these compounds are usually required. 

One practical synthesis is direct halogen exchange reaction, however a more convenient 

method was described by Sharpless which involves the conversion of a sulfonyl chloride to 

its corresponding sulfonyl fluoride, Scheme 23.134 

 

 

Scheme 23 – The synthesis of aryl-sulfonyl fluorides from aryl sulfonyl chlorides using a biphasic acetonitrile 
mixture and saturated potassium hydrogen bifluoride. 

 

1.4.1.2 Sulfuryl fluorides and Surrogates 

 

Sulfuryl fluoride (SO2F2) is a colourless and odourless gas which has been used widely as 

a pesticide142 due to its ability to saturate air at concentrations lethal to pests and rodents. 

The gas can be thought of itself as a SuFEx-able hub due to its two S-F bonds. One of 

these bonds is firstly transformed in order to install the SO2F moiety onto a target 

compound. This reactivity is well documented on phenols, generating fluorosulfonates by 

exposure of the phenol to gaseous SO2F2 introduced by balloon and Et3N in CH2Cl2, 

Scheme 24A. Furthermore, sulfamoyl fluorides are generated by exposure of secondary 

amines to gaseous SO2F2, DMAP and Et3N in CH2Cl2, Scheme 24B.131,134 
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Scheme 24 – Synthesis of [A] fluorosulfonates and [B] sulfamoyl fluorides from sulfuryl fluoride. 

 
Upon installation of the sulfuryl fluoride to phenol or a secondary amine, a further SuFEx 

transformation can be facilitated. Fluorosulfates react with silyl ethers using DBU or BEMP 

as base to afford sulfate linked aromatic products in excellent yields, Scheme 25A. In the 

case of sulfamoyl fluorides, the subsequent SuFEx reaction is achievable only at high 

temperatures with a hydrogen bonding solvent, Scheme 25B. 

 

 

Scheme 25 – Second SuFEx reaction taking place on [A] fluorosulfates and [B] sulfamoyl fluorides.131,134 

 

Despite the usefulness of SO2F2 as a SuFEx reagent, its acquisition and use are difficult for 

laboratories without sufficient apparatus to handle harmful gas. The reaction with secondary 

amines to generate sulfamoyl fluorides also exhibited a limited substrate scope. Moreover, 

when primary amines are used, the expected NH-sulfamoyl fluorides are not isolated. In 

order to avoid the use of sulfuryl fluoride, surrogates that afford the same reactivity by acting 

as a F-SO2
+ donor have been developed, Figure 12.143,144 
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Figure 12 – Sulfuryl fluoride and its surrogates. 

 

The fluorosulfuryl imidazolium salt displayed enhanced reactivity with phenols to generate 

fluorosulfates when compared to the parent gas and is now used to generate sulfamoyl 

fluorides on primary amines as well as secondary amines, Scheme 26A.143  

 

 

Scheme 26 – Synthesis of [A] NH-sulfamoyl fluorides using a fluorosulfuryl imidazolium salt surrogate and [B] 
fluorosulfates or sulfamoyl fluorides using the AISF surrogate. 

 

The surrogate (acetylamino-phenyl)imidodisulfuryl difluoride (AISF) has been reported to 

facilitate the synthesis of fluorosulfates and sulfamoyl fluorides similarly to sulfuryl fluoride 

in excellent yields, Scheme 26B.144 

 

1.4.1.3 Thionyl tetrafluoride 
 

Early examples of fluoride substitution on thionyl tetrafluoride have been present in literature 

for 50-60 years,145–147 however these only gave products in moderate yields. Until the 

advent of  SuFEx click chemistry decades later there appears to have been no practical 

application of this chemistry.148 In 2017, when using the gas in tandem with a primary amine 
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and a tertiary base such as triethylamine, iminosulfur oxydifluorides 3 were synthesised 

once again and in excellent yields, Scheme 27. 

 

 

Scheme 27 – Reaction of primary amines with sulfonyl tetrafluoride in the presence of triethylamine. 

 

One of the most exciting characteristics of SuFEx click chemistry can be seen in thionyl 

tetrafluoride and is the ability to build in multiple planes or direction. CuAAC click chemistry 

always produces a planar 1,2,3-triazole and as such the reaction cannot build into the 3rd 

dimension. Contrastingly, the number of S-F bonds present in 3 allows for multidimensional 

building in which more molecular space can theoretically be targeted.148,149  

 

 

Scheme 28 – Multidimensional click chemistry by sequential SuFEx transformations. 

 

As in all SuFEx-able hubs highlighted so far, transformations involving silyl ethers or 

secondary amines are tolerated. Impressively, a second SuFEx transformation can then be 

facilitated as in Scheme 28. The sulfur atom retains only the S=O bond from the gaseous 

starting material demonstrating the power of this particular molecular plugin and in the 

product adopts a tetrahedral geometry. The four starting S-F bonds have been converted 

by three separate SuFEx reactions generating three separate vectors from the tetrahedral 

sulfur hub in which click chemistry has been facilitated.148 
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1.4.1.4 Ethenesulfonyl Fluoride 
 

Ethenesulfonyl fluoride (ESF) represents an interesting example due to the activated double 

bond present in the structure. It is possible to generate stable products through the Michael 

addition, leaving the sulfonyl fluoride untouched. The two distinct trajectories present on 

ESF are both considered clickable hubs. The sulfonyl fluoride is SuFEx click-ready whilst 

the alkene moiety has been described as the most perfect Michael acceptor ever found. 

The reaction is so highly efficient that the Michael addition reaction can be thought of as 

orthogonal to the SuFEx reaction, Scheme 29.134,150 This reactivity allows a wide variety of 

different molecules to be decorated with a pendant alkyl sulfonyl fluoride group. This 

Michael addition has been explored in industry, leading to a host of medicinal chemistry 

applications.151–153 

 

 

Scheme 29 – Reactivity of ESF towards nucleophiles. 

 

Michael addition to ESF is not the only way to install this reactivity to molecules. Upon 

identification of the SuFEx-able hub, it became paramount to find methods of installation of 

ESFs onto substrates whilst retaining the activated alkene in the structure. The first 

noteworthy report adopted a cross-coupling approach to install arylvinylsulfonyl fluorides 

(aryl VSFs) using ESF and tetrafluoroborate salts, Scheme 30A.154 
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Scheme 30 – [A] Installation of aryvinylsulfonyl fluorides and [B] post-synthetic SuFEx transformations 

 
By utilising this method, the installed vinylsulfonyl fluoride retained its desirable SuFEx-able 

hub and the native Michael addition centre. Both these reactive centres were then proven 

to carry out SuFEx transformations as well as Michael addition reactions with different 

nucleophiles Scheme 30B.131,154 

 

 

Scheme 31 – Cross-coupling reactions to generate aryl VSFs. 

 

Building on this success, an oxidative Heck coupling reaction between boronic acids155,156 

and ESF has been explored as well as a reaction involving alkenyl iodides157 and ESF to 

form aryl VSFs (Scheme 31). In each case, the aryl VSF was proven to undergo SuFEx 

transformations post-synthetically.  
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Scheme 32 – Rhodium catalysed C-H functionalization for the installation of aryl VSFs using directing groups. 

 

Most recently, attempts to install the ESF functionality using C-H functionalization have 

been reported. A rhodium catalysed reaction using native directing groups was applied to 

aryl compounds to successfully install the vinylsulfonyl fluoride functionality, Scheme 32.158–

160 The installation of vinyl sulfonyl fluorides by non-directed C-H functionalization has also 

been achieved, Scheme 33. Once again, post synthetic modification by SuFEx 

transformations was carried out.161 

 

 

Scheme 33 – Synthesis aryl VSFs by non-directed C-H functionalization.161 

 
1.4.2 Vinyl sulfonyl fluorides in peptide science 
 

Although there have been several methods developed for the introduction of aryl VSFs onto 

substrates as discussed in Section 1.4.1.4, remarkably few have been introduced to amino 

acid substrates, Figure 13.  
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Figure 13 – aryl VSFs introduced to aromatic amino acids.157,161 

 

Compound 4 was formed by the conversion of the aryl iodide to the corresponding aryl VSF 

and requires pre-functionalized amino acids to facilitate the reaction.157 Modified amino 

acids 5-7 were formed by the C-H functionalization technique outlined in Scheme 33 

above.161 In order to carry out this transformation there is a requirement for a developed 

electron-deficient 2-pyridone ligand which limits the atom economy of the reaction. 

Compounds 5 and 6 were isolated from the same reaction in a 1:1 mixture, demonstrating 

poor selectivity at different sites on the phenyl ring. 

 

The introduction of a SuFEx-able hub to an amino acid in peptides with no obvious reactive 

handle is an unexplored way of generating diverse peptide structures. However, methods 

to facilitate this installation of vinylsulfonyl fluorides on peptides have not been reported. 

The development of a methodology which introduces vinyl sulfonyl fluorides to non-polar 

amino acids is required to broaden the scope of the SuFEx-able hub. These substrates 

could then be further manipulated to form complex molecules with enhanced properties. 

Installation of these residues on peptides whilst keeping both reaction pathways of ESF 

possible generates even more potential for diversification.  

 

1.5 Aims and Objectives 

 
1.5.1 Project aims overview 
 

As discussed in Section 1.2.8, the modification of peptides post-synthetically is an attractive 

approach to produce diverse structures with non-canonical reactivity. Moreover, peptide 

macrocyclization is an effective modification technique to generate compounds with 
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improved pharmacokinetic products. CuAAC click chemistry is one of the most prevalent 

techniques used to achieve cyclization in peptides, however the development of SuFEx 

click chemistry poses an exciting new prospect in this field. The primary aim of this project 

was to develop a new protocol that could facilitate the installation of a SuFEx-able hub onto 

phenylalanine residues and carry out SuFEx click transformations on peptides that had 

been modified post synthetically. The developed method will then be applied to short-chain 

peptide structures in order to facilitate an intramolecular SuFEx reaction and fashion peptide 

macrocycles from their natural linear counterparts. The method developed will be useful in 

expanding the toolbox of macrocyclization strategies for synthetic peptide chemists. 

 

1.5.2 Residue Selectivity 
 
The modification of amino acid residues in peptides by C-H functionalization is a research 

area that has achieved huge attention in the recent past.65,87,162,163 Due to the pervasiveness 

of each amino acid, high control of residue selectivity is required for broad applicability and 

viability of developed methodologies. As discussed in Section 1.3.3, the Cross research 

group at NTU has already contributed two protocols to the olefination of native aromatic 

residues in peptides.114,126 The two protocols are not significantly different enough to 

demonstrate residue selectivity in peptides containing both tryptophan and phenylalanine 

residues, Scheme 34. 

 

 

Scheme 34 – Lack of residue selectivity in peptides containing tryptophan and phenylalanine. 

 

The first section of this work will attempt to solve this residue selectivity issue in peptides 

which contain both phenylalanine and tryptophan. As a starting point, observations made 
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about the mechanism of the reaction will be utilized in the hope of supressing the reactivity 

of residues. 

 

1.5.3 C-H functionalization of phenylalanine residues in peptides with ESF 
 

Presently a small number of protocols have been developed in order to olefinate aromatic 

amino acids with ESF.157,161 To date, there are no reported instances where phenylalanine 

residues in peptides are modified with ESF to generate peptide-based aryl VSF. 

Modification of non-polar residues to form diversified peptide substrates containing SuFEx-

able hubs are required to introduce otherwise unachievable reactivity to unreactive amino 

acids in peptides.  

 

 

Scheme 35 – Conditions developed by the Cross group for the modification of phenylalanine residues in 
peptides. 

 

Initially, the Cross group developed conditions for the olefination of styrene-based coupling 

partners onto phenylalanine residues in short-chained peptides, Scheme 35.126 The first 

main body of work will target the development of a new protocol that can be used to facilitate 

the olefination of ESF onto phenylalanine residues in peptides. As a starting point, a model 

dipeptide will be exposed to similar reaction conditions, with ESF replacing styrene in the 

reaction, Scheme 36. 

 

 

Scheme 36 – Proposed C-H functionalization of phenylalanine residues in peptides with ESF. 
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1.5.4 SuFEx transformations of peptides previously modified to include 
vinylsulfonyl fluorides 

 

Substances containing SuFEx-able hubs are currently attracting huge attention in synthetic 

organic chemistry.131,164 The unique reactivities of the compounds that undergo the “next 

generation click reaction“ has enormous potential to afford new compounds that occupy 

new molecular space. As discussed in Section 1.4, SuFEx transformations are now well 

documented on a wide variety of aryl VSF substrates, Scheme 37. However, the 

manipulation of the reactions involving aryl VSFs upon peptide-based compounds, forming 

sulfonamides, sulfonate esters or aza-Michael addition products appear to be lacking. 

 

 

Scheme 37 – Documented SuFEx transformations of aryl VSFs. 

 

The aim of this body of work is to introduce SuFEx transformations already known to take 

place on substrates containing aryl VSFs, onto phenylalanine residues modified with ESF. 

The generation of sulfonamides, sulfonate esters or pendant sulfonyl fluorides from newly 

formed aryl VSFs and nucleophiles, Scheme 38 will demonstrate the power of the 

techniques when used in tandem.  

 

 

Scheme 38 – Targeted SuFEx transformations to carry out on peptides containing aryl VSFs. 
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1.5.5 Generation of peptide macrocycles using C-H functionalization protocols 
followed by SuFEx transformations 

 

As discussed in Section 1.2.8, new methodologies for the synthesis of macrocyclic peptide 

structures have received an enormous amount of attention in the last 30 years.65 Notably, 

reactions involving click chemistry to form macrocyclic bonds are well developed and ideally 

poised due to their high yielding reactions and tolerance of other functional groups. The 

final investigation will involve the application of the developed C-H functionalization and 

SuFEx methodology in order to generate peptide macrocycles with sulfonamide linkers, 

Scheme 39. 

 

 
Scheme 39 – Peptide macrocyclization using C-H functionalization followed by SuFEx click chemistry. 

 
1.5.6 Project Aims Summary 

 

The primary aims of this project are outlined as follows: 

 

(i) To develop a protocol for the selective olefination of tryptophan and/or 

phenylalanine residues in peptides that contain both tryptophan and 

phenylalanine. 

(ii) To develop a new C-H functionalization methodology for the post-synthetic 

modification of phenylalanine residues in peptides, generating an aryl VSF motif 

by using ESF as a coupling partner. 

(iii) To carry out SuFEx transformations on SuFEx hubs, previously installed by the 

modification of natural, linear peptide substrates. 
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(iv) To apply the developed techniques on synthesised linear peptides in order to 

generate macrocyclic structures linked by the newly formed sulfonamide 

functionality. 

 

The developed technique will provide a procedure to modify an otherwise unreactive 

phenylalanine residue. The peptide will be converted post-synthetically to a SuFEx-able 

substrate which will then allow further diversification upon the facilitation of the click 

reaction. The method will contribute to an expanding list of protocols for the cyclization of 

peptides. 
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 Residue selectivity and peptide-amino acid cross-linking 
 

2.1 Introduction 
 

2.1.1 Residue Selectivity 
 

The Cross research group had established separate methods for the olefination of 

phenylalanine and tryptophan residues in peptides, Scheme 40. However, these 

procedures were not significantly different to each other and selectivity of the method for 

one residue over the other was unlikely to be achieved.  

 

 

Scheme 40 – Developed conditions for the olefination of [A] tryptophan and [B] phenylalanine residues in 
peptides. 

 

The optimised protocols use different solvents. In each example, both solvents facilitated 

the olefination reaction to some degree, indicating that solvent control was unlikely to give 

satisfactory selectivity in peptides containing both residues. When dipeptide Ac-Trp(Boc)-

Phe-OMe 8 was exposed to olefination conditions in toluene, a mixture of products was 

obtained, comprising of starting material 8 and every possible combination of olefinated 

residues 9-13, Scheme 41.114 
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Scheme 41 – Unselective olefination of tryptophan and phenylalanine residues on the same dipeptide model. 

 

It cannot be disputed that this reaction lacks selectivity and is destined to be poorly yielding 

as a result. The dipeptide 8 was selected as the simplest peptide possible in which reactions 

at both aromatic residues can be carried out. A best olefinated yield of 22% is likely to fall 

even further once the complexity of the model substrate is amplified. 

 

2.1.2 Directing Group Manipulation 

 

The procedure used to facilitate late-stage functionalization on tryptophan residues in 

peptides requires the indole nitrogen to be masked by a protecting group. The Boc 
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functional group was chosen due to its routine employment in solid-phase peptide synthesis 

protocols. Its chelating power is also required to facilitate the reaction. Without this 

functional group protecting the indole nitrogen atom, the reaction did not proceed, Scheme 

42.  

 

 

Scheme 42 – An unprotected tryptophan containing peptide does not undergo olefination. 

 

However, when olefination of peptide 14 containing a phenylalanine and tryptophan residue 

was undertaken, the reaction yield of 15 (Scheme 43) was poor (21%). It is likely that the 

polar handles of the peptide substrate need to be protected in order for the olefination to be 

facilitated efficiently. 

 

 

Scheme 43 – Reactions with unprotected tryptophan residues are poor yielding. 

 

Indeed, when the indole nitrogen was protected by a TIPS protecting group as in peptide 

16, which lacks the ability to chelate the palladium catalyst, the reaction at tryptophan was 

successfully supressed, yielding modified peptide 17 (Scheme 44).  
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Scheme 44 – Protected indole on tryptophan allows for increased yield of 17. 

 
No method of supressing reactivity at phenylalanine effectively had previously been 

established. However, as demonstrated above, effective manipulation of the directing 

groups which ultimately reduces their chelating power has the potential to provide a way 

doing so. 

 

2.1.3 Peptide-Amino acid cross-linking 
 

The olefination of tryptophan residues with styrene derivatives had been previously carried 

out by the Cross research group, Scheme 45.165 These derivatives range from electron 

donating to electron withdrawing with differing levels of chemical complexity. However, 

none of the reported styrene derivatives contained an amide or ester. 

 

 

 

Scheme 45 – Olefination of tryptophan residues with styrene derivatives already reported by the Cross group. 
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As the backbone amides are required for the successful olefination by this protocol it was 

important that these motifs be investigated to ensure that they could be tolerated by the 

reaction. Confirmation that these substrates can be tolerated would significantly increase 

the applicability of the method. 

  

 

Figure 14 – The styrene motif is present in theoretical protected amino acid 18.  

 

If the theoretical unnatural amino acid 18 was designed to contain both an amide and an 

ester as well as the styrene motif, a lot of information could be collected from its 

investigation, Figure 14. 

 

The main aim of this study was to determine if it was possible to olefinate at one available 

reaction site on a peptide chain where another potential site for olefination was present. 

Control of selectivity of the reaction is crucial for broader applicability of the method. 

Additionally, in order to prove that the method was well adapted to peptide-amino acid or 

peptide-peptide cross-linking, this section aimed to prove that olefination of styrene-based 

amino acid derivatives to peptides was possible. 

 

2.2 Selectivity – Promoting the reactivity of tryptophan 

 

The published protocol114 for olefinating tryptophan residues generally produced modified 

peptides in higher yields than the one used to transform phenylalanine residues. However, 

this higher yielding reaction is not noticeable in the olefination of the dipeptide compound 8 

discussed in Section 2.1.1. Considering the location of the residue on the peptide, it was 

proposed that the diminished selectivity may be caused by the positioning of the tryptophan 
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residue at the N-terminus. Whilst reaction at the N-terminus had been documented, the 

yields were not as high as when tryptophan was placed in the middle of the chain or at the 

C-terminus.114  

 

Initially, peptide 19 was designed as a means of moving the tryptophan residue away from 

the N- terminus of the peptide. However, attempts to synthesise and subsequently clean 

this peptide ready for olefination failed several times. This was attributed to a Phe-Trp link 

which proved difficult to synthesise by solution-phase methods. 

 

 

Figure 15 – Tripeptides 19 and 20 contain an extra residue towards the N-terminus than dipeptide 8 which could 
promote reactivity of the tryptophan residue. Unfortunately, the synthesis of tripeptide 19 proved problematic 
and tripeptide 20 was synthesised instead. 

 

To that end, peptide 20 was designed containing an extra residue towards the N-terminus 

in the hope that the reactivity of the tryptophan olefination pathway was increased, Figure 

15. This peptide was designed to ensure that the tryptophan residue is no longer placed at 

the N-terminus while ensuring that the phenylalanine residue is not placed at the N-terminus 

either. In order to synthesise the target tripeptide 20, Fmoc-Trp(Boc)-OH 21 and 

phenylalanine methyl ester hydrochloride 22 were exposed to solution phase reaction 

conditions, Scheme 46 to generate protected dipeptide intermediate 23. 
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Scheme 46 – Synthesis of protected dipeptide intermediate 23. 

 

The protected peptide intermediate 23 was synthesised in good yield. Analysis of the 1H 

NMR spectrum of the purified product confirmed the synthesis had taken place by the 

appearance of a doublet at 6.10 ppm corresponding to the newly formed amide proton.  

 

 

Scheme 47 – Solution-phase Fmoc deprotection to yield the N-terminal free amine in dipeptide 25.  

 

In order to extend the peptide sequence further, a solution-phase Fmoc deprotection had 

to be carried out (Scheme 47). Tris(2-aminoethyl)amine 24 was used as a DCM soluble 

alternative to piperidine meaning that the deprotection could be carried out easily in solution. 

Once again, the reaction was carried out in excellent yield. The success of the synthesis 

was judged by 1H NMR spectroscopy. The disappearance of the signals corresponding to 

the Fmoc protons as well as the emergence a signal relating to the primary amine at 1.38 

ppm provided evidence that the target peptide 25 had been synthesised. With the free 

amine revealed, it was possible to carry out a solution-phase peptide synthesis in order to 

generate the target tripeptide 20.  
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Scheme 48 – Synthesis of target tripeptide 20. 

 

The peptide intermediate 25 and N-acetyl glycine 26 were exposed to the solution phase 

coupling reaction conditions as in Scheme 48 above. The reaction was completed in good 

yield and the synthetic yield for the synthesis of tripeptide 20 was determined to be 36%. 

After purification by flash column chromatography and recrystallization from CH2Cl2 and 

hexanes, the compound was exposed to the olefination conditions outlined in Scheme 49.  

 

The selectivity of the reaction was not significantly improved by extending the peptide chain 

length to increase the reactivity of the tryptophan residue. As in the case discussed in 

Section 2.1.1, the main product of the reaction is still the corresponding mono-olefinated 

species 29 however the reaction is still not selective. Notably, no species was isolated which 

contained olefinated phenylalanine residues only. This suggests that the tryptophan residue 

is reactive enough to undergo olefination first. However, the olefination of the phenylalanine 

residue cannot be controlled or stopped by the installation of more residues towards the N-

terminus.  
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Scheme 49 – Exposure of tripeptide 20 to olefination conditions. 

 

2.3 Selectivity – Suppression of phenylalanine reactivity in peptides 

 

Efforts to improve the reactivity of tryptophan in order to garner more selectivity had proven 

ineffectual. However, in Section 2.1.2 the suppression of the reactivity of tryptophan was 

accomplished by the manipulation of a directing group. It was believed that the reactivity of 

phenylalanine residues could be inhibited in a similar manner. For example, upon the 

attempted olefination of N-methylated phenylalanine containing dipeptide 32 the formation 

of modified dipeptide 33 was not observed, Scheme 50.126 
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Scheme 50 – N-methylated phenylalanine residues are not olefinated in peptides when exposed to the 
developed reaction conditions. 

 

This result shows that when the amide is ‘blocked’, and the chelating power of the directing 

group reduced, the reaction cannot be facilitated. It was argued that manipulation of a 

directing group by N-methylation of the phenylalanine amide would effectively supress the 

reactivity at this residue, similarly to the example involving tryptophan in Section 2.1.2. To 

this end, the target compound 37 was identified and a synthetic route was designed, 

Scheme 51.  

 

 

Scheme 51 – Synthetic route to target tripeptide 37. 
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Starting from tryptophan methyl ester hydrochloride 34, a solution-phase peptide coupling 

was planned to generate an N-methylated dipeptide 35. Cleavage of the Boc protecting 

group revealed the secondary amine followed by a further solution-phase peptide coupling 

to generate unprotected tripeptide 36. A standard Boc protection reaction would then install 

the Boc protecting group on the indole and generate protected tripeptide target 37. It was 

hoped that when exposed to the reaction conditions, 37 would undergo mono-olefination at 

the tryptophan site only. 

 

 

Scheme 52 – Synthesis of N-methylated dipeptide 35. 

 

The N-methylated amino acid (N-Boc)(N-Me)-Phe-OH 38 and tryptophan methyl ester 

hydrochloride 34 were exposed to solution-phase peptide synthesis conditions in order to 

generate a Boc-protected, N-methylated peptide intermediate 35, Scheme 52. The reaction 

proceeded in good yield and purification by flash column chromatography yielded 35 as a 

cream solid. Analysis of the 1H NMR spectrum proved tricky due to the presence of two 

rotamers of compound 35. The NMR spectra of both the major and minor rotamers are 

reported in Section 2.6.9. 
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Scheme 53 – The Boc deprotection followed by exposure to solution-phase peptide coupling conditions yielded 
N-methylated tripeptide 36. 

 

In order to generate unprotected tripeptide 36, the Boc group had to be cleaved before a 

solution-phase peptide coupling could install the N-terminal amino acid, Scheme 53. 

Exposure to dilute TFA generated the unprotected secondary amine followed by exposure 

to N-acetyl glycine 26 in order to generate the tripeptide 36. Analysis of the 1H NMR 

spectrum revealed the disappearance of the rotameric species which was suggestive that 

the Boc protecting group had been removed. Once again, the reaction proceeded in good 

yield and purification by flash column chromatography was required before the intermediate 

36 could be used in the next synthetic step. 

 

 

Scheme 54 – Boc protection of the indole nitrogen to generate protected tripeptide 37. 

 

In order to generate target peptide 37 from intermediate 36, the indole nitrogen had to be 

protected as in Scheme 54. Analysis of the 1H NMR spectrum of the purified product 

showed a peak at 1.68 ppm corresponding to the newly installed Boc protecting group. The 

protection was carried out in fair yield and the overall yield of the synthesis of target 37 from 
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tryptophan methyl ester hydrochloride 34 was determined to be 25%. The target peptide 

was then ready to be exposed to olefination conditions outlined in Scheme 55.  

 

 

Scheme 55 – Exposure of tripeptide 37 to the olefination conditions yielded modified tripeptide 40. 

 

Gratifyingly, the reaction with styrene 39 proceeded well giving the singular olefinated 

tryptophan peptide 40 in a 55% yield. The rest of the reaction mass was accounted for in 

the starting material 37. Analysis of the 1H NMR spectrum of the purified product 

demonstrated that only one styrene equivalent had been added to the peptide. Conclusive 

proof was found in the HMBC spectrum where the phenylalanine ortho protons coupled to 

the methylene carbon atom suggesting that no C-H functionalization had occurred at this 

site. Furthermore, the methylene carbon of tryptophan did not couple to any aromatic 

protons which was indicative that olefination had occurred as expected at tryptophan C-2. 

This result verifies that the olefination of phenylalanine residues can be supressed by the 

manipulation of the amide directing groups. 

 

2.4 Peptide-amino acid cross-linking 

 

As discussed in Section 2.1.3, for broad applicability of the method a styrene derivative 

with biological relevance was identified, Figure 16. As an unnatural amino acid, the 

successful olefination of 41 to tryptophan residues would highlight the plausibility of the 

reaction to generate complex peptide-amino acid and peptide-peptide cross-linked 

structures.  
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Figure 16 – Ac-Phe(4-vinyl)-OMe 41 is an unnatural amino acid with the potential to undergo olefination to a 
tryptophan containing peptide.  

 

In order to generate 41, a synthetic route was devised as in Scheme 56. Initially the amino 

acid Boc-Phe(4-iodo)-OH 42 was subjected to a Suzuki-Miyaura cross-coupling reaction in 

order to access the aryl alkene and generate the styrene motif on the amino acid 

intermediate 43. The intermediate would then be exposed to esterification conditions 

generating the free amino ester 44. Finally, the free amine would be protected by acetylation 

to form the target protected amino ester 41. 

 

 

Scheme 56 – Synthetic route to unnatural amino acid 41. 

 

According to a literature procedure, the Boc-Phe(4-iodo)-OH 42, vinyl trifluoroborate salt 

45, palladium catalyst, and base were stirred in H2O/iPrOH at 80 ºC, Scheme 57.166 The 

vinylation proceeded in good yield and upon purification by flash column chromatography 

yielded intermediate 43 as a brown solid.  
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Scheme 57 – A Suzuki-Miyaura palladium catalysed cross-coupling reaction generated the vinyl amino acid 
43. 

The presence of three new peaks in the 1H NMR spectrum provided evidence that the 

alkene had been installed. The splitting pattern of the aromatic region remained the same 

which implied that the alkene had been installed at the para position on the phenyl ring. The 

NMR data for compound 43 matched that previously reported.166 Intermediate 43 was then 

used in the next step to generate the amino ester 44, Scheme 58.  

 

 

Scheme 58 – Esterification with thionyl chloride to yield the amino ester intermediate 44. 

 

The amino acid 43 was dissolved in MeOH and treated with the dropwise addition of thionyl 

chloride. The formation of the ester via this method generated hydrochloric acid in situ which 

cleaved the Boc functionality yielding the free amine 44. Confirmation of the synthesis was 

found in the 1H NMR spectrum in which a singlet at 3.74 ppm corresponding to the ester 

protons was found. The signal corresponding to the Boc protons at 1.31 ppm in the starting 

material had also disappeared. Finally, it was necessary to protect the amine as an amide. 

An acetylation was undertaken, Scheme 59.  
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Scheme 59 – Acetylation of the free amine using acetic anhydride and pyridine in CH2Cl2 to generate target 
amino acid 41. 

 

The amino ester 44 was dissolved in CH2Cl2 and treated with a solution of acetic anhydride 

and pyridine. After stirring at room temperature for 12 h the target compound 41 was 

isolated by flash column chromatography and ready to use in the olefination. The overall 

synthetic yield of the synthesis of the target unnatural amino acid 41 was determined to be 

38%.  

 

 

Scheme 60 – Synthesis of intermediate 46 and target protected dipeptide 47. 

 

To synthesise the dipeptide Ac-Gly-Trp(Boc)-OMe 47, a solution phase peptide synthesis 

was undertaken, Scheme 60. The dipeptide intermediate 46 was synthesised in good yield  

from tryptophan methyl ester hydrochloride 34 and N-acetyl glycine 26 before the protection 

of the indole nitrogen to yield target dipeptide 47 was carried out. The overall yield of this 

synthetic pathway was 21% and was significantly limited by the poorly yielding Boc 

protection.  

 

With the dipeptide 47 and styrene derivative 41 in hand, the olefination reaction was carried 

out as in Scheme 61. Exposure of both compounds to palladium catalyst and silver salt in 

toluene for 2 h generated modified dipeptide 48 in good yield.  
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Scheme 61 – Olefination of dipeptide 47 with unnatural amino acid 41 to yield peptide-amino acid cross-linked 
structure 48. 

 

The modified dipeptide was fully characterised by NMR spectroscopy. The characteristic 

peaks associated with the olefinated alkene were present confirming that the olefination 

had taken place. A parent ion peak in the HRMS (ESI) [M+H+] of 663.3068 provided further 

confirmation that the reaction had been successful. This represents an interesting result as 

there is an implication that peptide-amino acid and even peptide-peptide cross-linking can 

be achieved using the developed methodology. 

 

2.5 Conclusion 

 

In conclusion, it has been determined that attempting to promote reactivity does not lead to 

meaningful residue selectivity. For high selectivity, suppression of the reactivity of a specific 

residue is required. This has been successfully carried out by directing group manipulation 

and has been proven to be an effective method. In peptides containing phenylalanine and 

tryptophan residues, suppression can be achieved by the N-methylation of phenylalanine 

residues or the installation of a TIPS protecting group on the indole nitrogen of tryptophan. 
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Furthermore, the cross-linking of peptide and amino acids has also been successfully 

carried out between a tryptophan containing peptide 47 and the styrene derivative 41 to 

generate modified peptide 48 in good yield. This result indicates that the developed 

olefination reaction is a plausible route to complex post-synthetically modified peptides.  

 

 

Scheme 62 – Planned general olefination protocol to generate cyclic peptides. 

 
In the next stage of the study, the synthesis of cyclic peptides using the protocol developed 

to olefinate phenylalanine and tryptophan was planned as in Scheme 62 above. However, 

publications around this research area somewhat diminished the novelty of the idea.116,125 

As a result, a different research path was undertaken which would see the development of 

a method to install a clickable SuFEx hub onto peptides which could be used for further 

diversification.  

 

Additional work not captured in this chapter has been published here.114 
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2.6 Experimental 
 
2.6.1 General Experimental information 
 

All reagents and solvents were purchased from Alfa Aesar, Fischer Scientific, Fluorochem 

or Merck and used as provided. Chemical manipulations were carried out in oven-dried 

glassware and in an atmosphere of air unless otherwise stated. Flash column 

chromatography was performed manually on silica gel (Fluorochem silica gel 60 A particle 

size 40-63 µm) or on a Biotage® Isolera One auto column using Biotage® Sfar silica Duo 

pre-loaded flash columns. Thin layer chromatography was carried out on glass-backed 

silica gel plates (2.5 x 7.5 cm; Merck, TLC silica gel 60 Å). Compounds were visualised on 

TLC plates by exposure to UV light (254 nm). NMR spectra were recorded on a JEOL ECX 

or ECZ 400 Spectrometer at 298K. Chemical shifts are reported in parts per million and 

coupling constants are reported in Hz. For some compounds, it was necessary to use 1H-
1H COSY, 1H-13C HMQC and 1H-13C HMBC 2D NMR experiments in order to aid 

assignment. FTIR spectra were recorded on an Agilent Cary 630 FTIR spectrometer and 

wavenumbers are reported to the nearest whole number. Melting points of compounds were 

obtained using a Stuart SMP10 melting point apparatus. High-resolution mass spectrometry 

was obtained from the EPSRC UK National Mass Spectrometry Facility at Swansea 

University on an LTQ Orbitrap XL 1, using positive electrospray ionisation (ESI+). 
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2.6.2 General Experimental Procedures 
 
2.6.2.1 General procedure for the solution-phase synthesis of dipeptides 
 

 
 

The L-amino ester hydrochloride salt (2.50 mmol) and K2CO3 (3.60 mmol) were dissolved 

in distilled water (30 mL) and stirred at room temperature for 20 min. The free amino ester 

was then extracted into Et2O (3 x 20 mL) before the organic layers were combined, dried 

(MgSO4) and concentrated in vacuo. The resulting colourless oil was dissolved in CH2Cl2 

(30 mL) and treated with N-protected amino acid (1.0 mmol), HBTU (1.00 mmol) and DIPEA 

(1.00 mmol) before stirring for 12 h. The reaction mixture was then quenched with CH2Cl2 

(30 mL), then washed with 1M HCl (25 mL), sat. NaHCO3 (3 x 25 mL) and distilled water 

(25 mL). The organic layer was then dried (MgSO4) and concentrated in vacuo. The 

resulting oil was then recrystallised from CH2Cl2 / hexanes. 

 

2.6.2.2 General procedure for the Boc protection of Trp residues 
 

 
 

The tryptophan containing peptide (0.75 mmol) was dissolved in CH2Cl2 (15 mL) and treated 

with Et3N (0.105 mL, 0.75 mmol). A solution of Boc anhydride (0.327 g, 1.50 mmol) in 

CH2Cl2 (5 mL) was added dropwise to the peptide solution. The reaction mixture was then 

stirred at 45 ºC for 16 h. The solution was allowed to cool, before the volatiles were removed 

in vacuo. The crude compound was purified by flash column chromatography and the 

resulting residue was recrystallised from CH2Cl2 / hexanes to yield the Boc-protected 

peptide. 
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2.6.3 Fmoc-Trp(Boc)-Phe-OMe (23) 

 
 
The peptide Fmoc-Trp(Boc)-Phe-OMe 23 was synthesised from L-phenylalanine methyl 

ester hydrochloride 22 (0.543 g, 2.50 mmol) and Fmoc-Trp(Boc)-OH 21 (0.527 g, 1.00 

mmol), using the procedure in Section 2.6.2.1. The crude compound was purified by flash 

column chromatography (25% EtOAc / pet ether) then recrystallised from CH2Cl2 / hexanes 

to afford 23 as a white solid (0.421 g, 61%); m.p. 100-103 °C, Rf = 0.19 (25% EtOAc/pet. 

ether). 

 
1H NMR (400 MHz, CDCl3) d 1.62 (9H, s, Boc-(CH3)3), 2.90-3.15 (3H, m, Trp-CHH/Phe-

CH2), 3.26 (1H, dd, J = 14.5, 4.1, Trp-CHH), 3.61 (3H, s, ester-CH3), 4.21 (1H, t, J = 6.8, 

Fmoc-CH), 4.31-4.44 (2H, m, Fmoc-CH2), 4.45-4.54 (1H, m, Trp-a-CH), 4.68-4.75 (1H, m, 

Phe-a-CH), 5.49 (1H, br d, J = 7.0, Trp-NH), 6.10 (1H, d, J = 7.4, Phe-NH), 6.86 (2H, br d, 

J = 7.0, Ar-H), 7.07-7.17 (3H, m, Ar-H), 7.23-7.35 (4H, m, Ar-H), 7.37-7.44 (2H, m, Ar-H), 

7.47 (1H, s, Ar-H), 7.51-7.56 (2H, m, Ar-H), 7.63 (1H, d, J = 7.3, Ar-H), 7.77 (2H, d, J = 7.6, 

Ar-H), 8.14 (1H, br d, J = 7.1, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 28.1 (Boc-(CH3)3), 28.3 (Trp-CH2), 37.8 (Phe-CH2), 47.0 

(Fmoc-CH), 52.3 (ester-CH3), 53.3 (Phe-a-CH), 54.9 (Trp-a-CH), 67.3 (Fmoc-CH2), 83.7 

(Boc-C), 115.1 (Ar C), 115.3 (Ar C), 119.0 (Ar C), 120.0 (Ar C), 122.8 (Ar C), 124.6 (Ar C), 

124.7 (Ar C), 125.1 (Ar C), 127.1 (Ar C), 127.1 (Ar C), 127.7 (Ar C), 128.5 (Ar C), 129.0 (Ar 

C), 130.1 (Ar C), 135.3 (Ar C), 135.5 (Ar C), 141.3 (Ar C), 143,7 (Ar C), 149.4 (C=O), 155.8 

(C=O), 170.2 (C=O), 171.0 (C=O). 

 

IR Umax /cm-1 (solid) 3302 w (N-H), 3063 w (C-H), 2930 (C-H), 1727 m (ester C=O), 1654 s 

(amide C=O), 1533 m (C=C), 1366 s (C-O), 1248 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. for C41H42N3O7: 688.3023, found: 688.3006. 
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2.6.4 H-Trp(Boc)-Phe-OMe (25) 

 
 
The protected peptide Fmoc-Trp(Boc)-Phe-OMe 23 (0.421 g, 0.612 mmol) was dissolved 

in CH2Cl2 (20 mL) and treated with tris(2-aminoethyl)amine 24 (0.914 mL, 6.120 mmol). The 

reaction mixture was stirred for 2 h at room temperature before being quenched with H2O 

(20 mL). The organic layer was then washed with 1 M HCl (20 mL), sat. NaHCO3 (20 mL) 

and H2O (20 mL), dried (MsSO4) and concentrated in vacuo to yield an off-white solid. 

Purification by flash column chromatography (EtOAc) followed by recrystallisation from 

CH2Cl2 / hexanes yielded peptide 25 as a white solid (0.223 g, 78%); m.p. 81-83 °C, Rf = 

0.22 (EtOAc). 
 
1H NMR (400 MHz, CDCl3) d 1.38 (2H, br s, NH2), 1.65 (9H, s, Boc-(CH3)3), 2.76 (1H, dd, J 

= 14.4, 8.9, Trp-CHH), 3.04 (2H, d, J = 6.1, Phe-CH2), 3.22 (1H, dd, J = 14.4, 3.7, Trp-

CHH), 3.66-3.73 (4H, m, ester-CH3/Trp-a-CH), 4.88 (1H, dt, J = 6.2, 6.1, Phe-a-CH), 6.94-

6.99 (2H, m, Ar-H), 7.17-7.28 (4H, m Ar-H), 7.33 (1H, t, J = Ar-H), 7.46 (1H, s, Ar-H), 7.61 

(1H, d, J = 7.7, Ar-H), 7.77 (1H, d, J= 8.2, Phe-NH), 8.13 (1H, br d, J = 8.2, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 28.1 (Boc-(CH3)3), 30.3 (Trp-CH2), 37.9 (Phe-CH2), 52.2 (Phe-

a-CH), 52.6 (Trp-a-CH), 54.6 (ester-CH3), 83.6 (Boc-C), 115.2 (Ar C), 116.4 (Ar C), 119.2 

(Ar C), 122.6 (Ar C), 124.1 (Ar C), 124.6 (Ar C), 126.9 (Ar C), 128.3 (Ar C), 129.1 (Ar C), 

130.2 (Ar C), 135.5 (Ar C), 135.8 (Ar C), 149.5 (C=O), 171.8 (C=O), 173.9 (C=O). 

 

IR Umax /cm-1 (solid) 3353 w (N-H), 3029 w (C-H), 2930 w (C-H), 1728 s (ester C=O), 1664 

s (amide C=O), 1496 (C=C), 1252 (C-O). 

 
HRMS (ESI) [M+H+] m/z calcd. for C26H32N3O5: 466.2342, found: 466.2341. 
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2.6.5 Ac-Gly-Trp(Boc)-Phe-OMe (20) 

 
 
The peptide Ac-Gly-Trp(Boc)-Phe-OMe 20 was synthesised from H-Trp(Boc)-Phe-OMe 25 

(0.365 g, 0.784 mmol) and N-acetyl glycine 26 (0.037 g, 0.314 mmol), using the procedure 

outlined in Section 2.6.2.1. The crude compound was purified by flash column 

chromatography (EtOAc) before recrystallisation from CH2Cl2 / hexanes to afford peptide 
20 as a white solid (0.134 g, 76%); m.p. 186-188 °C, Rf = 0.19 (EtOAc). 

 
1H NMR (400 MHz, CD3CN) d 1.64 (9H, s, Boc-(CH3)3), 1.86 (3H, s, acetyl-CH3), 2.90-3.01 

(2H, m, Phe-CHH / Trp-CHH), 3.05 (1H, dd, J = 13.8, 5.8, Trp-CHH), 3.14 (1H, dd, J = 14.9, 

5.5, Phe-CHH), 3.61 (3H, s, ester-CH3), 3.65 (2H, dd, J = 5.6, 3.5, Gly-CH2), 4.54-4.65 – 

2H, m, Phe-a-CH / Trp-a-CH), 6.70 (1H, br t, J = 5.3, Gly-NH), 6.87 (1H, d, J = 8.0, Phe-

NH), 7.03 (1H, d, J = 7.6, Trp-NH), 7.10-7.17 (2H, m, Ar-H), 7.20-7.35 (5H, m, Ar-H), 7.47 

(1H, s, Ar-H), 7.59 (1H, d, J = 7.6, Ar-H), 8.09 (1H, d, J = 8.2, Ar-H). 

 
13C NMR (100 MHz, D6-DMSO) d 22.4 (acetyl-CH3), 27.4 (Phe-CH2), 27.7 (Boc-(CH3)3), 

36.6 (Trp-CH2), 41.9 (Gly-CH2), 51.8 (ester-CH3), 52.1 (Phe-a-CH), 53.7 (Trp-a-CH), 83.5 

(Boc-C), 114.6 (Ar C), 116.2 (Ar C), 119.4 (Ar C), 122.4 (Ar C), 124.1 (Ar C), 124.3 (Ar C), 

126.6 (Ar C), 128.3 (Ar C), 129.1 (Ar C), 130.3 (Ar C), 134.6 (Ar C), 137.0 (Ar C), 149.1 

(C=O), 168.8 (C=O), 169.5 (C=O), 171.1 (C=O), 171.7 (C=O). 

 

IR Umax /cm-1 (solid) 3302 m (N-H), 3066 w (C-H), 2982 w (C-H), 1731 s (ester C=O), 1634 

s (amide C=O), 1519 s (C=C), 1209 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. For C30H37N4O7: 565.2662, found: 565.2673. 
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2.6.6 Modified peptide (27) 

 
 

The peptide Ac-Gly-Trp(Boc)-Phe-OMe 20 (0.134 g, 0.237 mmol), Pd(OAc)2 (5 mg, 0.024 

mmol), AgOAc (0.100 g, 0.599 mmol) and styrene 39 (0.109 mL, 0.952 mmol) were stirred 

in toluene (3 mL) at 100 °C for 6 h. The reaction mixture was then allowed to cool to room 

temperature, filtered through a plug of Celite®, and concentrated to dryness. Purification by 

flash column chromatography (EtOAc), followed by recrystallisation from CH2Cl2 / hexanes, 

gave 27 as a yellow solid (0.005 g, 2%); m.p. 159-161 °C, Rf = 0.43 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.60 (9H, s, Boc-(CH3)3), 1.98, (3H, s, acetyl-CH3), 3.14 (1H, 

dd, J = 13.8, 9.8, Phe-CHH), 3.25 (3H, s, ester-CH3), 3.26-3.40 (3H, m, Phe-CHH / Trp-

CH2), 3.64 (1H, dd, J = 16.8, 5.0, Gly-CHH), 3.71 (1H, dd, J = 16.6, 5.0, Gly-CHH), 4.54-

4.62 (1H, m, Trp-a-CH), 4.63-4.70 (1H, m, Phe-a-CH), 5.90 (1H, t, J = 5.9, Gly-NH), 5.96 

(1H, d, J = 7.4, Trp-NH), 6.54 (1H, d, J = 6.6, Phe-NH), 6.74 (1H, d, J = 16.7, Trp-alkene-

CH), 6.93 (2H, d, J = 16.0, Phe-alkene-CH), 7.07-715 (1H, m, Ar-H), 7.20-7.33 (10H, m, Ar-

H / Trp-alkene-CH), 7.34-7.42 (6H, m, Ar-H / Phe-alkene-CH), 7.47-7.60 (9H, m, Ar-H), 8.07 

(1H, d, J = 8.1, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 23.0 (acetyl-CH3), 28.2 (Boc-(CH3)3), 29.7 (Phe-CH2), 31.7 

(Trp-CH2), 42.8 (Gly-CH2), 52.5 (ester-CH3), 53.0 (Phe-a-CH), 53.5 (Trp-a-CH), 83.9 (Boc-

C), 114.6 (Ar C), 115.5 (Ar C), 118.7 (Ar C), 119.6 (Trp-alkene-C), 123.1 (Ar C), 124.8 (Ar 

C), 125.5 (Ar C), 126.1 (Ar C), 126.6 (Ar C), 126.8 (Ar C), 127.5 (Ar C), 127.9 (Ar C), 128.5 

(Ar C), 128.7 (Ar C), 128.8 (Phe-alkene-C), 129.6 (Ar C), 131.3 (Phe-alkene-C), 131.4 (Ar 

C), 132.0 (Trp-alkene-C), 135.9 (Ar C), 136.2 (Ar C), 136.8 (Ar C), 137.3 (Ar C), 137.7 (Ar 

C), 150.4 (C=O), 168.0 (C=O), 169.6 (C=O), 170.2 (C=O), 170.7 (C=O). 

 

IR Umax /cm-1 (solid) 3304 m (N-H), 3058 w (C-H), 2980 w (C-H), 1731 s (ester C=O), 1634 

s (amide C=O), 1519 s (C=C), 1215 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. For C54H55N4O7: 871.4071, found: 871.4060. 
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2.6.7 Modified peptide (28) 

  
 

The peptide Ac-Gly-Trp(Boc)-Phe-OMe 20 (0.134 g, 0.237 mmol), Pd(OAc)2 (5 mg, 0.024 

mmol), AgOAc (0.100 g, 0.599 mmol) and styrene 39 (0.109 mL, 0.952 mmol) were stirred 

in toluene (3 mL) at 100 °C for 6 h. The reaction mixture was then allowed to cool to room 

temperature, filtered through a plug of Celite®, and concentrated to dryness. Purification by 

flash column chromatography (EtOAc), followed by recrystallisation from CH2Cl2 / hexanes, 

gave 28 as a yellow solid (0.029 g, 16%); m.p. 119-122 °C, Rf = 0.30 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.61 (9H, s, Boc-(CH3)3), 1.96 (3H, s, acetyl-CH3), 3.05 (1H, 

dd, J = 14.2, 5.3 Trp-CHH), 3.16 (1H, dd, J = 14.1, 9.4, Phe-CHH), 3.24 (1H, dd, J = 14.1, 

7.0, Trp-CHH), 3.31 (1H, dd, J = 14.1, 5.8, Phe-CHH), 3.43 (3H, s, ester-CH3), 3.60 (1H, 

dd, J = 16.8, 5.0, Gly-CHH), 3.69 (1H, dd, J = 16.8, 5.0, Gly-CHH), 4.50-4.58 (1H, m, Trp-

a-CH), 4.62 (1H, m, Phe-a-CH), 5.90-5.99 (2H, m, Gly-NH / Trp-NH), 6.60 (1H, d, J = 7.3, 

Phe-NH), 6.76 (1H, d, J = 16.6, Trp-alkene-CH), 6.83 (1H, d, J = 7.4, Ar-H), 6.94 (1H, d, J 

= 16.0, Phe-alkene-CH), 7.06 (1H, t, J = 7.3, Ar-H), 7.10-7.22 (2H, m, Ar-H), 7.23-7.30 (3H, 

m, Ar-H), 7.31-7.41 (6H, m, Ar-H / Phe-alkene-CH / Trp-alkene-CH), 7.50-7.60 (6H, m, Ar-

H), 8.09 (1H, d, J = 8.0, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 28.2 (Boc-(CH3)3), 28.5 (Phe-CH2), 35.1 

(Trp-CH2), 42.7 (Gly-CH2), 52.3 (ester-CH3), 53.4 (Phe-CH), 53.5 (Trp-CH), 83.9 (Boc-C), 

114.6 (Ar C), 115.5 (Ar C), 118.7 (Ar C), 119.7 (Trp-alkene-C), 123.0 (Ar C), 124.8 (Ar C), 

125.3 (Ar C), 125.7 (Ar C), 126.6 (Ar C) 126.7 (Ar C), 127.5 (Ar C), 127.5 (Ar C), 127.8 (Ar 

C), 127.9 (Ar C), 128.7 (Ar C), 128.8 (Phe-alkene-C), 129.6 (Ar C), 130.2 (Phe-alkene-C), 

130.4 (Ar C), 132.1 (Trp-alkene-C), 133.4 (Ar C), 135.9 (Ar C), 136.1 (Ar C), 136.6 (Ar C), 

136.8 (Ar C), 137.4 (Ar C), 150.4 (C=O), 168.1 (C=O), 169.8 (C=O), 170.2 (C=O), 170.6 

(C=O). 

 

IR Umax /cm-1 (solid) 3273 w (N-H), 3056 w (C-H), 2976 w (C-H), 1728 s (ester C=O), 1634 

s (amide C=O), 1523 s (C=C), 1216 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. For C46H49N4O7: 769.3601, found: 769.3625.  
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2.6.8 Modified peptide (29) 

  
 

The peptide Ac-Gly-Trp(Boc)-Phe-OMe 20 (0.134 g, 0.237 mmol), Pd(OAc)2 (5 mg, 0.024 

mmol), AgOAc (0.100 g, 0.599 mmol) and styrene 39 (0.109 mL, 0.952 mmol) were stirred 

in toluene (3 mL) at 100 °C for 6 h. The reaction mixture was then allowed to cool to room 

temperature, filtered through a plug of Celite®, and concentrated to dryness. Purification by 

flash column chromatography (EtOAc), followed by recrystallisation from CH2Cl2 / hexanes, 

gave 29 as an off-white solid (0.040 g, 25%); m.p. 104-106 °C, Rf = 0.25 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.62 (9H, s, Boc-(CH3)3), 1.97 (3H, s, acetyl-CH3), 2.89 (1H, 

dd, J = 13.8, 5.9, Trp-CHH), 2.98 (1H, dd, J = 13.6, 6.0, Trp-CHH), 3.25 (1H, dd, J = 14.2, 

8.9, Phe-CHH), 3.33 (1H, dd, J = 14.0, 6.3, Phe-CHH), 3.50 (3H, s, ester-CH3), 3.84-3.88 

(2H, m, Gly-CH2), 4.55-4.62 (1H, m, Trp-a-CH), 4.71-4.78 (1H, m, Phe-a-CH), 6.06-6.16 

(2H, m, Trp-NH / Gly-NH), 6.74 (1H, d, J = 7.6, Phe-NH), 6.78 (1H, d, J = 16.7, Alkene-CH), 

6.89-6.93 (1H, m, Ar-H), 7.13-7.17 (2H, m, Ar-H), 7.19-7.32 (6H, m, Ar-H / Alkene-CH), 

7.33-7.40 (3H, m, Ar-H), 7.51-7.58 (2H, m, Ar-H), 7.62 (1H, d, J = 7.6, Ar-H), 8.10 (1H, d, J 

= 8.2, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 28.2 (Boc-(CH3)3), 28.8 (Phe-CH2), 38.0 

(Trp-CH2), 43.0 (Gly-CH2), 52.2 (ester-CH3), 53.4 (Phe-CH), 53.5 (Trp-CH), 84.0 (Boc-C), 

114.6 (Ar C), 115.6 (Ar C), 118.7 (Ar C), 119.8 (Alkene-C), 123.0 (Ar C), 124.8 (Ar C), 126.6 

(Ar C), 127.0 (Ar C), 128.0 (Ar C), 128.4 (Ar C), 128.7 (Ar C), 129.1 (Ar C), 129.6 (Ar C), 

132.2 (Alkene-C), 135.4 (Ar C), 135.9 (Ar C), 136.2 (Ar C), 136.8 (Ar C), 150.4 (C=O), 168.4 

(C=O), 169.8 (C=O), 170.4 (C=O), 170.7 (C=O). 

 

IR Umax /cm-1 (solid) 3278 m (N-H), 3060 w (C-H), 2968 w (C-H), 1725 s (ester C=O), 1636 

s (amide C=O), 1522 s (C=C), 1210 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. For C38H43N4O7: 667.3132, found: 667.3127. 
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2.6.9 (N-Boc)-(N-Me)-Phe-Trp-OMe (35) 

 
 
Protected dipeptide 35 was synthesised from tryptophan methyl ester hydrochloride 34 

(0.637 g, 2.50 mmol) and (N-Boc)-(N-Me)-Phenylalanine 38 (0.279 g, 1.00 mmol), 

according to the procedure outlined in Section 2.6.2.1. Purification by flash column 

chromatography (80% EtOAc/pet ether) followed by recrystallisation from CH2Cl2 / hexanes 

gave 35 as a cream solid (0.353 g, 74%); m.p. 71-73 °C, Rf = 0.24 (80% EtOAc/pet. ether). 

 
1H NMR (400 MHz, CDCl3) d (Major Rotamer) 1.20 (9H, s, Boc-(CH3)3), 2.41 (3H, s, N-CH3), 

2.75-2.85 (1H, m, Phe-CHH), 3.19-3.40 (3H, m, Phe-CHH / Trp-CH2), 3.68 ( 3H, s, ester-

CH3), 4.69 (1H, br d, J = 7.8, Phe-a-CH), 4.80-4.90 (1H, m, Trp-a-CH), 6.40 (1H, d, J = 6.5, 

Trp-NH), 6.88 (1H, s, Ar-H), 7.03-7.34 (8H, m, Ar-H), 7.52 (1H, d, J = 7.8, Ar-H), 8.81 (1H, 

br s, Ar-H). 

 
1H NMR (400 MHz, CDCl3) d (Minor Rotamer) 1.30 (9H, s, Boc-(CH3)3), 2.43 (3H, s, N-CH3), 

2.86-2.97 (1H, m, Phe-CHH), 3.19-3.40 (3H, m, Phe-CHH / Trp-CH2), 3.60 ( 3H, s, ester-

CH3), 4.80-4.90 (2H, m, Trp-a-CH / Phe-a-CH), 6.65 (1H, d, J = 6.2, Trp-NH), 6.92 (1H, s, 

Ar-H), 7.03-7.34 (8H, m, Ar-H), 7.52 (1H, d, J = 7.8, Ar-H), 8.77 (1H, br s, Ar-H). 

 
13C NMR (100 MHz, CDCl3) (Major Rotamer)  d 27.3 (Trp-CH2), 27.8 (Boc-(CH3)3), 30.8 (N-

CH3), 33.6 (Phe-CH2), 52.3 (ester-CH3), 52.6 (Trp-CH), 61.2 (Phe-CH), 80.7 (Boc-C), 109.0 

(Ar C), 111.3 (Ar C), 118.0 (Ar C), 119.5 (Ar C), 122.0 (Ar C), 122.7 (Ar C), 126.3 (Ar C), 

127.0 (Ar C), 128.3 (Ar C), 128.7 (Ar C), 136.1 (Ar C), 137.6 (Ar C), 154.9 (C=O), 170.0 

(C=O), 172.1 (C=O). 

 
13C NMR (100 MHz, CDCl3) (Minor Rotamer) d 27.3 (Trp-CH2), 27.9 (Boc-(CH3)3), 30.2 (N-

CH3), 33.8 (Phe-CH2), 52.2 (ester-CH3), 53.0 (Trp-CH), 59.6 (Phe-CH), 80.2 (Boc-C), 109.3 

(Ar C), 111.2 (Ar C), 118.1 (Ar C), 119.3 (Ar C), 121.9 (Ar C), 122.7 (Ar C), 126.2 (Ar C), 

127.3 (Ar C), 128.2 (Ar C), 128.7 (Ar C), 136.0 (Ar C), 137.2 (Ar C), 156.1 (C=O), 170.5 

(C=O), 172.1 (C=O). 
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IR Umax /cm-1 (solid) 3316 w (N-H), 3028 w (C-H), 2954 w (C-H), 1739 m (ester C=O), 1664 

s (amide C=O), 1507 m (C=C), 1211 m (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. For C27H34N3O5: 480.2498, found: 480.2490. 
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2.6.10 Ac-Gly-(N-Me)-Phe-Trp-OMe (36) 
 

 
 

The protected peptide 35 (0.320 g, 0.667 mmol) was stirred in a solution of 20% TFA in 

CH2Cl2 (10 mL) at 0 ºC. The volatiles were removed in vacuo and the resulting amine was 

dissolved in DMF (5 mL). The reaction mixture was then treated with N-acetyl glycine 26 
(0.078 g, 0.667 mmol), Et3N (0.186 mL, 1.334 mmol) and HATU (0.304 g 0.800 mmol) and 

left to stir at room temperature for 18 h. The reaction was quenched with sat NaHCO3 (5 

mL), diluted with H2O (50 mL) and extracted with EtOAc (2 x 50 mL). The combined organics 

were dried (MgSO4), and the solvent removed in vacuo. The crude, yellow oil was purified 

by flash column chromatography (EtOAc) and recrystallised from CH2Cl2 / hexanes to yield 

peptide 36 as an off-white solid. (0.198 g, 62%), 92-96 °C, Rf = 0.20 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.96 (3H, s, acetyl-CH3), 2.33 (3H, s, N-CH3), 2.82-2.87 (1H, 

m Phe-CHH), 3.11 (1H, dd, J = 14.6, 8.5, Trp-CHH), 3.20 (1H, dd, J = 14.6, 6.2, Phe-CHH), 

3.37 (1H, dd, J = 14.6, 5.0, Trp-CHH), 3.44 (1H, dd, J = 17.8, 3.7, Gly-CHH), 3.71 (3H, s, 

ester-CH3), 3.78 (1H, dd, J = 17.4, 5.5, Gly-CHH), 4.84-4.92 (1H, m, Trp-a-CH), 5.29-5.37 

(1H, m, Phe-a-CH), 6.45 (1H, t, J = 4.6, Gly-NH), 6.57 (1H, d, J = 7.8, Trp-NH), 6.87 (1H, 

d, J = 2.3, Ar-H), 7.02-7.10 (3H, m, Ar-H), 7.12-7.22 (4H, m, Ar-H), 7.34 (1H, d, J = 8.2, Ar-

H), 7.51 (1H, d, J = 7.8, Ar-H), 9.03 (1H, s, Ar-NH). 

 
13C NMR (100 MHz, CDCl3) d 22.8 (acetyl-CH3), 27.2 (Trp-CH2), 29.5 (N-CH3), 33.4 (Phe-

CH2), 40.9 (Gly-CH2), 52.1 (Trp-CH), 52.4 (ester-CH3), 57.2 (Phe-CH), 109.3 (Ar C), 111.3 

(Ar C), 118.2 (Ar C), 119.4 (Ar C), 122.1 (Ar C), 123.1 (Ar C), 126.6 (Ar C), 127.0 (Ar C), 

128.4 (Ar C), 128.5 (Ar C), 136.0 (Ar C), 136.5 (Ar C), 169.2 (C=O), 169.2 (C=O), 170.5 

(C=O), 172.2 (C=O). 

 

IR Umax /cm-1 (solid) 3299 m (N-H), 3058 w (C-H), 2954 w (C-H), 1735 m (ester C=O), 1636 

s (amide C=O), 1522 m (C=C), 1210 m (C-O) 

 

HRMS (ESI) [M+H+] m/z calcd. For C26H31N4O5: 479.2294, found: 479.2300. 
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2.6.11 Ac-Gly-(N-Me)-Phe-Trp(Boc)-OMe (37) 

 
 
Peptide 36 (0.198 g, 0.414 mmol) was dissolved in CH2Cl2 (10 mL) and treated with Et3N 

(0.056 mL, 0.414 mmol). A solution of Boc anhydride (0.181 g, 0.828 mmol) in CH2Cl2 (5 

mL) was added dropwise to the peptide mixture and heated under reflux for 16 h. The 

solution was allowed to cool before the volatiles were removed in vacuo. Purification by 

flash column chromatography (EtOAc) followed by recrystallisation from CH2Cl2 / hexanes 

yielded 37 as a white solid (0.129 g, 54%); m.p. 63-66 °C, Rf = 0.20 (EtOAc).  

 

1H NMR (400 MHz, CDCl3) d 1.68 (9H, s, Boc-(CH3)3), 2.03 (3H, s, acetyl-CH3), 2.68 (3H, 

s, N-CH3), 2.93 (1H, dd, J = 14.6, 9.2, Phe-CHH), 3.17 (1H, dd, J = 15.1, 6.9, Trp-CHH), 

3.22-3.31 (2H, m, Phe-CHH / Trp-CHH), 3.58-3.70 (4H, m, ester-CH3 / Gly-CHH), 3.83 (1H, 

dd, J = 18.5, 4.4, Gly-CHH), 4.84-4.91 (1H, m, Trp-a-CH), 5.24 (1H, dd, J = 9.2, 6.9, Phe-

a-CH), 6.50 (1H, br s, Gly-NH), 6.58 (1H, d, J = 7.8, Trp-NH), 7.08-7.27 (6H, m, Ar-H), 7.31 

(1H, t, J = 7.3, Ar-H), 7.40 (1H, s, Ar-H), 7.45 (1H, d, J = 7.8, Ar-H), 8.04 (1H, br d, J = 7.8, 

Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 27.0 (Trp-CH2), 28.2 (Boc-(CH3)3), 30.2 (N-

CH3), 33.5 (Phe-CH2), 41.4 (Gly-CH2), 52.1 (Trp-CH), 52.5 (ester-CH3), 57.9 (Phe-CH), 84.1 

(Boc-C), 114.6 (Ar C), 115.3 (Ar C), 118.6 (Ar C), 122.5 (Ar C), 124.3 (Ar C), 124.6 (Ar C), 

126.8 (Ar C), 128.6 (Ar C), 128.7 (Ar C) 128.9 (Ar C), 130.4 (Ar C), 136.4 (Ar C), 149.7 

(C=O), 169.2 (C=O), 169.4 (C=O), 170.0 (C=O), 171.6 (C=O). 

 

IR Umax /cm-1 (solid) 3319 w (N-H), 3060 w (C-H), 2953 m (C-H), 1730 s (ester C=O), 1638 

s (amide C=O), 1522 s (C=C), 1254 (C-O). 

 
HRMS (ESI) [M+H+] m/z calcd. For C31H39N4O7: 579.2819, found: 579.2816. 
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2.6.12 Modified peptide (40) 

 
 
The peptide Ac-Gly-(N-Me)-Phe-Trp(Boc)-OMe 37 (0.129 g, 0.223 mmol), Pd(OAc)2 (5 mg, 

0.022 mmol), AgOAc (0.093 g, 0.558 mmol) and styrene 39 (0.103 mL, 0.892 mmol) were 

stirred in toluene (3 mL) at 100 °C for 2 h. The reaction mixture was then allowed to cool to 

room temperature, filtered through a plug of Celite®, and concentrated to dryness. 

Purification by flash column chromatography (EtOAc), followed by recrystallisation from 

CH2Cl2 / hexanes, gave 40 as a brown solid (0.084 g, 55%); m.p. 94-98 °C, Rf = 0.28 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.64 (9H, s, Boc-(CH3)3), 1.97 (3H, s, acetyl-CH3), 2.41 (3H, 

s, N-CH3), 2.85 (1H, dd, J = 14.6, 9.8, Phe-CHH), 3.16 (1H, dd, J = 14.7, 6.3, Phe-CHH), 

3.24 (1H, dd, J = 14.4, 8.6, Trp-CHH), 3.40 (1H, dd, J = 14.4, 6.4, Trp-CHH), 3.52 (1H, dd, 

J = 17.7, 3.4, Gly-CHH), 3.62 (3H, s, ester-CH3), 3.67 (1H, dd, J = 17.9, 4.5, Gly-CHH), 

4.93-5.01 (1H, m, Trp-a-CH), 5.23 (1H, dd, J = 9.6, 6.4, Phe-a-CH), 6.29 (1H, br s, Gly-

NH), 6.45 (1H, d, J = 8.0, Trp-NH),  6.77 (1H, d, J = 16.7, alkene-CH), 7.00-7.10 (2H, m, 

Ar-H), 7.12-7.24 (4H, m, Ar-H), 7.27-7.41 (5H, m, Ar-H / alkene-CH), 7.51 (1H, d, J = 7.8, 

Ar-H), 7.56 (2H, d, J = 7.9, Ar-H), 8.11 (1H, d, J = 8.8, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 27.5 (Trp-CH2), 28.3 (Boc-(CH3)3), 29.7 (N-

CH3), 33.5 (Phe-CH2), 41.4 (Gly-CH2), 52.0 (Trp-CH), 52.6 (ester-CH3), 57.6 (Phe-CH), 84.3 

(Boc-C), 114.5 (Ar C). 115.6 (Ar C), 118.5 (Ar C), 120.0 (alkene-C), 122.9 (Ar C), 124.9 (Ar 

C), 126.6 (Ar C), 126.8 (Ar C), 128.1 (Ar C), 128.6 (Ar C), 128.6 (Ar C), 128.8 (Ar C), 130.0 

(Ar C), 132.2 (alkene-C), 135.7 (Ar C), 136.2 (Ar C), 136.4 (Ar C), 136.7 (Ar C), 150.4 (C=O), 

169.2 (C=O), 169.2 (C=O), 169.8 (C=O), 172.0 (C=O). 

 

IR Umax /cm-1 (solid) 3275 w (N-H), 3058 w (C-H), 2976 w (C-H), 1728 s (ester C=O), 1634 

s (amide C=O), 1541 m (C=C), 1237 s (C-O). 

 
HRMS (ESI) [M+H+] m/z calcd. For C39H45N4O7: 681.3288, found: 681.3308. 
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2.6.14 Boc-Phe(4-vinyl)-OH (43) 
Compound 43 was prepared using a previously reported procedure.166 

 
 

The unnatural amino acid N-Boc-4-iodophenylalanine 42 (0.391 g, 1.00 mmol), potassium 

vinyl trifluoroborate 45 (0.161 g, 1.20 mmol), K2CO3 (0.691 g, 5.00 mmol) and Pd(dppf)Cl2 

(0.008 g, 0.01 mmol) were dissolved in H2O / iPrOH (10 mL) and refluxed at 80 °C for 1 h. 

The reaction mixture was allowed to cool to room temperature before the organic solvent 

was removed in vacuo. The remaining aqueous solution was then acidified to pH 3 using 

5N HCl (ca. 2.0 mL). The resulting aqueous solution was extracted using CH2Cl2 (4 x 25 

mL) and the combined organics were dried (MgSO4), before the solvent was removed in 

vacuo. Purification by flash column chromatography (CH2Cl2 / MeOH / AcOH, 97:1:2) 

yielded 43 as a brown oil (0.256 g, 88%); Rf = 0.30 (CH2Cl2 / MeOH / AcOH 97:1:2). 

 
1H NMR (400 MHz, D6-DMSO) d 1.31 (9H, s, Boc-CH3), 2.81 (1H, dd, J = 13.7, 10.4, Phe-

CHH), 2.99 (1H, dd, J = 13.7, 4.5, Phe-CHH), 4.02-4.11 (1H, m, Phe-a-CH), 5.21 (1H, d, J 

= 11.1, 0.6, alkene-CHH), 5.78 (1H, d, J = 17.7, 0.6, alkene-CHH), 6.69 (1H, dd, J = 17.7, 

11.1, alkene-CH), 7.10 (1H, d, J = 8.5, NH), 7.22 (2H, d, J = 8.1, Ar-H), 7.38 (2H, d, J = 8.1, 

Ar-H). 

 
13C NMR (100 MHz, D6-DMSO) d 28.2 (Boc-(CH3)3), 36.2 (Phe-CH2), 55.2 (Phe-CH), 78.1 

(Boc-C), 113.7 (alkene-CH2), 126.0 (Ar C), 129.4 (Ar C), 135.3 (alkene-CH), 136.5 (4° Ar 

C), 137.9 (4° Ar C), 155.5 (C=O), 173.6 (C=O). 

 

IR Umax /cm-1 (oil) 3442 m (N-H), 3027 w (C-H), 2958 w (C-H), 1729 s (C=O), 1534 s (C=C), 

1217 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. for C16H22NO4: 292.1549, found: 292.1551. 

 

The 1H and 13C NMR data match that previously reported.166 
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2.6.15 H-Phe(4-vinyl)-OMe (44) 

 
 

The unnatural amino acid Boc-Phe(4-vinyl)-OH 43 (0.256 g, 0.88 mmol) was dissolved in 

ice cold MeOH (10 mL) and treated with the dropwise addition of thionyl chloride (0.290 mL, 

4.00 mmol). The solution was allowed to warm to room temperature before refluxing for 4 

h. The volatiles were removed in vacuo, and the residue was dissolved in toluene and 

concentrated to dryness three times. The resulting material was slurried in sat. aqueous 

NaHCO3 solution and then extracted in CH2Cl2 (3 x 25 mL). The combined organics were 

dried (MgSO4) and concentrated in vacuo to yield 44 as a yellow oil. (0.165 g, 91%); Rf = 

0.25 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.54 (2H, br s, NH2), 2.85 (1H, dd, J = 13.5, 8.0, Phe-CHH), 

3.07 (1H, dd, J = 13.5, 5.3, Phe-CHH), 3.69-3.74 (4H, m, ester-CH3 / Phe-a-CH), 5.22 (1H, 

dd, J = 10.9, 0.9, alkene-CHH), 5.72 (1H, d, J = 17.6, 0.9, alkene-CHH), 6.68 (1H, dd, J = 

17.6, 10.9, alkene-CH), 7.15 (2H, d, J = 8.2, Ar-H), 7.35 (2H, d, J = 8.2, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 40.6 (Phe-CH2), 51.9 (ester-CH3), 55.6 (Phe-a-CH), 113.5 

(alkene-CH2), 126.3 (Ar C), 129.3 (Ar C), 131.2 (Ar C), 136.1 (4° Ar C), 136.3 (alkene-CH), 

136.7 (4° Ar C), 175.3 (C=O). 

 

IR Umax /cm-1 (oil) 3377 m (N-H), 3030 w (C-H), 2793 w (C-H), 1735 s (C=O), 1511 s (C=C), 

1172 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. for C14H16NO2: 206.1181, found: 206.1182. 

 

The 1H NMR data match that previously reported.167 
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2.6.16 Ac-Phe(4-vinyl)-OMe (41) 

 
 

The unnatural amino ester H-Phe(4-vinyl)-OMe 44 (0.410 g, 2.00 mmol), acetic anhydride 

(0.945 mL, 10.00 mmol) and pyridine (0.805 mL, 10.00 mmol) were dissolved in CH2Cl2 (20 

mL) and stirred at room temperature for 12 h. The volatiles were removed in vacuo before 

the resulting residue was re-dissolved in CH2Cl2 and washed with 1 M HCl (20 mL), distilled 

H2O (20 mL), sat. aqueous NaHCO3 (20 mL) and distilled H2O (20 mL). The organic layer 

was then dried (MgSO4) and concentrated to dryness. Purification of the crude residue by 

flash column chromatography (EtOAc) followed by recrystallisation from CH2Cl2 / hexanes 

yielded 41 as a white solid (0.232 g, 47%); m.p. 123-126 °C, Rf = 0.45 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.97 (3H, s, acetyl-CH3), 3.05 (1H, dd, J = 13.9, 6.0, Phe-

CHH), 3.13 (1H, dd, J = 13.9, 5.8, Phe-CHH), 3.72 (3H, s, ester-CH3), 4.84-4.90 (1H, m, 

Phe-a-CH), 5.23 (1H, dd, J = 10.9, 0.8, alkene-CHH), 5.72 (1H, dd, J = 17.6, 0.8, alkene-

CHH), 6.23 (1H, d, J = 7.8, Phe-NH), 6.67 (1H, dd, J = 17.6, 10.9, alkene-CH), 7.06 (2H, d, 

J = 8.0, Ar-H), 7.33 (2H, d, J = 8.0, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 37.4 (Phe-CH2), 52.2 (ester-CH3), 53.0 

(Phe-a-CH), 113.7 (alkene-CH2), 126.2 (Ar C), 129.3 (Ar C), 135.4 (4° Ar C), 136.2 (alkene-

CH) 136.3 (4° Ar C), 169.6 (acetyl C=O), 172.0 (ester C=O). 

 

IR Umax /cm-1 (solid) 3327 m (N-H), 3027 w (C-H), 2958 w (C-H), 1743 s (ester C=O), 1649 

s (amide C=O), 1534 s (C=C), 1217 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. for C14H18NO3: 248.1287, found: 248.1286. 
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2.6.17 Ac-Gly-Trp-OMe (46) 

 
 
Peptide 46 was synthesised from L-tryptophan methyl ester hydrochloride 34 (0.637 g, 2.50 

mmol) and N-acetyl glycine 26 (0.117 g, 1.00 mmol) using the procedure outlined in Section 
2.6.2.1. The crude compound was recrystallised from CH2Cl2 / hexanes to afford 46 as an 

off-white solid (0.251 g, 79%); m.p. 177-180 °C. Rf = 0.15 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 1.93 (3H, s, acetyl-CH3), 3.20 (1H, dd, J = 14.6, 7.1, Trp-

CHH), 3.25-3.32 (1H, m, Trp-CHH), 3.64 (3H, s, ester-CH3), 3.77-3.86 (2H, m, Gly-CH2), 

4.72-4.77 (1H, m, Trp-α-CH), 7.01 (1H, t, J = 7.8, Ar-H), 7.05-7.12 (2H, m, Ar-H), 7.32 (1H, 

d, J = 8.0, Ar-H), 7.49 (1H, d, J = 7.8, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 22.5 (acetyl-CH3), 28.5 (Trp-CH2), 43.5 (Gly-CH2), 52.9 

(ester-CH3), 54.9 (Trp-α-CH), 110.5 (4° Ar C), 112.5 (Ar C), 119.2 (Ar C), 120.0 (Ar C), 

122.6 (Ar C), 124.7 (Ar C), 128.8 (4° Ar C), 138.1 (4° Ar C), 171.6 (C=O), 173.9 (C=O), 

173.9 (C=O). 

 

IR umax /cm-1 (solid) 3235 m (N-H), 3060 w (C-H), 2951 w (C-H), 1749 s (ester C=O), 1642 

m (amide C=O), 1436 m (C-H). 

 

HRMS (ESI) [M+H+] m/z calcd. for C16H20N3O4: 318.1454, found: 318.1456. 
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2.6.18 Ac-Gly-Trp(Boc)-OMe (47) 

 
 
Peptide 47 was synthesised from Ac-Gly-(D)Trp-OMe 46 (0.317 g, 1.00 mmol) using the 

procedure outlined in Section 2.6.2.2. Purification by flash column chromatography 

(EtOAc) followed by recrystallisation from CH2Cl2 / hexanes gave 47 as a white solid (0.113 

g, 27%); m.p. 93-95 ºC; Rf = 0.20 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.66 (9H, s, Boc-(CH3)3), 1.96 (3H, s, acetyl-CH3), 3.19 (1H, 

dd, J = 14.8, 6.1, Trp-CHH), 3.27 (1H, dd, J = 14.8, 5.7, Trp-CHH), 3.70 (3H, s, ester-CH3), 

3.87 (1H, dd, J = 16.7, 5.3, Gly-CHH), 3.91 (1H, dd, J = 16.7, 5.3, Gly-CHH), 4.89 (1H, m, 

Trp-α-CH), 6.44 (1H, t, J = 4.9, Gly-NH), 6.88 (1H, d, J = 7.8, Trp-NH), 7.23 (1H, t, J = 7.8, 

Ar-H), 7.30 (1H, t, J = 7.0, Ar-H), 7.41 (1H, s, Ar-H), 7.47 (1H, d, J = 7.8, Ar-H), 8.09 (1H, 

d, J = 7.0, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.8 (acetyl-CH3), 27.2 (Trp-CH2), 28.1 (Boc-(CH3)3), 43.1 

(Gly-CH2), 52.5 (ester-CH3), 52.6 (Trp-α-CH), 83.8 (Boc-C), 114.7 (4° Ar C), 115.3 (Ar C), 

118.6 (Ar C), 122.6 (Ar C), 124.2 (Ar C), 124.6 (Ar C), 130.3 (4° Ar C), 135.2 (4° Ar C), 

149.5 (Boc C=O), 168.8 (C=O), 170.6 (C=O), 171.7 (C=O). 

 

IR umax /cm-1 (solid) 3273 m (N-H), 3058 w (C-H), 2933 w (C-H), 1740 s (ester C=O), 1658 

m (amide C=O), 1428 m (C-H), 1246 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. for C21H28N3O6: 418.1978, found: 418.1977. 
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2.6.19 Modified peptide (48) 

 
 

The peptide Ac-Gly-Trp(Boc)-OMe 47 (0.030 g, 0.071 mmol), Pd(OAc)2 (1 mg, 0.003 mmol, 

10 mol%), AgOAc (0.030 g, 0.180 mmol) and Ac-Phe(4-vinyl)-OMe 41 (0.071 g, 0.287 

mmol) were stirred in toluene (3 mL) at 100 °C for 2 h. The reaction mixture was then 

allowed to cool to room temperature, filtered through a plug of Celite®, and concentrated to 

dryness. Purification by flash column chromatography (EtOAc), followed by recrystallisation 

from CH2Cl2 / hexanes, gave 48 as a yellow solid (0.032 g, 64%); m.p. 239-242 °C, Rf = 

0.10 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) δ 1.64 (9H, s, Boc-(CH3)3), 1.92 (3H, s, acetyl-CH3), 2.02 (3H, 

s, acetyl-CH3), 3.10 (1H, dd, J = 14.0, 5.6, Phe-CHH), 3.17 (1H, dd, J = 14.0, 5.5, Phe-

CHH), 3.35 (1H, dd, J = 14.5, 6.5, Trp-CHH), 3.42 (1H, dd, J = 14.5, 6.6, Trp-CHH), 3.54 

(3H, s, ester-CH3), 3.67-3.79 (5H, m, ester-CH3 / Gly-CH2), 4.87-4.97 (2H, m, Phe-α-CH / 

Trp-α-CH), 6.23 (1H, t, J = 4.9, Gly-NH), 6.30 (1H, d, J = 8.0, Phe-NH), 6.68-6.75 (2H, m, 

alkene-CH / Trp-NH), 7.09 (2H, d, J = 8.1, Ar-H), 7.22-7.35 (3H, m, Ar-H / alkene-CH), 7.45 

(2H, d, J = 8.1, Ar-H), 7.53 (1H, d, J = 7.7, Ar-H), 8.10 (1H, d, J = 8.0, Ar-H). 

 
13C NMR (100 MHz, CDCl3) δ 22.8 (acetyl-CH3), 23.1 (acetyl-CH3), 27.4 (Trp-CH2), 28.2 

(Boc-(CH3)3), 37.6 (Phe-CH2), 42.9 (Gly-CH2), 52.4 (ester-CH3), 52.5 (ester-CH3), 52.5 (Trp-

α-CH), 53.0 (Phe-α-CH), 84.2 (Boc-C), 114.4 (Ar C), 115.6 (Ar C), 118.5 (Ar C), 119.9 

(alkene-C), 122.9 (Ar C), 124.8 (Ar C), 126.7 (Ar C), 129.7 (Ar C), 129.8 (Ar C), 131.9 

(alkene-C), 135.6 (Ar C), 135.7 (Ar C), 135.8 (Ar C), 136.1 (Ar C) 150.4 (Boc C=O), 160.5 

(C=O), 169.9 (C=O), 170.5 (C=O), 172.0 (C=O), 172.0 (C=O). 

 

IR Umax /cm-1 (solid) 3291 w (N-H), 3055 w (C-H), 2952 w (C-H), 1728 s (ester C=O), 1653 

s (amide C=O), 1523 s (C=C), 1210 s (C-O). 

 

HRMS (ESI) [M+H+] m/z calcd. for C35H43N4O9: 663.3030, found: 663.3068. 
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 Olefination of peptides using ESF as a coupling partner 
 

3.1 Introduction 
 

As discussed in Section 1.4.2, protocols for installing SuFEx-able hubs onto peptides are 

lacking. Methods have been reported that successfully modify protected phenylalanine with 

ESF, to form aryl VSFs, Scheme 63.154,157,161 However, these methods generally require 

pre-functionalized starting materials, or display a lack of selectivity at the olefination site on 

the phenyl ring. Presently, no literature report exists where phenylalanine residues in 

peptides have been modified with ESF. 

 

 

Scheme 63 – Existing protocols for the installation of ESF on phenylalanine by [A] cross-coupling reactions 
and [B] C-H functionalization. 

 

Recently, our group has reported the olefination of phenylalanine residues in peptides with 

styrene derivatives by C-H functionalization126 Backbone amides are used as directing 

groups to facilitate the reaction at the ortho position on the aromatic ring system of 

phenylalanine. Although, styrene and ESF contain very different functionality, there are 

structural similarities between the two compounds, Figure 17. These similarities, in tandem 
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with the report of unselective palladium catalysed olefination,161 were indicative that a novel 

protocol might be devised in order to facilitate olefination of ESF.  

 

 

Figure 17 – Structural similarities between styrene and ESF. 

 

The aim of this section of the investigation was to develop a new method for olefination and 

test the viability of this method against peptides in different contexts. Success would 

represent a significant advance in the modification of otherwise unreactive phenylalanine 

residues. This reaction has the potential to introduce click chemistry functionality to 

phenylalanine residues, which is reactivity complimentary to that found on natural peptides.  

 
3.2 Olefination of model dipeptide Ac-Gly-Phe-OMe (49) 
 

Investigation into the olefination of phenylalanine residues in peptides using ESF as a 

coupling partner began with the selection of a model dipeptide for the study. The dipeptide 

Ac-Gly-Phe-OMe 49 was picked as it represents the simplest dipeptide containing all 

characteristics necessary for olefination to occur, Figure 18. 

 

 

Figure 18 – Model dipeptide Ac-Gly-Phe-OMe 49. 

 

Structurally, glycine comprises the simplest sidechain and as a result is the most flexible 

naturally occurring amino acid. Theoretically, this introduces a further residue to the peptide 

chain at minimal steric cost. This simplicity also lends itself to characterisation by 1H NMR 

spectroscopy, as only two extra signals are seen in the spectrum. The glycine residue was 
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deliberately placed at the N-terminus of the dipeptide. Previous research had demonstrated 

that olefination using styrene as a coupling partner does not occur when phenylalanine 

residues are positioned at the N-terminus.114,125,126 In order to maximise the chance of 

success of the C-H functionalization reaction it followed that this residue should be placed 

at the C-terminus of the model dipeptide. 

 

 

Scheme 64 – Synthesis of model dipeptide 49. 

Protected amino acids N-acetyl-glycine 26 and (L)-phenylalanine methyl ester hydrochloride 

22 were stirred in the presence of HBTU as coupling reagent and DIPEA as base to 

generate dipeptide 49 in an 84% yield, (Scheme 64). Success of the synthesis was 

confirmed by the emergence of a broad doublet in the 1H NMR spectrum at 6.46 ppm, 

corresponding to an N-H bond in the new amide formed in the product.  

 
Consideration was then given to the modification of the peptide with ESF.  Previous studies 

into the olefination of phenylalanine residues in peptides by our group had utilised palladium 

acetate as a catalyst and silver acetate as oxidant, solvated in t-amyl-OH at 130 ºC for 24 

h.126 Therefore, the initial reaction of 49 and ESF 50 was carried out under these conditions, 

Scheme 65. The resulting crude mixture was filtered through a Celite® plug and 

concentrated in vacuo to yield a brown crude compound, which was purified by flash column 

chromatography and then recrystallised from CH2Cl2 and hexanes to yield two distinct 

products. 
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Scheme 65 – Initial attempt to modify model dipeptide 49 with ESF. 

This initial reaction yielded a mixture of mono-olefinated 51 and di-olefinated 51’ products 

in 23% and 2% yields respectively along with a significant amount of unreacted starting 

material. Analysis of the 1H NMR spectrum gave evidence of a successful reaction, showing 

that an alkene had been installed on the aromatic system of the phenylalanine residue. In 

the spectra of mono-olefinated product 51, A doublet of doublets that integrated to 1H at 

6.88 ppm (J = 15.3, 2.5 Hz) and a doublet that integrated to 1H at 8.12 ppm (J = 15.3 Hz) 

were consistent with a trans alkene in an aryl VSF.157,161 The same data was also found in 

the spectrum corresponding di-olefinated product 51’. The signals for the protons on the 

phenyl ring also differentiated 51 from the starting material. The spectrum for 51 displayed 

four distinct signals: two doublets and two triplets which were indicative that the olefination 

had occurred at the ortho- position. The di-olefinated product 51’ showed a different splitting 

pattern still, involving a doublet integrated to 2H and a triplet that integrated to 1H. Further 

reassurance of the reaction being successful could be seen in the 19F NMR spectrum, where 

a peak present at 62.1 ppm provided evidence of a fluorine environment now present in the 

peptide structure. NMR data for peptides 51 and 51’ contained data consistent with that 

present in aryl VSFs synthesised by other synthetic routes such as a peak at ca. 60.0 ppm 

in the 19F NMR spectrum.155,157,161  Additionally, strong peaks at wavenumbers at 1405 cm-

1 and 1189 cm-1 in the IR spectrum were attributed to S=O and S-F bonds respectively 

which implied that ESF had been installed. Parent ion peaks [M+H]+ in the HRMS spectrum 

for 51 of 387.1027 and for 51’ of 495.0703 also supported this conclusion. 

 

Ac
N
H

H
N

O
OMe

O
Ac

N
H

H
N

O
OMe

O
Pd(OAc)2

AgOAc
t-amyl-OH
130 °C, 16 h

S

Ac
N
H

H
N

O
OMe

O

S

S

51, 23% 51’ , 2%

0.05 M

and

S
FO

O

O
F

O

O
F

O

FO
O

H

50

49



 87 

3.3 Method Optimisation 
 

The results documented in Section 3.2 demonstrated that olefination with ESF of the 

phenylalanine residue in the dipeptide model was achievable. However, time was taken to 

further develop and optimise the olefination conditions in order to maximise the yield of 

mono-olefinated product 51. It was argued that for peptide modification, introducing a single 

SuFEx-able hub for further reactivity was preferential to mitigate any selectivity issues that 

could arise in future synthetic manipulations. A range of variables were altered 

systematically, and the effect on yield of mono-olefinated product was investigated, 

Scheme 66. 

 

 

Scheme 66 – Variables investigated in the reaction optimisation. 

The concentration of the reaction was varied initially by changing the volume of solvent 

present, Table 1. Changing the concentration from 0.05 M to 0.10 M by decreasing solvent 

volume provided a promising increase in yield of mono-olefinated product. However, when 

the reaction was further concentrated (0.20 M) a corresponding rise in yielded peptide was 

not observed. In this experiment the coupling reagents did not slurry properly in the 

decreased volume of solvent. It is likely that poor mixing is responsible for the diminished 

yield in this example. No attempt to overcome this issue was made and a concentration of 

0.1 M was used throughout the rest of the investigation. 
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Table 1 – Effect of varying concentration of peptide and solvent on yield of 51 

 
Entry Concentration Solvent % Yield of 51* 

A 0.05 t-amyl-OH 23 

B 0.10 t-amyl-OH 40 

C 0.20 t-amyl-OH 34 

D 0.10 MeCN 0# 

E 0.10 Dioxane 0# 

F 0.10 DCE 41 

G 0.10 DMF 0# 

H 0.10 THF 15 

I 0.10 HFIP 45† 

* Isolated yields reported. 
† Product not isolated due to vial failure. 
# Only starting materials observed 

 

Whilst t-amyl-OH had worked effectively to facilitate the olefination of Phe residues in 

peptides with styrene derivatives, other solvents commonly used in C-H functionalization 

reactions were considered. Upon solvent variation, MeCN, dioxane and DMF were found to 

be incompatible with the olefination reaction whilst THF proved to be a poorer solvent choice 

than t-amyl-OH. Better results were initially garnered using DCE, which facilitated the 

reaction similarly to the original solvent.  

 

Solvents were initially screened at 130 ºC to ensure temperature did not skew the observed 

yield. However, the boiling point of HFIP (lit. 58.2 ºC) is significantly lower than the screening 

temperature. When used as the solvent in these conditions, the vapour pressure became 

so great that failure of the v-vial occurred after 30 min. Surprisingly, a crude 1H NMR of the 

remaining solid residue was taken after the 16 h had elapsed, revealing that the composition 

of the mixture was 45% mono-olefinated product. Despite the short reaction time and vial 

failure, this solvent system had produced the best yielding reaction. It was anticipated that 
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the vial failure could be mitigated by lowering the reaction temperature, which was then 

investigated, Table 2. 

 

Table 2 - Effect of varying reaction temperature on yield of 51. 

 

 
Entry Temperature / ºC % Yield of 51 

A 25 16 

B 60 34 

C 80 54 

D 100 57 

 

Upon exposure of the peptide to the reaction conditions at room temperature, the isolated 

product yield was severely diminished. When the reaction was carried out at 60 °C, an 

increase in the yield was seen. However, this was still diminished compared to the observed 

yield in the initial experiment. Exposure of the peptide at 80 °C was enough to elevate the 

yield significantly to approximately 54%. At 100 °C, the elevated temperature had a marginal 

effect on the yield and as a result, the optimised temperature for the reaction was 

determined to be 80 °C. In the hope of further increasing the reaction yield, an investigation 

into the effect of varying the equivalents of ESF was carried out, Table 3.  
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Table 3 - Effect of varying equivalents of ESF on yield of 51. 

 
Entry Eq. of ESF % Yield of 51 

A 1 40 

B 2 63 

C 4 54 

D 8 38 

 

The reaction performed best when exposed to either 2 or 4 equivalents of ESF. Entry A and 

D (Table 3) exhibited diminished reaction conditions. Entry D is justified by presence of 

more ESF molecules to facilitate the generation of the di-olefinated species from the mono-

olefinated species. Whilst there is not a lot of difference in yield between entry B and C 

(Table 3), B was chosen for the optimised conditions on environmental grounds due to the 

use of a smaller quantity of toxic starting material per reaction. A study of the oxidant and 

number of equivalents required was then undertaken, Table 4. 

 

Table 4 - Effect of varying oxidant and equivalents of oxidant on yield of 51. 

 
Entry Oxidant Eq. of Oxidant % Yield of 51 

A AgOAc 5 63 

B AgCO3 5 21 

C AgOPiv 5 30 

D Cu(OAc)2 5 60 

E Benzoquinone 5 11 

F AgOAc 2.5 37 
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In spite of testing a variety of oxidants, entry A (Table 4) proved to be the best conditions 

for the olefination protocol. Disappointingly, reducing the number of equivalents of oxidant 

was detrimental to yield of the reaction meaning that 5 equivalents were reported in the 

optimised conditions. 

 

Table 5 - Effect of varying the catalyst loading on conversion of 49. 

 
Entry Catalyst Load / mol% % Conversion of 49 

A 10 71 

B 15 74 

C 20 80 

D 35 98 

E 50 98 

 

When varying the catalyst loading in the reaction, the largest improvement to yield was 

observed, Table 5. In this example, the yielded peptides were not isolated, and the 

conversion of starting material was monitored by 1H NMR spectroscopy. Exposure to 

increasing catalytic mol% generated increasing conversion of the starting material peptide. 

At 35 mol%, the conversion after 16 hours was the same as that at 50 mol%. Entry D (Table 

5) shows the optimised conditions for catalytic loading. 
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Table 6 - Effect of reaction time on yield of 51. 

 
Entry Time / h % Yield of 51 

A 0.5 36 

B 1 48 

C 2 55 

D 4 63 

E 8 70 

F 12 77 

G 16 75 

H 24 72 

I 100 63 

 

Finally, the yield was monitored over time in order to determine the optimal reaction length, 

Table 6. The yield increased with reaction time until 12 h had elapsed. After 12 h the 

reaction time appeared to have very little bearing on the yield of the reaction. A slight 

decrease in yield is justified by the conversion of mono-olefinated product to di-olefinated 

product. 

  

Figure 19 – Progress of the olefination reaction through time. 
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As seen from Figure 19, the progress of the reaction stops after 12 h. As a result, the 

optimised reaction time of this protocol was determined to be 12 h. Collectively, these 

results provide an optimised protocol for the olefination of phenylalanine containing 

peptides with ESF. These conditions are displayed in Scheme 67 below. 

 

 

Scheme 67 – Optimised conditions for the olefination of dipeptide 49 to generate modified peptide 51. 

 

3.4  Varying the neighbouring amino acid residue 
 

3.4.1 Non-polar neighbouring amino acids 
 

For broad applicability, the olefination of phenylalanine residues in peptides needed to 

transcend peptides with the Gly-Phe motif. To that end, an investigation into tolerable 

neighbouring amino acids was undertaken. The optimised conditions were applied to a 

series of dipeptides 52-57 where the amino acid residue at the N-terminus was varied to 

other non-polar amino acids, Scheme 68. Non-polar amino acids were chosen due to their 

inert nature. It was anticipated that these amino acids would increase the complexity of the 

peptide structure whilst providing no chemical interference with catalyst or coupling partner.  
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Scheme 68 – Olefination of phenylalanine residues neighbouring non-polar amino acids in dipeptides. 

 
As in Section 3.2 above, modified peptides were fully characterised by NMR spectroscopy. 

The appearance of the two doublets in each 1H NMR spectrum associated with trans 

alkenes present confirmed the olefination had taken place. Analysis of the 19F NMR 

spectrum showed a new peak (ca. 62 ppm) in each case. The olefination of dipeptides 49 

and 52-57 proceeded smoothly when exposed to the reaction conditions developed in 

Section 3.3, producing olefinated peptides 51 and 58-63 in 62-77% yields. 

 

The modification of Ac-Phe-Phe-OMe 62 represents an interesting example due to the 

presence of another phenylalanine residue with the potential for olefination. In this instance, 
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the olefination was observed only on the residue towards the C-terminus and yielded 

modified peptide 62 in a 62% yield. This result was confirmed by the analysis of the HMBC 

spectrum, which contained cross-peaks connecting the 4° carbon with CH2 (blue) and CH2 

with C=O (green) as demonstrated in Figure 20. 

 

 

Figure 20 – HMBC spectrum revealed coupling on modified peptide 62. 

 

The olefination of dipeptide Ac-Pro-Phe-OMe 57 which generated modified peptide 63 

represents another significant example. Our group previously reported the olefination of Ac-

Pro-Phe-OMe 57 with styrene in a very low yield of the modified peptide. However, in the 

reaction with ESF an improved 41% yield of the modified peptide was achieved.  

 

As well as neighbouring amino acids, the effect of moving the phenylalanine residue to the 

N-terminus was also evaluated. The peptide Ac-Val-Phe-OMe 53 was demonstrated above 

to undergo modification to the mono-olefinated structure effectively. The dipeptide 64, which 

displays the reverse sequence, was exposed to the reaction conditions as shown in 

Scheme 69. No olefinated products of the corresponding modifeid peptide 65 were 

observed in the crude yield. Furthermore, when the amino ester Ac-Phe-OMe 66 was 

exposed to the reaction conditions, the olefination reaction did not proceed to yield modified 

amino acid 67 and the starting compound was recovered. In conjunction with modified 

peptide 62, where no olefination at the N-terminus was observed, this result supports the 

theory that phenylalanine residues at the N-terminus of peptide cannot be olefinated by this 

protocol. 
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Scheme 69 – Investigation into olefination at N-terminal phenylalanine residues. 

 

3.4.2 Polar neighbouring amino acids 
 

Non-polar amino acids account for less than half of the naturally occurring residues. To 

further broaden the scope of the method, a series of dipeptides 68-72 containing 
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Scheme 70 – An investigation into the limitations of the neighbouring amino acid in the olefination reaction. 

 
Upon exposure to the reaction conditions, none of the peptides 68-72 were modified with 

aryl VSF. Peptides 68-72 did not yield expected modified peptides 73-77. In each case an 

intractable mixture was produced, and no experimental data could be salvaged. However, 

information can still be garnered from this result. In some cases, the presence of a 

heteroatom is the only change in the peptide structure from those peptides modified in 

Section 3.4.1 meaning that its presence is likely the reason for a change in outcome. 

Heteroatoms have the potential to poison the reactive catalytic species or even direct the 

reactive catalysts away from the intended reaction site. It must also be noted that ESF is 

an exceptional Michael acceptor,150 meaning that any good nucleophilic species could react 

with ESF before the olefination could occur, however no evidence of this was found in the 

intractable mixture of products. 
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The extra aromaticity in dipeptides Ac-Trp-Phe-OMe 68 and Ac-Tyr-Phe-OMe 69 was not 

deemed to be problematic as modified peptide 62 was formed from its corresponding 

dipeptide without issue. The structural similarity demonstrated in Figure 21 between Ac-

Tyr-Phe-OMe 69 and Ac-Phe-Phe-OMe 62 provides compelling evidence that olefination 

was not facilitated on peptide 69 due to limitations involving the presence of a heteroatom. 

 

Figure 21 – Structural similarities between Ac-Phe-Phe-OMe 62 and Ac-Tyr-Phe-OMe 69. 

 
The olefination of Ac-Cys-Phe-OMe 71 also did not yield the desired modified peptide. 

Cysteine contains an extremely good nucleophile in the form of R-SH which may provide 

some justification for the result. Interestingly, Ac-Met-Phe-OMe 70 did not generate the 

expected olefination product when subjected to the olefination conditions. The research 

group had previously reported the olefination of Ac-Met-Phe-OMe 70 with styrene in good 

yield126 and it was expected that this modification with ESF could be facilitated. It was not 

possible to identify the peptide starting material or ESF in the crude NMR spectra and it 

was concluded that methionine is not a compatible neighbour to phenylalanine in olefination 

reactions with ESF under the developed protocol. 

 

Boc-Ser-Phe-OMe 72 was also evaluated and yielded no significant result. The change in 

N-protecting group was potentially the reason the absence of reaction. However, similar to 

the other polar amino acids above, the presence of the free heteroatom in the hydroxyl 
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unprotected heteroatoms are beyond the scope of the developed reaction conditions at this 
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stage. It therefore followed that a protecting group strategy might be employed as a way of 

increasing the applicability of the method. 

 

3.5 Protecting Group Scope 
 

The model dipeptide in this study contained an N-acetyl protecting group. This functionality 

was an excellent starting point for the investigation due to its ability to withstand a wide 

range of chemical transformations. The conditions used to carry out the C-H 

functionalization were therefore unlikely to cause deterioration of the model starting 

material. However, the amide bond formed upon installation of the N-acetyl is difficult to 

selectively cleave over other present peptide bonds. Furthermore, amide cleavage 

generally requires refluxing in 10% NaOH overnight or exposing to concentrated HCl in a 

sealed vessel. Both of these processes are considered harsh conditions for biological 

molecules. As a result, in most cases of peptide bond formation, protecting acetyl groups 

are circumvented to avoid complicated cleavage processes. The dipeptide also contained 

a C-terminal methyl ester protecting group. Similarly, this was picked for its stability and 

subject to the same pitfalls as the acetyl protecting group. It is not often used as a carboxylic 

acid protecting group when the acid requires revealing post synthesis in complex structures. 

 

Solid phase peptide synthesis, which represents one of the most important examples of 

protecting group chemistries employed in large scale industrial processes, utilises a variety 

of other N-protecting groups. Standard SPPS uses two orthogonally reactive strategies in 

the acid labile tBu/Boc groups and base labile Fmoc groups. These protecting groups are 

used in tandem, generally employing the Fmoc group as the N-terminal protecting group 

whilst the tBu/Boc or other acid labile groups such as Cbz or Trt are used to protect 

functionality present on side chains.  

 

In order to broaden the applicability of the method, the conditions were then applied to a 

series of dipeptides 78-81 where the N-terminal protecting acetyl group had been 

substituted for other protecting groups, Scheme 71. Protecting groups Fmoc, Boc, Cbz and 
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Phth were evaluated as these are generally the most common nucleophile protecting 

groups used in SPPS. All these protecting groups form carbamates when installed onto the 

amino functionality in peptides. 

 

 

Scheme 71 – Olefination of N-terminally protected dipeptides. 

 
For the attempted reaction of Boc-Gly-Phe-OMe 81 with ESF, a 1H NMR spectrum of the 

crude residue revealed that no C-H functionalization had taken place and expected peptide 

85 had not been synthesised. The usual characteristic doublet of doublets peaks at 6.85 

ppm (J = 15.3 Hz) corresponding to the trans alkene associated with aryl VSF was not 

present in the spectrum. Furthermore, the spectrum suggested that the Boc protecting 

group had been removed during the reaction due to the lack of a 9H singlet at 1.40 ppm. 
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dipeptide Phth-Gly-Phe-OMe 81 was also modified to form peptide 84 and isolated in good 

yield which was significant as the reaction between dipeptide 81 and styrene in a previous 

study126 had yielded no olefinated product.  

 

Dipeptides 86 and 87 with differing ester protecting groups on the C-terminus were then 

exposed to the optimised reaction conditions, Scheme 72. Along with the methyl ester 

present in the model dipeptide, ethyl and tert-butyl esters were evaluated. 

 

Scheme 72 – Olefination of C-terminally protected dipeptides. 

 
Olefination of Ac-Gly-Phe-OEt 86 proceeded well, yielding olefinated peptide 88 in a 55% 

yield. However, when exposed to the olefination conditions, the peptide Ac-Gly-Phe-OtBu 

87 did not yield the expected modified peptide 89. Moreover the starting material was not 

recovered, with 1H NMR spectroscopy showing that the tert-butyl ester had not survived the 

reaction conditions. 
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deprotection of such functionality in SPPS involves the exposure to dilute trifluoroacetic 

acid.  

 

The reaction conditions developed previously involved the use of HFIP as solvent which 

can be considered acidic, particularly at elevated temperatures.168 An investigation was 

therefore devised to determine if HFIP was necessary for the reaction to proceed. If this 

was the case,  the concentration of HFIP could potentially be lowered and used as an 

additive rather than solvating agent. During the optimisation in Section 3.3, DCE had 

performed well as a solvent, being outperformed only by HFIP. A solvent system 

incorporating both solvents could provide a system that did not cleave acid labile groups. 

 

Whilst it was important to decrease the acidity of the solvent, it was also imperative that this 

was not significantly detrimental to reactivity. Demonstrated in Table 7 below, the model 

dipeptide 49 was exposed to the same reaction conditions developed in the optimisation, 

altering only the solvent system in each case.   

 

Table 7 – Effect of altering solvent composition on % conversion of 49. 

 
Run % HFIP % DCE % Conversion 

A 0 100 50* 

B 100 0 >95* 

C 50 50 >95* 

D 25 75 >95* 

E 10 90 >95* 
*Conversion determined by crude 1H NMR data. 

 



 103 

Complete elimination of HFIP was attempted first. This led to a conversion of 50% of the 

starting material to the mono-olefinated product, implying that HFIP was imperative for good 

conversion. Therefore a mixed solvent system would be required. A 1:1 mixture was then 

used as solvating agent which proceeded well, yielding the same result that using neat HFIP 

produced. 

 

As a result, further solvent systems with increasing dilution factors were employed. A 

dilution factor of 4, and more impressively 10 yielded results on a par with neat HFIP. This 

indicated that HFIP could be used much more sparingly in DCE without significantly altering 

the reactivity.  

 

3.7 Re-evaluating the olefination of peptides with acid-labile protecting 
groups.  

 

Once it had been established that the modification would proceed well with the new solvent 

system outlined in Section 3.6, the experiments which previously did not yield the desired 

modified peptides were re-examined. The new solvent system was used in these cases 

whilst controlling all other reaction variables. These results can be seen in Scheme 73 

below. 
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Scheme 73 – Olefination of peptides containing acid-labile groups using the co-solvent system. 
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To this end, a series of polar peptides 90-93, Scheme 74, encompassing different types of 

polar amino acids was synthesised as a means to fully evaluate the theory that all amino 

acids would tolerate the olefination conditions. The dipeptides were synthesised by solution-

phase peptide sythesis as in Section 3.2. 

 

 

Scheme 74 – Synthesis of polar amino acid containing dipeptides. 
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heteroatoms were also chosen. Fmoc-Ser(tBu)-Phe-OMe 90 represented an example of a 

peptide with a protected hydroxyl group as an ether and Boc-Asp(OtBu)-Phe-OMe 91 

contains a carboxyl group protected as a tert-butyl ester. Boc-Lys(Boc)-Phe-OMe 92 
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contains a primary amine protected as a carbamate. Additionally, the perceived problematic 

modification of a peptide with the neighbouring amino acid, arginine in Fmoc-Arg(Pbf)-Phe-

OMe 93 was investigated. 

 

The dipeptides were then exposed to the reaction conditions as outlined in Scheme 75. 

Modified dipeptide charaterisation was carried out in accordance with previous dipeptides. 

The reaction between Ac-Met-Phe-OMe 70 and ESF once again yielded an intractable 

mixture of products. Analysis of the crude 1H NMR and 19F NMR spectra provided no 

evidence that the olefination reaction had been successful. This conclusion was supported 

by the lack of the characteristic peak indicative of an installed sulfonyl fluoirde at 

approximately 60 ppm in the 19F NMR. However, when exposed to the developed reaction 

conditions, olefination of dipeptides 90-92 proceeded well to yield modified peptides 94-96. 

Although the yields were lower than those of the non-polar peptides, they were regarded 

favourably when considering the increased complexity of the reaction that is introduced by 

adding polar, reactive handles.  

 

Disappointly, exposure of the arginine containing peptide 93 to the reaction conditions did 

not geneate the desired olefinated product 97. An intractable mixture of products was 

obtained from the reaction mixture. The guanidine functionality present on the arginine side-

chain is problematic even when protected due to its instability to relatively mild reaction 

conditions. Chelation or poisoning of the catalyst is also still a real possibility on the 

protected residue which could decrease the catalytic acivity.  
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Scheme 75 – Olefination of dipeptides containing protected polar amino acids. 

 

Modified peptide 94, synthesised from Fmoc-Ser(tBu)-Phe-OMe 90 was a particularly 

satisfying result considering previous findings that Boc-Ser-Phe-OMe 72 had not been 

succesfully olefinated. This represents a clear step forward in broadening applicability 

acheieved by the introduction of a modified solvent system. Another noteworthy result was 

the successful modification of phenylalanine in the presence of lysine residues to form 

modified peptide 96. The nucleophilicity of the amine on a side-chain is a reactive handle 

that we were interested in exploiting post-modification. This will be discussed in detail vida 

infra.  
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3.9 Exposure of other aromatic residues to the developed conditions 
 

The olefination of other aromatic residues was then attempted using the developed reaction 

conditions. Like model dipeptide 49, dipeptides 98 and 47 were identified as synthetic 

targets to determine if the scope of the developed reaction extended to these residues, 

Figure 22. 

 

 

Figure 22 – Corresponding dipeptide models targeted for the investigation into the scope of the aromatic 
residue. 

 

In the case of tyrosine containing peptide 98, the phenol functionality was protected as an 

ether whilst in the example of tryptophan containing peptide 47, the indole was protected 

by a Boc protecting group. The synthesis of tyrosine containing compound 98, Scheme 

76A, was facilitated by a routine solution-phase peptide synthesis of commercially sourced 

protected tyrosine methyl ester 99. The dipeptide Ac-Gly-Trp(Boc)-OMe 47 was 

synthesised as in Scheme 76B in the same manner as described in Section 2.4. The 

dipeptide intermediate 46 was synthesised in good yield before the protection of the indole 

nitrogen to yield target dipeptide 47 was carried out.  
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Scheme 76 – Synthesis of peptides containing other aromatic residues [A] tyrosine and [B] tryptophan. 

 

With the target peptides 98 and 47 in hand, both were exposed to the reaction conditions 

developed for the modification of phenylalanine residues, Scheme 77. The amended 

solvent system was used to nullify the potential cleavage of the protecting groups on the 

aromatic systems. When the tyrosine containing peptide 98 was exposed to the conditions, 

the reaction proceeded smoothly to generate modified dipeptide 100 in good yield. The 

olefination was determined to take place at the ortho site on tyrosine by the analysis of the 

HMBC spectrum of 100. This result is significant as it broadens the scope of the reaction to 

include another residue which can be modified. Upon exposure to the reaction conditions, 

tryptophan containing peptide 47 did not yield the anticipated modified dipeptide 101. An 

intractable mixture of products was obtained, and the starting material peptide could not be 

recovered. 
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Scheme 77 – Peptides 98 and 47 containing different aromatic residues exposed to the developed olefination 
conditions.  

 

3.10 Tripeptides and tetrapeptides 
 

The olefination of dipeptides containing phenylalanine residues with ESF has been 

rigorously explored above. It was then appropriate to improve the viability of the method by 

moving towards tri- and tetra-peptides, the next logical step when increasing the complexity. 

Modification on longer peptides significantly increases the difficulty as each new residue 

installed introduces a further amide as a minimum. Depending on the residue added, more 

reactivity is potentially introduced via the side chain. 

 

3.10.1 Synthetic routes to tri- and tetra-peptides 
 

The synthesis of dipeptides is straightforward and arguably time cost effective to synthesise 

in solution phase. However, increasing chain length is significantly more challenging with 

every step. The difficulties arise in solution-phase peptide bond forming reactions as the 

molecular weight of the reactants increases. The work-up and purification processes also 

become problematic. To avoid these complications, solid-phase peptide synthesis was 

employed.  
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Figure 23 – An example of a commercially available resin loaded with an amino acid. 

 

From Section 3.8, it was identified that a fully protected peptide was necessary in order to 

facilitate olefination on phenylalanine residues neighbouring polar amino acids. This meant 

that a resin and linker combination that could be cleaved from the peptide using a base, or 

a weak acid was required. The identity of the desired product of the cleavage step was then 

considered. If the peptide could be isolated as a protected peptide-acid, an esterification or 

final solution-phase coupling would give the required protected peptide. 2-Cl-Trt resins, 

each pre-loaded with one of the naturally occurring amino acids were readily available and 

cheap to source from a chemical vendor, Figure 23. After assembly on-resin, when 

exposed to 25% HFIP in DCM, the peptide resin bond is cleaved and removal of volatiles 

in vacuo yields the peptide as a side-chain protected peptide-acid, Scheme 78. 

 

 

Scheme 78 – When exposed to the cleavage cocktail, the peptide-resin link is cleaved generating a protected 
peptide-acid. 

 

Once this compound is isolated, a final manipulation must take place, the nature of which 

depends on the polarity of the residues in the peptide. If there are no protecting groups 

present i.e., in peptides with non-polar residues only, esterification of the carboxylic acid at 

the C-terminus can be carried out by exposure to thionyl chloride in methanol. However, if 

polar amino acids with acid labile protecting groups are present, the C-terminal residue 

must be installed by solution-phase peptide synthesis.  
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3.10.2 Synthesis of tri- and tetra-peptides 
 

Tri- and tetrapeptides were selected for this study in order to gain information about the 

method viability of the olefination protocol. Initially non-polar tripeptides 102-104 were 

chosen as these were deemed to be the simplest substrates upon which to test the method. 

A tripeptide 105 and two tetrapeptides, 106 and 107, containing lysine were also chosen to 

further broaden applicability. If the successful modification of 103-107 could be proven, 

these compounds would be used in a future experiment vide infra. The synthesis of peptides 

102-107 can be seen in Scheme 79.  
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Scheme 79 – Peptides synthesised in this study using SPPS. [A] highlights the capping step required for non-
polar peptides 102-104 to install a methyl ester at the C-terminus. [B] demonstrates the capping step required 
for polar peptides 105-107 by the installation of an extra amino ester at the C-terminus. Yields are reported for 
the overall synthesis and capping of the peptide. 

 

Non-polar peptides 102-104 were synthesised from preloaded 2-Cl-Trt resin and elongated 

until the desired peptide chain had been assembled. The peptide was cleaved from the 

resin yielding a non-polar peptide acid which was then esterified with thionyl chloride in 
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fashion. However, upon peptide cleavage, the final residue was installed on the C-terminus 

by solution phase peptide synthesis, Scheme 79B. All peptides where fully characterised 

by NMR spectroscopy and HRMS was used to corroborate successful syntheses.  

 

3.10.3 Olefination of tri- and tetra-peptides 

 

Olefination of non-polar tripeptides 102-104 was carried out using conditions developed 

earlier in the study as in Scheme 80. The modified peptides were fully characterised as in 

accordance with peptide 51 in Section 3.2. 

 

 

Scheme 80 – Olefination of phenylalanine residues at different positions on non-polar tripeptides. 

 

When the residue was placed in the middle of the peptide or at the C-terminus, olefination 

proceeded well producing modified peptides 108 and 109 in good yield. However, where 

the phenylalanine residue was situated at the N-terminus no olefination reaction was 

observed to have taken place and peptide 110 was not synthesised. This result provides 

further evidence that the phenylalanine residue can potentially be situated anywhere except 

for the N-terminus in a peptide chain and modified using the developed method. 

Significantly, the result proves that modification on longer chained peptides is achievable 

and broadens method applicability. 
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Scheme 81 – Olefination of protected polar tri- and tetra-peptides 

 
Moreover, polar tri- and tetra-peptides were also modified with ESF using the C-H 

olefination reaction, Scheme 81. The polar peptides 105-107 were found to react cleanly to 

give modified peptides 111-113 in fair yields. No breakdown of starting material to 

unprotected peptide was observed. The successful olefination of tri-and tetra-peptides 

suggests that the method developed in this section is robust and likely viable for the 

modification of penta-peptides and further oligopeptides beyond. 
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the olefination of phenylalanine in peptides containing arginine residues had already been 

proven to be problematic, it was hoped that by locating the residues on each end of the 

peptide chain, any issues caused by the arginine residue would be diluted. 

 

Figure 24 – Peptide containing biologically relevant RGD motif for modification by developed protocol. 

 

Protected RGD peptide 114 was exposed to the reaction conditions developed in the study, 

Scheme 82. The DCE/HFIP solvent system was used due to the presence of polar residues 

in the peptide sequence. Upon removal of the metal salts and volatiles from the reaction 

mixture, a crude HRMS was taken. The NMR spectra for this compound appeared to show 

little or no olefination had taken place and consisted of mainly starting material. However, 

a parent peak [M+H]+ in the spectrum for 115 of 966.3756 was found, providing evidence 

that the modification attempt had likely been successful. Due to the time constraints of the 

project, an effort to purify the modified peptide was not attempted.  

 

 

Scheme 82 – The olefination of RGD peptide 114 containing a C-terminal phenylalanine residue. 
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3.11 Mechanism 
 

A significant proportion of the mechanistic pathway of the olefination of phenylalanine 

containing peptides is still not completely understood. However from the experimental 

findings, it is possible to suggest a plausable catalytic cycle for the olefination of 49 with 

ESF, Scheme 83. 

 

Upon addition of peptide 49, the palladium catalyst is coordinated via the amide nitrogen 

atoms. Deprotonation of the first amide is facilitated by the presence of an acetate ligand 

which dissociates. The ortho C(sp2)-H bond is positioned in close proximity to the metal 

centre as a result of the chelation. The C-H activation then takes place via a concerted 

metallation deprotonation mechanism. The final protonated acetate ligand dissociates as 

ESF approaches. A formal bond to palladium is made along with a new C-C bond between 

the phenyl ring and the alkene. The alkene is then reformed as a result of β-hydride 

elimination which dissociates from the catalyst to give the desired product 51. The catalyst 

is regenerated by oxidation using AgOAc. From here the catalytic cycle is repeated on new 

starting material or mono-olefinated peptide to yield the diolefinated product. 
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Scheme 83 – Proposed catalytic cycle of the olefination of dipeptide 49. 

 
 
3.12 Conclusion 
 

In summary, a novel protocol has been described which installs the SuFEx-able hub, aryl 
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the reaction conditions (Scheme 68 and Scheme 75). Commonplace peptide protecting 

groups (Scheme 71 and Scheme 72), position of residue (Scheme 80) and length of 

peptide (Scheme 81) have been extensively evaluated. Modification occurred in good yield 

on a range of different peptide substrates. The modification of tyrosine residues using the 

developed method has also been reported as in Scheme 76.  
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The procedure has been used to modify peptides at phenylalanine residues which are 

otherwise unreactive. The introduction of a new reactive handle, which can undergo SuFEx 

click chemistry transformations to generate further diverse structures is a significant step 

forward in the post-synthetic modification of peptides by C-H functionalization. Some of the 

structures synthesised in this section will be used in future chapters to achieve other aims 

outlined in Section 1.5. 
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3.13 Experimental 
 

3.13.1 General Information 
 
All reagents and solvents were purchased from Alfa Aesar, Fischer Scientific, Fluorochem 

or Merck and used as provided. Chemical manipulations were carried out in oven-dried 

glassware and in an atmosphere of air unless otherwise stated. Flash column 

chromatography was performed manually on silica gel (Fluorochem silica gel 60 A particle 

size 40-63 µm) or on a Biotage® Isolera One auto column using Biotage® Sfar silica Duo 

pre-loaded flash columns. Thin layer chromatography was carried out on glass-backed 

silica gel plates (2.5 x 7.5 cm; Merck, TLC silica gel 60 Å). Compounds were visualised on 

TLC plates by exposure to UV light (254 nm). NMR spectra were recorded on a JEOL ECX 

or ECZ 400 Spectrometer at 298K. Chemical shifts are reported in parts per million and 

coupling constants are reported in Hz. For some compounds, it was necessary to use 1H-
1H COSY, 1H-13C HMQC and 1H-13C HMBC 2D NMR experiments in order to aid 

assignment. FTIR spectra were recorded on an Agilent Cary 630 FTIR spectrometer and 

wavenumbers are reported to the nearest whole number. Melting points of compounds were 

obtained using a Stuart SMP10 melting point apparatus. High-resolution mass spectrometry 

was obtained from the EPSRC UK National Mass Spectrometry Facility at Swansea 

University on an LTQ Orbitrap XL 1, using positive electrospray ionisation (ESI+). 
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3.13.2 Synthesis of peptides 
 
3.13.2.1 General procedure for the solution-phase synthesis of dipeptides 
 

 
 
The L-amino ester hydrochloride salt (2.50 mmol) and K2CO3 (3.60 mmol) were dissolved 

in distilled water (30 mL) and stirred at room temperature for 20 min. The free amino ester 

was then extracted into Et2O (3 x 20 mL) before the organic layers were combined, dried 

(MgSO4) and concentrated in vacuo. The resulting colourless oil was dissolved in CH2Cl2 

(30 mL) and treated with N-protected amino acid (1.0 mmol), HCTU (1.00 mmol) and DIPEA 

(1.00 mmol) before stirring for 12 h. The reaction mixture was then quenched with CH2Cl2 

(30 mL), then washed with 1M HCl (25 mL), sat. NaHCO3 (3 x 25 mL) and distilled water 

(25 mL). The organic layer was dried (MgSO4) and concentrated in vacuo before the 

resulting oil was recrystallised from CH2Cl2 / hexanes. 

 

3.13.2.2 General procedure for the solid-phase synthesis of phenylalanine 
containing tri- or tetrapeptides 

 
Solid-phase peptide synthesis was carried out on a Biotage® Initiator+ SP wave semi-

automated peptide synthesiser. All syntheses were performed on a 0.2 mmol scale using 

standard Fmoc/tBu chemistry. Mixing was performed in the microwave cavity by vortexing 

the reaction vessel at 500 rpm. 2-chlorotrityl resin, preloaded with the relevant amino acids 

were swelled in DMF for 30 mins prior to reaction. Fmoc-protected amino acids (0.2 M) 

were activated using HBTU (0.228 g, 0.600 mmol) and DIPEA (0.209 mL, 1.20 mmol) in 

DMF (3 mL) for 2 min before microwave-assisted synthesis at 75 ºC for 5 min. N-terminal 

Fmoc deprotection was achieved by exposing the resin to 20% piperidine in DMF for 3 min 

before draining, followed by a further 10 min at room temperature then draining. N-acetyl 

capping was performed by introduction of 3:2 acetic acid / pyridine capping solution to the 

resin for 30 min. After every step the resin was washed with DMF (4 x 5 mL). The target 

elongated peptide chain on resin was washed with CH2Cl2 (2 x 5 mL) prior to cleavage. 

 

    
 

Cleavage of the elongated peptide from the resin was carried out by stirring the resin in 

cleavage cocktail 25%(w/w) HFIP in CH2Cl2 (7.5 mL) for 30 mins. The cocktail was then 
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filtered, and the resin washed with MeOH (3 x 10 mL) and CH2Cl2 (3 x 10 mL). The resin 

was then exposed to fresh cleavage cocktail (7.5 mL) for a further 1 hr before the solution 

was filtered and the resin washed with MeOH (3 x 10 mL) and CH2Cl2 (3 x 10 mL). The 

filtrates were then combined, and solvent removed in vacuo yielding the peptide acid. 

 

3.13.2.3 Peptides containing non-polar amino acids 
 

 
 
Esterification of non-polar tri-/tetrapeptides was achieved by dissolution of the peptide acid 

in MeOH (10 mL) at 0 ºC. The solution was then treated with the dropwise addition of SOCl2 

(0.087 mL, 1.20 mmol) and stirred for 1 hr before allowing the reaction to warm to room 

temperature and stirring for a further 16 hr. The solvents were then removed in vacuo and 

the crude white solid residue was dissolved in CH2Cl2 (20 mL), washed with sat. NaHCO3 

solution (3 x 5 mL) and distilled water (1 x 5 mL). The organic layer was then dried (MgSO4) 

and concentrated in vacuo to yield the non-polar tri-/tetrapeptide and a white solid.  

 

3.13.2.4 Peptides containing polar protected amino acids 
 

 
 

The L-phenylalanine methyl ester hydrochloride salt (0.100 g, 0.50 mmol) and K2CO3 (0.108 

g, 0.720 mmol) were dissolved in distilled water (20 mL) and stirred at room temperature 

for 20 min. The free amino ester was then extracted into Et2O (3 x 10 mL) before the organic 

layers were combined, dried (MgSO4) and concentrated in vacuo. The resulting colourless 

oil was dissolved in CH2Cl2 (30 mL) and treated with N-acetyl protected peptide-acid, HBTU 

(0.076 g, 0.20 mmol) and DIPEA (0.035 mL, 0.20 mmol) before stirring for 16 h. The reaction 

mixture was then quenched with CH2Cl2 (30 mL) and washed with 1M HCl (15 mL), sat. 

NaHCO3 (3 x 15 mL) and distilled water (15 mL). The organic layer was dried (MgSO4) and 

concentrated in vacuo. The resulting oil was then recrystallised from CH2Cl2 / hexanes. 
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3.13.2.5 Ac-Gly-Phe-OMe (49) 

 
Known compound. Peptide 49 was synthesised from L-phenylalanine methyl ester 22 

hydrochloride (0.539 g, 2.50 mmol) and N-acetyl glycine 26 (0.117 g, 1.00 mmol) using the 

procedure outlined in Section 3.13.2.1. The crude compound was recrystallised from 

CH2Cl2 / hexanes to afford 49 as a white solid (0.234 g, 84%); m.p. 95-97 °C. Rf = 0.15 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 2.01 (3H, s, acetyl-CH3), 3.08 (1H, dd, J = 14.0, 6.2, Phe-

CHH), 3.15 (1H, dd, J = 14.0, 5.7, Phe-CHH), 3.74 (3H, s, ester-CH3), 3.84-3.96 (2H, m, 

Gly-CH2), 4.87 (1H, dt, J = 7.8, 6.0, Phe-a-CH), 6.24 (1H, br t, J = 5.4, Gly-NH), 6.46 (1H, 

br d, J = 7.8, Phe-NH), 7.07-7.13 (2H, m, Ar-H), 7.22-7.34 (3H, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 37.8 (Phe-CH2), 43.1 (Gly-CH2), 52.5 

(ester-CH3), 53.2 (Phe-a-CH), 127.3 (Ar C), 128.7 (Ar C), 129.2 (Ar C), 135.5 (4° Ar C), 

168.4 (C=O), 170.5 (C=O), 171.6 (C=O). 

 

IR umax/cm-1 (solid) 3299 w (N-H), 3068 w (C-H), 2952 w (C-H), 1711 s (ester C=O), 1655 s 

(amide C=O), 1543 s (C=C), 1260 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C14H19N2O4: 279.1345, found: 279.1345. 
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3.13.3 Olefination of peptides 
 

3.13.3.1 General procedure for the olefination of phenylalanine containing ‘non-
polar’ peptides using ethene sulfonyl fluoride as a coupling partner 

 

 
 

Non-polar amino acid containing peptide (0.30 mmol), Pd(OAc)2 (0.024 g, 0.11 mmol, 35 

mol%), AgOAc (0.250 g, 1.50 mmol) and ESF (0.049 mL, 0.60 mmol) were dissolved in 

HFIP (3 mL) and stirred at 80 ºC in a sealed vial for 12 h. The resulting mixture was filtered 

through a Celite plug and the filtrate was concentrated in vacuo. The crude product was 

then purified by flash column chromatography before recrystallised from CH2Cl2 / hexanes. 

 

3.13.3.2 General procedure for the olefination of phenylalanine containing ‘polar’ 
peptides using ethene sulfonyl fluoride as a coupling partner 

 

 
 

Polar amino acid containing peptide (0.20 mmol), Pd(OAc)2 (0.016 g, 0.07 mmol, 35 mol%), 

AgOAc (0.167 g, 1.00 mmol) and ESF (0.034 mL, 0.40 mmol) were dissolved in 9:1 

DCE/HFIP (2 mL) and stirred at 80 ºC in a sealed vial for 12 h. The resulting mixture was 

filtered through a Celite plug and the filtrate was concentrated in vacuo. The crude product 

was then purified by flash column chromatography before being recrystallised from CH2Cl2 

/ hexanes. 
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3.13.3.3 Olefination of model dipeptide 49; synthesis of modified peptides 51 and 
51’ 

 

 
 
Modified dipeptide 51 was synthesised from Ac-Gly-Phe-OMe 49 (0.084 g, 0.300 mmol) 

and ESF 50 (0.050 mL, 0.600 mmol) according to the procedure outlined in Section 
3.13.3.1. The resulting crude product contained a mixture of mono-olefinated 51 and di-

olefinated 51’ peptides in an 8:1 ratio. Purification by flash column chromatography (8:2 

EtOAc / Pet. Ether 40-60 °C) followed by recrystallisation from CH2Cl2 / hexanes gave 51 

as an off-white solid (0.089 g, 77%) m.p. 138-140 ºC, Rf = 0.30 (8:2 EtOAc / Pet. Ether 40-

60 °C). 

 

Data for 51: 
1H NMR (400 MHz, CDCl3) d 2.00 (3H, s, acetyl-CH3), 3.22 (1H, dd, J = 14.4, 6.5, Phe-

CHH), 3.36 (1H, dd, 14.4, 6.0, Phe-CHH), 3.70 (3H, s, ester-CH3), 3.84 (1H, dd, J = 16.8, 

5.0, Gly-CHH), 3.96 (1H, dd, J = 16.8, 5.5, Gly-CHH), 4.79 (1H, dt, J = 7.3, 6.5, Phe-a-CH), 

6.63 (1H, br t, J = 5.0, Gly-NH), 6.88 (1H, dd, J = 15.3, 2.5, alkene-CH), 7.20 (1H, d, J = 

7.8, Phe-NH), 7.25 (1H, dd, J = 7.7, 1.0, Ar-H), 7.35 (1H, dt, J = 7.6, 1.0, Ar-H), 7.45 (1H, 

dt, J = 7.6, 1.4, Ar-H), 7.59 (1H, dd, J = 8.0, 0.9, Ar-H), 8.12 (1H, d, J = 15.3, alkene-CH).  

 
13C NMR (100 MHz, CDCl3) d 22.8 (acetyl-CH3), 34.7 (Phe-CH2), 43.0 (Gly-CH2), 52.7 

(ester-CH3), 53.4 (Phe-a-CH), 119.4 (d, 3JCF = 27.9, alkene-CH),127.4 (Ar C), 128.1 (Ar C), 

130.2 (4º Ar C), 131.5 (Ar C), 132.4 (Ar C). 137.3 (4º Ar C), 145.7 (d, 4JCF = 1.9, alkene-

CH), 169.0 (C=O), 170.9 (C=O), 171.1 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.0 (s). 

 

IR umax/cm-1 (solid) 3314 w (N-H), 3071 w (C-H), 2952 w (C-H), 1730 m (ester C=O), 1640 

s (amide C=O), 1531 s (C=C), 1405 s (S=O), 1259 s (C-O), 1189 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C16H20N2O6SF: 387.1026, found: 387.1027. 
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Data for 51’: 
Purification by flash column chromatography (70% EtOAc in pet. ether) followed by 

recrystallisation from CH2Cl2 / hexanes gave modified peptide 51’ as an off-white solid 

(0.015 g, 10%) m.p. 194-196 ºC, Rf = 0.45 (85% EtOAc in pet. ether). 

 
1H NMR (400 MHz, CDCl3) d 2.02 (3H, s, acetyl-CH3), 3.34 (1H, dd, J = 14.9, 8.0, Phe-

CHH), 3.48 (1H, dd, J = 14.9, 5.5, Phe-CHH), 3.77 (3H, s, ester-CH3), 3.88 (2H, d, J = 5.5, 

Gly-CH2), 4.68 (1H, dt, J = 8.0, 5.5, Phe-a-CH), 6.30 (1H, br t, J = 5.0, Gly-NH), 6.94 (2H, 

dd, J = 15.2, 2.4, alkene-CH), 7.29 (1H, d, J = 8.0, Phe-NH), 7.49 (1H, t, J = 7.8, Ar-H), 7.72 

(2H, d, J = 7.8, Ar-H), 8.25 (2H, d, J = 15.2, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 32.1 (Phe-CH2), 43.1 (Gly-CH2), 53.2 

(ester-CH3), 53.2 (Phe-a-CH), 122.0 (d, 3JCF = 27.9, alkene-C), 128.7 (Ar C), 131.0 (2C, Ar 

C), 132.5 (2C, 4º Ar C), 137.8 (4º Ar C), 145.3 (d, 4JCF = 2.9, alkene-C), 169.1 (C=O), 170.5 

(C=O), 171.0 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 61.7 (s). 

 

IR umax/cm-1 (solid) 3302 w (N-H), 3086 w (C-H), 2956 w (C-H), 1744 m (ester C=O), 1655 

(amide C=O), 1536 m (C=C), 1402 s (S=O), 1290 s (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C18H21N2O8S2F2: 495.0707, found: 495.0703. 
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3.13.4 Synthesis of dipeptides (52-57) 
 
3.13.4.1 Ac-Ala-Phe-OMe (52) 

 
 
Known compound. Peptide 52 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-alanine (0.131 g, 1.00 mmol) using 

the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 

52 as a white solid (0.222 g, 76%); m.p. 124-126 ºC; Rf = 0.30 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.33 (3H, d, J = 7.1, Ala-CH3), 1.97 (3H, s, acetyl-CH3), 3.07 

(1H, dd, J = 14.0, 6.4, Phe-CHH), 3.17 (1H, dd, J = 14.0, 5.5, Phe-CHH), 3.74 (3H, s, ester-

CH3), 4.44 (1H, quin, J = 7.1, Ala-a-CH), 4.84 (1H, dt, J = 7.9, 6.4, Phe-a-CH), 5.96 (1H, br 

d, J = 6.9, Ala-NH), 6.43 (1H, br d, J = 7.9, Phe-NH), 7.08-7.14 (2H, m, Ar-H), 7.23-7.33 

(3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 18.0 (Ala-CH3), 23.2 (acetyl-CH3), 37.7 (Phe-CH2), 48.7 (Ala-

a-CH), 52.5 (ester-CH3), 53.2 (Phe-a-CH), 127.2 (Ar C), 128.6 (Ar C), 129.2 (Ar C), 135.6 

(4° Ar C), 169.9 (C=O), 171.6 (C=O), 171.7 (C=O). 

 

IR umax/cm-1 (solid) 3284 w (N-H), 3064 w (C-H), 2974 w (C-H), 1748 m (ester C=O), 1640 

s (amide C=O), 1543 s (C=C), 1215 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C15H21N2O4: 293.1501, found: 293.1498. 
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3.13.4.2 Ac-Val-Phe-OMe (53) 

 
 
Known compound. Peptide 53 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-valine (0.159 g, 1.00 mmol) using the 

procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 53 

as a white solid (0.163 g, 51%); m.p. 171-173 ºC; Rf = 0.40 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.91 (3H, d, J = 6.3, Val-CH3), 0.93 (3H, d, J = 6.3, Val-CH3), 

1.96-2.08 (4H, m, acetyl-CH3 / Val-CH(CH3)2), 3.08 (1H, dd, J = 14.0, 6.4, Phe-CHH), 3.13 

(1H, dd, J = 14.0, 5.8, Phe-CHH), 3.72 (3H,s, ester-CH3), 4.27 (1H, dd, J = 8.6, 6.9, Val-a-

CH), 4.86 (1H, dt, J = 7.7, 6.1, Phe-a-CH), 6.12 (1H, br d, J = 8.5, Val-NH), 6.38 (1H, br d, 

J = 7.6, Phe-NH), 7.07-7.13 (2H, m, Ar-H), 7.21-7.32 (3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 18.1 (Val-CH3), 19.0 (Val-CH3), 23.2 (acetyl-CH3), 31.2 (Val-

CH), 37.8 (Phe-CH2), 52.3 (ester-CH3), 53.1 (Phe-a-CH), 58.2 (Val-a-CH), 127.2 (4° Ar C), 

128.7 (Ar C), 129.2 (Ar C), 135.5 (4° Ar C), 169.9 (C=O), 170.9 (C=O), 171.6 (C=O). 

 

IR umax/cm-1 (solid) 3306 w (N-H), 3064 w (C-H), 2960 w (C-H), 1733 s (ester C=O), 1633 s 

(amide C=O), 1536 s (C=C), 1211 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H25N2O4: 321.1814, found: 321.1813. 
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3.13.4.3 Ac-Leu-Phe-OMe (54) 

 
 
Known compound. Peptide 54 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-leucine (0.173 g, 1.00 mmol) using 

the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 

54 as a white solid (0.197 g, 59%); m.p. 110-112 ºC. Rf = 0.50 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.85-0.94 (6H, m, Leu-(CH3)2), 1.42-1.53 (1H, m, Leu-CH), 

1.57-1.68 (2H, m, Leu-CH2), 1.97 (3H, s, acetyl-CH3), 3.06 (1H, dd, J = 14.0, 6.6, Phe-

CHH), 3.16 (1H, dd, J = 14.0, 5.5, Phe-CHH), 3.73 (3H, s ester-CH3), 4.42 (1H, dt, J = 8.4, 

5.5, Leu-a-CH), 4.84 (1H, dt, J = 7.7, 6.2, Phe-a-CH), 5.81 (1H, br d, J = 6.9, Leu-NH), 6.47 

(1H, br d, J = 6.9, Phe-NH), 7.08-7.16 (2H, m, Ar-H), 7.21-7.32 (3H, m, Ar-H). 

 

13C NMR (100 MHz, CDCl3) d 22.1 (Leu-CH3), 22.8 (Leu-CH3), 23.1 (acetyl-CH3), 24.7 (Leu-

CH), 37.8 (Phe-CH2), 40.9 (Leu-CH2), 51.5 (Leu-a-CH), 52.4 (ester-CH3), 53.2 (Phe-a-CH), 

127.1 (4º Ar C), 128.6 (Ar C), 129.3 (Ar C), 135.7 (4º Ar C), 170.0 (C=O), 171.6 (C=O), 

171.7 (C=O). 

 

IR umax/cm-1 (solid) 3265 w (N-H), 3068 w (C-H), 2952 w (C-H), 1756 s (ester C=O), 1633 s 

(amide C=O), 1543 s (C=C), 1200 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C18H27N2O4: 335.1971, found: 335.1965. 
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3.13.4.4 Ac-Ile-Phe-OMe (55) 

 
 
Known compound. Peptide 55 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-isoleucine (0.173 g, 1.00 mmol) using 

the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 

55 as a white solid (0.161 g, 48%); m.p. 190-192 ºC; Rf = 0.50 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.85-0.91 (6H, m, Ile-CH3 / Ile-CH3), 1.05-1.18 (1H, m, Ile-

CHH), 1.42-1.51 (1H, m, Ile-CHH), 1.74-1.84 (1H, m, Ile-CH), 2.00 (3H, s, acetyl-CH3), 3.08 

(1H, dd, J = 14.0, 6.1, Phe-CHH), 3.14 (1H, dd, J = 13.7, 7.7, Phe-CHH), 3.73 (1H, s, ester-

CH3), 4.25 (1H, dd, J = 8.6, 6.9, Ile-a-CH), 4.87 (1H, dt, J = 7.9, 6.1, Phe-a-CH), 5.98 (1H, 

d, J =  8.6, Ile-NH), 6.15 (1H, d, J = 7.9, Phe-NH), 7.08-7.13 (2H, m, Ar-H), 7.22-7.33 (3H, 

m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 11.3 (Ile-CH3), 15.2 (Ile-CH3), 23.3 (acetyl-CH3), 24.9 (Ile-

CH), 37.4 (Phe-CH2), 37.9 (Ile-CH2), 52.4 (ester-CH3), 53.1 (Phe-a-CH), 57.5 (Ile-a-CH), 

127.2 (Ar C), 128.7 (Ar C), 129.2 (Ar C), 135.5 (Ar C), 169.8 (C=O), 170.8 (C=O), 171.5 

(C=O). 

 

IR umax/cm-1 (solid) 3261 w (N-H), 3026 w (C-H), 2952 w (C-H), 1741 s (ester C=O), 1648 s 

(amide C=O), 1539 s (C=C), 1215 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C18H27N2O4: 335.1971, found: 335.1965. 

  

Ac N
H

H
N

O
OMe

O



 131 

3.13.4.5 Ac-Phe-Phe-OMe (56) 

 
 
Known compound. Peptide 56 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-phenylalanine (0.207 g, 1.00 mmol) 

using the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes 

yielded 56 as a white solid (0.265 g, 72%); m.p. 178-179 ºC. Rf = 0.30 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.95 (3H, s, acetyl-CH3), 2.93-3.13 (4H, m, Phe-CH2 / Phe-

CH2), 3.69 (3H, s, ester-CH3), 4.62 (1H, dt, J = 7.3, 6.9, Phe-α-CH), 4.75 (1H, dt, J = 7.1, 

6.4, Phe-α-CH), 6.03 (1H, d, J = 7.1, Phe-NH), 6.17 (1H, d, J = 6.9, Phe-NH), 6.98-7.04 

(2H, m, Ar-H), 7.17-7.32 (8H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 23.1 (acetyl-CH3), 37.8 (Phe-CH2), 38.1 (Phe-CH2), 52.3 

(Phe-a-CH), 53.3 (ester-CH3), 54.2 (Phe-a-CH), 127.0 (Ar C), 127.1 (Ar C), 128.6 (Ar C), 

128.6 (Ar C), 129.2 (Ar C), 129.3 (Ar C), 135.5 (4º Ar C), 136.3 (4º Ar C), 169.9 (C=O), 

170.3 (C=O), 171.2 (C=O).  

 

IR umax/cm-1 (solid) 3306 w (N-H), 3034 w (C-H), 2974 w (C-H), 1733 s (ester C=O), 1648 s 

(amide C=O), 1536 s (C=C), 1282 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C21H25N2O4: 369.1814, found: 369.1814. 
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3.13.4.6 Ac-Pro-Phe-OMe (57) 

 
 
Known compound. Peptide 57 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-proline (0.157 g, 1.00 mmol) using 

the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 

57 as a white solid (0.162 g, 51%); m.p. 104-105 ºC. Rf = 0.15 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.70-1.81 (1H, m, Pro-CH2), 1.86-1.97 (2H, m, Pro-CH2), 2.01 

(3H, s, acetyl-CH3), 2.33-2.41 (1H, m, Pro-CH2), 2.97 (1H, dd, J = 14.0, 7.8, Phe-CHH), 

3.21 (1H, dd, J = 14.0, 5.5, Phe-CHH), 3.32 (2H, t, J = 7.0, Pro-CH2), 3.73 (3H, s, ester-

CH3), 4.56 (1H, d, J = 7.8, Pro-a-CH), 4.83 (1H, dt, J = 7.8, 5.5, Phe-a-CH), 7.11-7.16 (2H, 

m, Ar-H), 7.19-7.34 (3H, m, Ar-H), 7.55 (1H, d, J = 7.8, Phe-NH). 

 

13C NMR (100 MHz, CDCl3) d 22.4 (acetyl-CH3), 24.8 (Pro-CH2), 27.0 (Pro-CH2), 37.8 (Phe-

CH2), 48.0 (Pro-CH2), 52.3 (ester-CH3), 53.2 (Phe-a-CH), 59.3 (Pro-a-CH), 126.8 (Ar C), 

128.3 (Ar C), 129.3 (Ar C), 136.3 (Ar C), 170.8 (C=O), 170.8 (C=O), 171.9 (Ar C). 

 

IR umax/cm-1 (solid) 3302 w (N-H), 3034 w (C-H), 2952 w (C-H), 1737 s (ester C=O), 1632 s 

(amide C=O), 1531 s (C=C), 1215 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H23N2O4: 319.1658, found: 319.1654. 
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3.13.5 Synthesis of modified dipeptides (58-63) 
 
3.13.5.1 Ac-Ala-Phe(2-VSF)-OMe (58) 

 

 

Modified dipeptide 58 was synthesised from Ac-Ala-Phe-OMe 52 (0.088 g, 0.30 mmol) and 

ESF 50 (0.049 mL, 0.60 mmol) according to the procedure outlined in Section 3.13.3.1. 

Purification by flash column chromatography (EtOAc) followed by recrystallisation from 

CH2Cl2 / hexanes gave 58 as a light brown solid (0.082 g, 68%); m.p. 172-174 °C; Rf = 0.25 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.33 (3H, d, J = 7.0, Ala-CH3), 1.97 (3H, s, acetyl-CH3), 3.22 

(1H, dd, J = 14.4 , 6.4, Phe-CHH), 3.35 (1H, dd, J = 14.4, 6.2, Phe-CHH), 3.72 (3H, s, ester-

CH3), 4.51 (1H, quin, J = 7.0, Ala-a-CH), 4.77 (1H, dt, J = 7.8, 6.2, Phe-a-CH), 6.32 (1H, d, 

J = 7.6, Ala-NH), 6.87 (1H, dd, J = 15.3, 2.5, alkene-CH), 7.07 (1H, d, J = 7.8, Phe-NH), 

7.26 (1H, dd, J = 7.7, 1.1, Ar-H), 7.34 (1H, dt, J = 7.6, 0.9, Ar-H), 7.43 (1H, dt, J = 7.4, 1.4, 

Ar-H), 7.58 (1H, dd, J = 7.8, 0.9, Ar-H), 8.14 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.1 (Ala-CH3), 23.0 (acetyl-CH3), 34.7 (Phe-CH2), 48.7 (Ala-

a-CH), 52.7 (ester-CH3), 53.3 (Phe-a-CH), 119.5 (d, 3JCF = 27.9, alkene-C), 127.4 (Ar C), 

128.1 (Ar C), 130.2 (4° Ar C), 131.6 (Ar C), 132.3 (Ar C), 137.3 (4° Ar C), 145.7 (d, 4JCF = 

2.9, alkene-C) 170.1 (C=O), 171.1 (C=O), 172.3 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3288 m (N-H), 3030 w (C-H), 2974 w (C-H), 1737 s (ester C=O), 1633 

s (amide C=O), 1521 s (C=C), 1405 m (S=O), 1260 m (C-O), 1197 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H22N2O6SF: 401.1183, found: 401.1179. 
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3.13.5.2 Ac-Val-Phe(2-VSF)-OMe (59) 

 
 
Modified dipeptide 59 was synthesised from Ac-Val-Phe-OMe 53 (0.096 g, 0.30 mmol) and 

ESF 50 (0.049 mL, 0.60 mmol) according to the procedure outlined in Section 3.13.3.1. 

Purification by flash column chromatography (80% EtOAc in Pet. Ether 40-60 °C) followed 

by recrystallisation from CH2Cl2 / hexanes gave 59 as a light brown solid (0.095 g, 74%); 

m.p. 210-212 °C; Rf = 0.40 (80% EtOAc in Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 0.90-0.95 (6H, m, Val-(CH3)2), 1.97-2.08 (4H, m, acetyl-CH3 / 

Val-CH, 3.20 (1H, dd, J = 14.4, 6.4, Phe-CHH), 3.34 (1H, dd, J = 14.4, 6.0, Phe-CHH), 3.73 

(3H, s, ester-CH3), 4.28 (1H, dd, J = 8.7, 7.1, Val-a-CH), 4.81 (1H, dt, J = 7.8, 6.4, Phe-a-

CH), 6.15 (1H, d, J = 8.7, Val-NH), 6.74 (1H, d, 7.8, Phe-NH), 6.87 (1H, dd, J = 15.3, 2.3, 

alkene-CH), 7.25 (1H, dd, J = 7.8, 0.9, Ar-H), 7.35 (1H, dt, J = 7.6, 0.7, Ar-H), 7.43 (1H, dt, 

J = 7.6, 1.4, Ar-H), 7.58 (1H, dd, J = 7.8, 0.7, Ar-H), 8.15 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.2 (Val-CH3), 19.0 (Val-CH3), 23.2 (acetyl-CH3), 31.1 (Val-

CH), 34.9 (Phe-CH2), 52.7 (ester-CH3), 53.0 (Phe-a-CH), 58.4 (Val-a-CH), 119.7 (d, 3JCF = 

27.9, alkene-C), 127.4 (Ar C), 128.1 (Ar C), 130.2 (4° Ar C), 131.6 (Ar C), 132.3 (Ar C), 

137.0 (4° Ar C),145.6 (d, 4JCF = 1.9, alkene-C), 170.1 (C=O), 171.1 (C=O), 171.2 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3288 m (N-H), 3083 w (C-H), 2960 w (C-H), 1759 s (ester C=O), 1640 

s (amide C=O), 1543 s (C=C), 1402 s (S=O), 1215 s (C-O), 1191 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C19H26N2O6SF: 429.1496, found: 429.1484. 
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3.13.5.3 Ac-Leu-Phe(2-VSF)-OMe (60) 

 
 
Modified dipeptide 60 was synthesised from Ac-Leu-Phe-OMe 54 (0.096 g, 0.30 mmol) and 

ESF 50 (0.049 mL, 0.60 mmol) according to the procedure outlined in Section 3.13.3.1. 

Purification by flash column chromatography (60% EtOAc in Pet. Ether 40-60 °C) followed 

by recrystallisation from CH2Cl2 / hexanes gave 60 as a light brown solid (0.089 g, 67%); 

m.p. 165-167 °C; Rf = 0.20 (60% EtOAc in Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 0.90 (3H, d, J = 6.2, Leu-CH3), 0.92 (3H, d, J = 6.4, Leu-CH3), 

1.44-1.53 (1H, m, Leu-CH), 1.55-1.67 (2H, m, Leu-CH2), 1.99 (3H, s, acetyl-CH3), 3.20 (1H, 

dd, J = 14.4, 6.3, Phe-CHH), 3.35 (1H, dd, J = 14.4, 6.0, Phe-CHH), 3.73 (3H, s, ester-CH3), 

4.42 (1H, dt, J = 8.3, 5.6, Leu-a-CH), 4.78 (1H, dt, J = 7.7, 6.3, Phe-a-CH), 5.88 (1H, d, J = 

8.3, Leu -NH), 6.68 (1H, d, J = 7.7, Phe-NH), 6.86 (1H, 15.3, 2.4, alkene-CH), 7.26 (1H, m, 

Ar-H), 7.35 (1H, dt, J = 7.6, 0.7, Ar-H), 7.44 (1H, dt, J = 7.6, 1.1, Ar-H), 7.57 (1H, d, J = 7.6, 

Ar-H), 8.14 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 22.1 (Leu-CH3), 22.8 (Leu-CH3), 23.1 (acetyl-CH3), 24.7 (Leu-

CH), 34.9 (Phe-CH2), 40.8 (Leu-CH2), 51.6 (Leu-a-CH), 52.7 (ester-CH3), 53.1 (Phe-a-CH) 

119.6 (3JCF = 27.9, alkene-C), 127.4 (Ar C), 128.1 (Ar C), 130.2 (Ar C), 131.7 (Ar C), 132.3 

(Ar C), 137.2 (Ar C), 145.74 (4JCF = 1.9, alkene-C), 170.2 (C=O), 171.0 (C=O), 171.8 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3291 m (N-H), 3071 w (C-H), 2956 w (C-H), 1741 s (ester C=O), 1648 

s (amide C=O), 1532 s (C=C), 1409 s (S=O), 1215 m (C-O), 1197 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H28N2O6SF: 443.1652, found: 443.1645. 
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3.13.5.4 Ac-Ile-Phe(2-VSF)-OMe (61) 

  
 

Modified dipeptide 61 was synthesised from Ac-Ile-Phe-OMe 55 (0.100 g, 0.300 mmol) and 

ESF 50 (0.049 mL, 0.60 mmol) according to the procedure outlined in Section 3.13.3.1. 

Purification by flash column chromatography (60% EtOAc in Pet. Ether 40-60 °C) followed 

by recrystallisation from CH2Cl2 / hexanes gave 61 as a light brown solid (0.082 g, 62%); 

m.p. 199-202 °C; Rf = 0.14 (60% EtOAc in Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 0.85-0.93 (6H, m, Ile-(CH3)2), 1.05-1.18 (1H, m, Ile-CHH), 

1.41-1.55 (1H, m, Ile-CHH), 1.73-1.85 (1H, m, Ile-CH3CHCH2), 2.00 (3H, s, acetyl-CH3), 

3.19 (1H, dd, J = 14.4, 6.6, Phe-CHH), 3.35 (1H, dd, J = 14.4, 6.2, Phe-CHH), 3.73 (3H, s, 

ester-CH3), 4.28 (1H, dd, J = 8.6, 7.6, Ile-a-CH), 4.82 (1H, dt, J = 7.8, 6.4, Phe-a-CH), 6.10 

(1H, d, J = 8.6, Ile-NH), 6.61 (1H, d, J = 7.8, Phe-NH), 6.87 (1H, dd, J = 15.3, 2.5, alkene-

CH), 7.25 (1H, d, J = 7.6, Ar-H), 7.35 (1H, t, J = 7.6, Ar-H), 7.44 (1H, t, J= 7.6, Ar-H), 7.57 

(1H, d, J = 7.6,Ar-H), 8.15 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 11.2 (Ile-CH3), 15.2 (Ile-CH3), 23.2 (acetyl-CH3), 25.0 (Ile-

CH), 34.9 (Phe-CH2), 37.3 (Ile-CH2), 52.8 (ester-CH3), 53.0 (Phe-a-CH), 57.6 (Ile-a-CH), 

119.7 (d, 3JCF = 27.9 alkene-C), 127.4 (Ar C), 128.1 (Ar C), 130.2 (4° Ar C), 131.6 (Ar C), 

132.3 (Ar C), 137.0 (4° Ar C), 145.6 (d, 4JCF = 1.8, alkene-C), 170.0 (C=O), 171.0 (C=O), 

171.1 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3299 m (N-H), 3064 w (C-H), 2971 w (C-H), 1737 s (ester C=O), 1628 

s (amide C=O), 1528 s (C=C), 1394 m (S=O), 1252 m (C-O), 1170 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H28N2O6SF: 443.1652, found: 443.1645. 
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3.13.5.5 Ac-Phe-Phe(2-VSF)-OMe (62) 

 
 
Modified dipeptide 62 was synthesised from Ac-Phe-Phe-OMe 56 (0.111 g, 0.30 mmol) and 

ESF 50 (0.049 mL, 0.60 mmol) according to the procedure outlined in Section 3.13.3.1. 
Purification by flash column chromatography (EtOAc) followed by recrystallisation from 

CH2Cl2 / hexanes gave 62 as an off-white solid (0.089 g, 62%); m.p. 214-217 °C; Rf = 0.30 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.97 (3H, s, acetyl-CH3), 2.98 (1H, dd, J = 13.8, 7.7, Phe-

CHH), 3.06 (1H, dd, J = 13.8, 6.7, Phe-CHH), 3.14 (1H, dd, J = 14.4, 6.2, Phe-CHH), 3.30 

(1H, dd, J = 14.4, 6.2, Phe-CHH), 3.67 (3H, s, ester-CH3), 4.59 (1H, dt, J = 7.7, 6.7, Phe-a-

CH), 4.68 (1H, dt, J = 7.2, 6.2, Phe-a-CH), 6.08 (1H, d, J = 7.6, Phe-NH), 6.27 (1H, d, J = 

7.4, Phe-NH), 6.82 (1H, dd, J = 15.2, 2.5, alkene-CH), 7.11-7.19 (3H, m, Ar-H), 7.21-7.30 

(3H, m, Ar-H), 7.34 (1H, dt, J = 7.5, 1.2, Ar-H), 7.41 (1H, dt, J = 7.5, 1.4, Ar-H), 7.55 (1H, 

dd, J = 7.8, 1.3, Ar-H), 8.08 (1H, d, J = 15.2, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 23.1 (acetyl-CH3), 34.8 (Phe-CH2), 38.1 (Phe-CH2), 52.7 

(ester-CH3), 53.3 (Phe-a-CH), 54.6 (Phe-a-CH), 119.5 (3JCF = 27.8, alkene-C), 127.1 (Ar 

C), 127.4 (Ar C), 128.1 (Ar C), 128.7 (Ar C), 129.1 (Ar C), 130.2 (Ar C), 131.6 (Ar C), 132.3 

(Ar C), 136.2 (Ar C), 137.0 (Ar C), 145.7 (4JCF = 2.9, alkene-C), 170.1 (C=O), 170.5 (C=O), 

170.7 (C=O).  

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3280 w (N-H), 3064 w (C-H), 2960 w (C-H), 1737 s (ester C=O), 1648 s 

(amide C=O), 1536 s (C=C), 1409 s (S=O), 1218 m (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C23H26N2O6SF: 477.1496, found: 477.1497. 
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3.13.5.6 Ac-Pro-Phe(2-VSF)-OMe (63) 

 
 
Modified dipeptide 63 was synthesised from Ac-Pro-Phe-OMe 57 (0.096 g, 0.30 mmol) and 

ESF 50 (0.049 mL, 0.60 mmol) according to the procedure outlined in Section 3.13.3.1. 

Purification by flash column chromatography (EtOAc) followed by recrystallisation from 

CH2Cl2 / hexanes gave 63 as a brown solid (0.052 g, 41%); m.p. 80-82 °C; Rf = 0.15 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.75-1.87 (1H, m, Pro-CHH), 1.92-2.00 (2H, m, Pro-CH2), 2.08 

(3H, s, acetyl-CH3), 231-2.39 (1H, m, Pro-CHH), 3.16 (1H, dd, J = 14.4, 7.3, Phe-CHH), 

3.31-3.56 (3H, m, Phe-CHH / Pro-CH2), 3.72 (3H, s, ester-CH3), 4.55 (1H, dd, J = 8.1, 2.0, 

Pro-a-CH), 4.71 (1H, dt, J = 7.4, 6.0, Phe-a-CH), 6.86 (1H, dd, J = 15.3, 2.5, alkene-CH), 

7.28-7.38 (2H, m , Ar-H), 7.43 (1H, dt, J = 7.5, 1.3, Ar-H), 7.57 (1H, dd, J = 7.8, 0.9, Ar-H), 

7.66 (1H, d, J = 7.4, Phe-NH), 8.15 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 22.4 (acetyl-CH3),  24.9 (Pro-CH2), 27.1 (Pro-CH2), 34.8 (Phe-

CH2), 48.2 (Pro-CH2), 52.6 (ester-CH3), 53.2 (Phe-a-CH), 59.4 (Pro-a-CH), 119.6 (3JCF = 

27.0, alkene-C), 127.3 (Ar C), 127.9 (Ar C), 130.2 (Ar C), 131.7 (Ar C), 131.9 (Ar C), 137.5 

(Ar C), 145.7 (4JCF = 2.9, alkene-C), 170.9 (C=O), 171.0 (C=O), 171.1 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3243 w (N-H), 3060 w (C-H), 2952 w (C-H), 1737 s (ester C=O), 1625 s 

(amide C=O), 1528 s (C=C), 1394 s (S=O), 1219 s (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C19H24N2O6SF: 427.1339, found: 427.1337. 
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3.13.6 Synthesis of Ac-Phe-Val-OMe (64) 

 
 

Peptide 64 was synthesised from L-valine methyl ester hydrochloride (0.719 g, 2.50 mmol) 

and N-acetyl-L-phenylalanine (0.117 g, 1.00 mmol) using the procedure outlined in Section 
3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 64 as a white solid (0.176 g, 55%); 

m.p. 142-144 ºC; Rf = 0.40 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.83 (3H, d, J = 6.9, Val-CH3), 0.86 (3H, d, J = 6.9, Val-CH3), 

1.98 (3H, s, acetyl-CH3), 2.05-2.15 (1H, m, Val-CH), 3.04 (1H, dd, J = 13.8, 7.4, Phe-CHH), 

3.09 (1H, dd, J = 13.8, 6.5, Phe-CHH), 3.70 (3H, s, ester-CH3), 4.42 (1H, dd, J = 8.5, 5.1, 

Val-a-CH), 4.71 (1H, dt, J = 7.6, 7.2, Phe-a-CH), 6.23 (1H, d, J = 7.2, Phe-NH), 6.31 (1H, 

d, J = 8.5, Val-NH), 7.20-7.33 (5H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 17.7 (Val-CH3), 18.8 (Val-CH3), 23.1 (acetyl-CH3), 31.1 (Val-

CH), 38.2 (Phe-CH2), 52.1 (ester-CH3), 54.5 (Phe-a-CH), 57.4 (Val-a-CH), 127.0 (Ar C), 

128.6 (Ar C), 129.2 (Ar C), 136.4 (Ar C), 170.0 (C=O), 170.8 (C=O), 171.6 (C=O). 

 

IR umax/cm-1 (solid) 3283 w (N-H), 3026 w (C-H), 2960 w (C-H), 1737 s (ester C=O), 1636 s 

(amide C=O), 1539 s (C=C), 1200 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H25N2O4: 321.1814, found: 321.1812. 
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3.13.7 Synthesis of amino acid (66) 
 

 
 

Known compound. Protected amino acid 66 was synthesised by suspending L-

phenylalanine methyl ester hydrochloride (0.300 g, 1.39 mmol) 22 in CH2Cl2 (20 mL). 

Separately, acetic anhydride (0.657 mL, 6.96 mmol) and pyridine (0.560 mL, 6.96 mmol) 

dissolved in CH2Cl2 (5 mL) then added to the suspension and allowed to stir for 30 min. 

Once complete, the solvents were removed in vacuo. The crude residue was dissolved in 

CH2Cl2 (50 mL) and washed with 1M HCl (1 x 20 mL), sat. NaHCO3 solution (3x 20 mL), 

distilled water (1 x 20 mL) and brine (1 20 mL). The organic layer was then dried (MgSO4) 

and concentrated in vacuo yielding protected amino acid 66 as a white solid (0.236 g, 77%); 

m.p. 176-177 ºC; Rf = 0.44 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.98 (3H, s, acetyl-CH3), 3.09 (1H, dd, J = 13.7, 5.7, Phe-

CHH), 3.15 (1H, dd, J = 13.7, 5.8, Phe-CHH), 3.73 (3H, s, ester-CH3), 4.89 (1H, dt, J = 7.4, 

5.7, Phe-a-CH), 6.00 (1H, br d, J = 7.4, Phe-NH), 7.06-7.12 (2H, m, Ar-H), 7.22-7.33 (3H, 

m, Ar-H).  

 
13C NMR (100 MHz, CDCl3) d 23.1 (acetyl-CH3), 37.8 (Phe-CH2), 52.3 (ester-CH3), 53.0 

(Phe-a-CH), 127.1 (Ar C), 128.5 (Ar C), 129.2 (Ar C), 135.8 (4° Ar C), 169.6 (C=O), 172.1 

(C=O). 

 

IR umax/cm-1 (solid) 3332 m (N-H), 3030 w (C-H), 2963 w (C-H), 1748 s (ester C=O), 1648 

s (amide C=O), 1531 s (C=C), 1219 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C12H16NO3: 222.1130, found: 222.1124. 
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3.13.8 Synthesis of dipeptides (68-72) 
 
3.13.8.1 Ac-Trp-Phe-OMe (68) 

 
 

Known compound. Peptide 68 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-tryptophan (0.146 g, 1.00 mmol) 

using the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes 

yielded 68 as an off-white solid (0.347 g, 85%); m.p. 73-74 ºC. 

 
1H NMR (400 MHz, CDCl3) d 1.97 (3H, s, acetyl-CH3), 2.92 (1H, dd, J = 13.8, 6.3, Phe-

CHH), 3.00 (1H, dd, J = 13.8, 5.6, Phe-CHH), 3.09 (1H, dd, J = 14.5, 8.3, Trp-CHH), 3.32 

(1H, dd, J = 14.5, 5.0, Trp-CHH), 3.64 (3H, s, ester-CH3), 4.65-4.75 (2H, m, Trp-a-CH / 

Phe-a-CH), 6.02 (1H, d, J = 7.4, Phe-NH), 6.23 (1H, d, J = 7.4, Trp-NH), 6.83-6.89 (2H, m, 

Ar-H), 7.05 (1H, d, J = 2.4, Ar-H), 7.11-7.24 (5H, m, Ar-H), 7.36 (1H, d, J = 8.1, Ar-H), 7.72 

(1H, d, J = 7.9, Ar-H), 8.03 (1H, br s, Ar-NH). 

 
13C NMR (100 MHz, CDCl3) d 23.3 (acetyl-CH3), 28.3 (Trp-CH2), 37.8 (Phe-CH2), 52.3 

(ester-CH3), 53.3 (Phe-a-CH), 53.7 (Trp-a-CH), 110.6 (Ar C), 111.2 (Ar C), 118.9 (Ar C), 

119.9 (Ar C), 122.3 (Ar C), 123.4 (Ar C), 127.1 (Ar C), 127.4 (Ar C), 128.5 (Ar C), 129.1 (Ar 

C), 135.5 (Ar C), 136.1 (Ar C), 169.9 (C=O), 170.8 (C=O), 171.2 (C=O). 

 

IR umax/cm-1 (solid) 3309 w (N-H), 3027 w (C-H), 2978 w (C-H), 1752 s (ester C=O), 1640 s 

(amide C=O), 1543 s (C=C), 1208 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C23H26N3O4: 408.1923, found: 408.1917. 
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3.13.8.2 Ac-Tyr-Phe-OMe (69) 

 
 
Known compound. Peptide 69 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-tyrosine (0.223 g, 1.00 mmol) using 

the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 

69 as a white solid (0.289 g, 75%); m.p. 57-59 ºC. 

 
1H NMR (400 MHz, CDCl3) d 1.94 (3H, s, acetyl-CH3), 2.93 (2H, d, J = 7.1, Tyr-CH2), 2.98 

(1H, dd, J = 14.0, 6.5, Phe-CHH), 3.09 (1H, dd, J = 14.0, 5.8, Phe-CHH), 3.69 (3H, s, ester-

CH3), 4.59 (1H, dt, J = 7.8, 7.1, Tyr-a-CH), 4.75 (1H, dt, J = 7.5, 6.5, Phe-a-CH), 6.18 (1H, 

d, J = 7.8, Tyr-NH), 6.30 (1H, d, J = 7.5, Phe-NH), 6.57 (1H,s, Tyr-OH), 6.67-6.73 (2H, m, 

Ar-H), 6.97-7.06 (4H, m, Ar-H), 7.21-7.28 (3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 23.1 (acetyl-CH3), 37.5 (Tyr-CH2), 37.8 (Phe-CH2), 52.4 

(ester-CH3), 53.4 (Phe-a-CH), 54.5 (Tyr-a-CH), 115.6 (Ar C), 127.2 (Ar C), 127.7 (Ar C), 

128.6 (Ar C), 129.2 (Ar C), 130.4 (Ar C), 135.5 (Ar C), 155.2 (Ar C), 170.3 (C=O),170.7 

(C=O). 171.3 (C=O). 

 

IR umax/cm-1 (solid) 3414 w (O-H), 3314 w (N-H), 3027 w (C-H), 2945 w (C-H), 1725 s (ester 

C=O), 1648 s (amide C=O), 1536 s (C=C), 1227 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C21H25N2O5: 385.1763, found: 385.1765. 
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3.13.8.3 Ac-Met-Phe-OMe (70) 

 
Known compound. Peptide 70 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-methionine (0.131 g, 1.00 mmol) 

using the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes 

yielded 70 as an off-white solid (0.275 g, 78%); m.p. 111-113 ºC. 

 
1H NMR (400 MHz, CDCl3) d 1.90-2.03 (5H, m, acetyl-CH3 / Met-CH2), 2.05 (3H, s, S-CH3), 

2.48-2.63 (2H, m, Met-CH2), 3.07 (1H, dd, J = 14.0, 6.6, Phe-CHH), 3.14 (1H, dd, J = 14.0, 

5.5, Phe-CHH), 3.73 (3H, s, ester-CH3), 4.59 (1H, dt, J = 7.5, 7.1, Met-a-CH), 4.84 (1H, dt, 

J = 7.7, 6.6, Phe-a-CH), 6.30 (1H, br d, J = 7.8, Met-NH), 6.73 (1H, br d, J = 8.0, Phe-NH), 

7.09-7.15 (2H, m, Ar-H), 7.22-7.33 (3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 15.0 (S-CH3), 23.2 (acetyl-CH3), 29.9 (Met-CH2), 31.3 (Met-

SCH2), 37.7 (Phe-CH2), 51.8 (Met-a-CH), 52.4 (ester-CH3), 53.2 (Phe-a-CH), 127.2 (Ar C), 

128.7 (Ar C), 129.2 (Ar C), 135.5 (4º Ar C), 169.9 (C=O), 170.8 (C=O), 171.5 (C=O). 

 

IR umax/cm-1 (solid) 3288 w (N-H), 3064 w (C-H), 2952 w (C-H), 1752 s (ester C=O), 1640 s 

(amide C=O), 1539 s (C=C), 1289 (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H25N2O4S: 353.1535, found: 353.1535. 
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3.13.8.4 Ac-Cys-Phe-OMe (71) 

 
 

Known compound. Peptide 71 was synthesised from L-phenylalanine methyl ester 

hydrochloride 22 (0.539 g, 2.50 mmol) and N-acetyl-L-cysteine (0.163 g, 1.00 mmol) using 

the procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 

71 as a white solid (0.214 g, 66%); m.p. 120-122 ºC. 

 
1H NMR (400 MHz, CDCl3) d 1.99 (3H, s, acetyl-CH3), 2.32 (1H, br s, Cys-SH), 2.85 (1H, 

dd, J = 14.6, 10.4, Cys-CHH), 3.01-3.10 (2H, m, Phe-CHH / Cys-CHH), 3.18 (1H, dd, J = 

13.8, 5.6, Phe-CHH), 3.70 (3H, s, ester-CH3), 4.73 (1H, dt, J = 7.8, 5.6, Phe-a-CH), 5.34 

(1H, td, J = 10.4, 4.1, Cys-a-CH), 6.55 (1H, d, J = 9.2, Cys-NH), 7.18-7.26 (5H, m, Ar-H), 

8.50 (1H, d, J = 7.8, Phe-NH). 

 
13C NMR (100 MHz, CDCl3) d 23.3 (acetyl-CH3), 37.7 (Phe-CH2), 45.8 (Cys-CH2), 52.3 

(ester-CH3), 52.9 (Cys-a-CH), 54.2 (Phe-a-CH), 126.9 (Ar C), 128.5 (Ar C), 129.2 (Ar C), 

136.4 (Ar C), 170.3 (C=O), 170.4 (C=O), 171.7 (C=O). 

 

IR umax/cm-1 (solid) 3283 w (N-H), 3030 w (C-H), 2952 w (C-H), 2555 w (S-H), 1737 s (ester 

C=O), 1640 (amide C=O), 1528 s (C=C), 1215 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C15H21N2O4S: 325.1222, found: 325.1213. 
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3.13.8.5 Boc-Ser-Phe-OMe (72) 

 
 

Peptide 72 was synthesised from L-phenylalanine methyl ester hydrochloride 22 (0.539 g, 

2.50 mmol) and N-tert-butyloxycarbonyl-L-serine (0.205 g, 1.00 mmol) using the procedure 

outlined in Section 3.13.2.1. Purification by flash column chromatography (EtOAc) yielded 

72 as a colourless oil (0.278 g, 76%); Rf = 0.10 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.42 (9H, s, Boc-(CH3)3), 3.05 (1H, dd, J = 14.0, 6.9, Phe-

CHH), 3.16 (1H, dd, J = 14.0, 5.7, Phe-CHH), 3.38 (1H, br t, J = 5.5, Ser-OH), 3.56-3.64 

(1H, m, Ser-CHH), 3.71 (3H, s, ester-CH3), 3.91-4.01 (1H, m, Ser-CHH), 4.14-4.22 (1H, m, 

Ser-a-CH), 4.84 (1H, dt, J = 6.6, 6.4 (Phe-a-CH), 5.59 (1H, d, J = 7.3, Ser-NH), 7.10-7.32 

(6H, Ar-H / Phe-NH). 

 
13C NMR (100 MHz, CDCl3) d 28.2 (Boc-(CH3)3), 37.6 (Phe-CH2), 52.4 (ester-CH3), 53.4 

(Ser-a-CH), 55.1 (Phe-a-CH), 62.8 (Ser-CH2), 80.3 (Boc-C), 127.1 (Ar C), 128.5 (Ar C), 

129.1Ar C), 135.7 (Ar C), 155.8 (C=O), 171.0 (C=O), 171.2 (C=O). 

 
IR umax/cm-1 (solid) 3299 w (N-H), 3063 w (C-H), 2952 w (C-H), 1744 s (ester C=O), 1654 s 

(amide C=O), 1520 s (C=C), 1211 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C18H27N2O6: 367.1869, found: 367.1865. 
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3.13.9 Scope of the N-protecting group (78-81) 
 
3.13.9.1 Cbz-Gly-Phe-OMe (78) 

 
 
Known compound. Protected peptide 78 was synthesised from L-phenylalanine methyl 

ester hydrochloride 22 (0.539 g, 2.50 mmol) and N-Cbz-glycine (0.370 g, 1.00 mmol) 

according to the procedure outlined in Section 3.13.2.1. Purification by flash column 

chromatography (EtOAc) afforded 78 as a colourless oil (0.274 g, 74%); Rf = 0.30 (4:6 

EtOAc / Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 2.96-3.10 (2H, m, Phe-CH2), 3.64 (3H, s, ester-CH3), 3.74 (1H, 

dd, J = 16.9, 5.5, Gly-CHH), 3.80 (1H, dd, J = 16.9, 5.5, Gly-CHH), 4.81 dt, J = 7.6, 6.0, 

Phe-a-CH), 5.04 (2H, s, Cbz-CH2), 5.34 (1H, br t, J = 5.5, Gly-NH), 6.41 (1H, br d, J = 7.1, 

Phe-NH), 7.00 (2H, d, J = 6.6, Ar-H), 7.12-7.35 (8H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 37.8 (Phe-CH2), 44.4 (Gly-CH2), 52.4 (Phe-a-CH), 53.0 (ester-

CH3), 67.2 (Cbz-CH2), 127.2 (Ar C), 128.1 (Ar C), 128.3 (Ar C), 128.5 (Ar C), 128.6 (Ar C), 

129.2 (Ar C), 135.5 (Ar C), 136.0 (Ar C), 156.5 (C=O), 168.5 (C=O), 171.7 (C=O). 

 

IR umax/cm-1 (solid) 3317 m (N-H), 3030 w (C-H), 2952 w (C-H), 1722 s (ester C=O), 1662 

s (amide C=O), 1513 s (C=C), 1211 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H23N2O5: 371.1607, found: 371.1601. 
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3.13.9.2 Fmoc-Gly-Phe-OMe (79) 

 
 

Known compound. The protected peptide Fmoc-Gly-Phe-OMe 79 was prepared from L-

phenylalanine methyl ester hydrochloride 22 (0.539 g, 2.50 mmol) and N-Fmoc-glycine 

(0.297 g, 1.00 mmol) according to the procedure outlined in Section 3.13.2.1. 

Recrystallisation of the crude product from CH2Cl2 / hexanes yielded peptide 79 as a white 

solid. (0.303 g, 66%); m.p. 128-129 ºC. Rf = 0.42 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 3.09 (1H, dd, J = 13.7, 6.2, Phe-CHH), 3.16 (1H, dd, J = 13.7, 

5.7, Phe-CHH), 3.71 (3H, s, ester-CH3), 3.89 (2H, m, Gly-CH2), 4.22 (1H, t, J = 7.1, Fmoc-

CH), 4.35-4.45 (2H, m, Fmoc-CH2), 4.92 (1H, dt, J = 7.9, 6.1, Phe-a-CH), 5.75 (1H, t, J = 

5.3, Gly-NH), 6.81 (1H, d, J = 8.0, Phe-NH), 7.05-7.13 (2H, m, Ar-H), 7.17-7.28 (3H, m, Ar-

H), 7.32 (2H, t, J = 7.6, Ar-H), 7.42 (2H, t, J = 7.4, Ar-H), 7.61 (2H, d, J = 7.4, Ar-H), 7.79 

(2H, d, J = 7.6, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 37.7 (Phe-CH2), 44.2 (Gly-CH2), 46.9 (Fmoc-CH2), 52.3 (Phe-

a-CH), 53.1 (ester-CH3), 67.1 (Fmoc-CH), 119.9 (Ar C), 125.0 (Ar C), 127.0 (Ar C), 127.1 

(Ar C), 127.6 (Ar C), 128.5 (Ar C), 129.1 (Ar C), 135.5 (Ar C), 141.2 (Ar C), 143.7 (Ar C), 

156.4 (Fmoc C=O), 168.6 (C=O), 171.7 (C=O). 

 

IR umax/cm-1 (solid) 3317 w (N-H), 3034 w (C-H), 2978 w (C-H), 1759 m (ester C=O), 1666 

s (amide C=O), 1524 m (C=C), 1215 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C27H27N2O5: 459.1920, found: 459.1916. 
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3.13.9.3 Phth-Gly-Phe-OMe (80) 

 
 

Known compound. Phthaloyl-protected peptide, Phth-Gly-Phe-OMe 80 was synthesised 

from L-phenylalanine methyl ester hydrochloride 22 (0.539 g, 2.50 mmol) and N-Phth-Gly-

OH (0.366, 1.00 mmol) using the procedure outlined in Section 3.13.2.1. The crude product 

was recrystallised from CH2Cl2 / hexanes to afford 80 as a white solid (0.234 g, 64%); m.p. 

172-174 ºC; Rf = 0.30 (45% EtOAc in Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 3.12 (1H, dd, J = 13.8, 5.3, Phe-CHH), 3.19 (1H, dd, J = 13.8, 

5.8, Phe-CHH), 3.75 (3H, s, ester-CH3), 4.36 (2H, m, Gly-CH2), 4.88 (1H, dt, J = 7.5, 5.4, 

Phe-a-CH), 6.25 (1H, d, J = 7.5, Phe-NH), 7.05-7.11 (2H, m, Ar-H), 7.17-7.27 (3H, Ar-H), 

7.74-7.79 (2H, m, Ar-H), 7.86-7.93 (2H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 37.6 (Phe-CH2), 40.6 (Gly-CH2), 52.5 (ester-CH3), 53.4 (Phe-

a-CH), 123.6 (Ar C), 127.2 (Ar C), 128.6 (Ar C), 129.3 (Ar C), 132.0 (Ar C), 134.2 (Ar C), 

135.4 (4º Ar C), 165.5 (C=O), 167.6 (C=O), 171.5 (C=O). 

 

IR umax/cm-1 (solid) 3310 w (N-H), 3030 w (C-H), 2952 w (C-H), 1774 m (Phth C=O), 1715 

s (ester C=O), 1659 s (amide C=O), 1543 m (C=C), 1208 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H19N2O5: 367.1294, found: 367.1293. 
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3.13.9.4 Boc-Gly-Phe-OMe (81) 

 
 
Known compound. Boc-protected peptide, Boc-Gly-Phe-OMe 81 was synthesised from L-

phenylalanine methyl ester hydrochloride 22 (0.539 g, 2.50 mmol) and N-Boc-glycine (0.175 

g, 1.00 mmol) according to the procedure outlined in Section 3.13.2.1 Purification by flash 

column chromatography (EtOAc) afforded 81 as a colourless oil (0.239 g, 71%); Rf = 0.30 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.44 (9H, s, Boc-(CH3)3), 3.08 (1H, dd, J = 13.8, 6.1, Phe-

CHH), 3.14 (1H, dd, J = 13.8, 5.8, Phe-CHH), 3.68-3.88 (5H, m, Gly-CH2 / ester-CH3), 4.88 

(1H, dt, J = 7.8, 6.0, Phe-a-CH), 5.26 (1H, br t, J = 5.5, Gly-NH), 6.71 (1H, d, J = 7.3, Phe-

NH), 7.08-7.13 (2H, m, Ar-H), 7.21-7.31 (3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 28.2 (Boc-(CH3)3), 37.8 (Phe-CH2), 44.1 (Gly-CH2), 52.3 (Phe-

a-CH), 53.0 (ester-CH3), 80.1 (Boc-C), 127.1 (Ar C), 128.5 (Ar C), 129.2 (Ar C), 135.6 (Ar 

C), 155.9 (Boc C=O), 169.1 (C=O), 171.7 (C=O). 

 

IR umax/cm-1 (oil) 3317 w (N-H), 3022 w (C-H), 2978 w (C-H), 1759 m (ester C=O), 1662 s 

(amide C=O), 1498 s (C=C), 1244 s (C-O).  

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H25N2O5: 337.1763, found: 337.1757. 
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3.13.10 Synthesis of modified dipeptides (82-85) 
3.13.10.1 Synthesis of modified peptide (82) 

 
 

Modified dipeptide 82 was synthesised from Cbz-Gly-Phe-OMe 78 (0.111 g, 0.300 mmol) 

and ESF 50 (0.050 mL, 0.600 mmol) according to the procedure outlined in Section 
3.13.2.3. Purification by flash column chromatography (4:6 EtOAc / Pet. Ether 40-60 °C) 

gave 82 as a brown oil (0.095 g, 66%); Rf = 0.30 (4:6 EtOAc / Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 3.22 (1H, dd, J = 14.4, 5.9, Phe-CHH), 3.35 ( 1H, dd, J = 14.4, 

5.7, Phe-CHH), 3.71 (3H, s, ester-CH3), 3.81 (1H, dd, J = 16.9, 5.7, Gly-CHH), 3.90 (1H, 

dd, J = 16.9, 6.0, Gly-CHH), 4.85 (1H, dt, J = 7.3, 6.0, Phe-a-CH), 5.11 (2H, s, Cbz-CH2), 

5.41 (1H, br t, J = 6.0, Gly-NH), 6.65 (1H, d, J = 7.6, Phe-NH), 6.85 (1H, dd, J = 15.3, 2.3, 

alkene-CH), 7.21 (1H, d, J = 7.6, Ar-H), 7.29-7.38 (6H, m, Ar-H), 7.42 (1H, t, J = 7.3, Ar-H), 

7.56 (1H, d, J = 7.8, Ar-H), 8.11 (1H, d, J = 15.2, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 34.8 (Phe-CH2), 44.4 (Gly-CH2), 52.8 (ester-CH3), 53.1 (Phe-

a-CH), 67.2 (Cbz-CH2), 119.4 (3JCF = 27.8, alkene-C), 127.4 (Ar C), 128.1 (Ar C), 128.2 (Ar 

C), 128.3 (Ar C), 128.5 (Ar C), 130.2 (Ar C), 131.7 (Ar C), 132.4 (Ar C), 136.0 (Ar C), 137.1 

(Ar C), 145.6 (4JCF = 1.9, alkene-C), 156.6 (C=O), 168.8 (C=O), 171.0 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (oil) 3317 w (N-H), 3071 w (C-H), 2952 w (C-H), 1733 m (ester C=O), 1655 m 

(amide C=O), 1528 m (C=C), 1402 s (S=O), 1211 m (C-O), 1189 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C22H24N2O7SF: 479.1288, found: 479.1284. 
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3.13.10.2 Synthesis of modified peptide (83) 

 
 

Modified dipeptide 83 was synthesised from Fmoc-Gly-Phe-OMe 79 (0.138 g, 0.300 mmol) 

and ESF 50 (0.049 mL, 0.60 mmol) according to the procedure outlined in Section 3.13.2.3. 

Purification by flash column chromatography (40% EtOAc in Pet Ether 40-60 °C) followed 

by recrystallisation from CH2Cl2 / hexanes gave 83 as a brown oil (0.075 g, 44%); Rf = 0.35 

(40% EtOAc in Pet Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 3.23 (1H, dd, J = 14.4, 6.0, Phe-CHH), 3.36 (1H, dd, J = 14.4, 

5.7, Phe-CHH), 3.70 (3H, s, ester-CH3), 3.84 (1H, dd, J = 16.8, 5.4, Gly-CHH), 3.92 (1H, 

dd, J = 16.8, 5.4, Gly-CHH), 4.19 (1H, t, J = 7.1, Fmoc-CH), 4.27-4.42 (2H, m, Fmoc-CH2), 

4.87 (1H, dt, J = 7.3, 6.0, Phe-a-CH), 5.47 (1H, br t, J = 5.4, Gly-NH), 6.66 (1H, d, J = 7.3, 

Phe-NH), 6.83 (1H, dd, J = 15.1, 2.4, alkene-CH), 7.19 (1H, d, J = 7.8, Ar-H), 7.27-7.65 (9H, 

m, Ar-H), 7.77 (2H, d, J = 7.3, Ar-H), 8.10 (1H, d, J = 15.1, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 34.8 (Phe-CH2), 44.4 (Gly-CH2), 47.0 (Fmoc-CH), 52.8 (Phe-

a-CH), 53.2 (ester-CH3), 67.4 (Fmoc-CH2), 119.4 (3JCF = 27.9, alkene-C), 120.0 (Ar C), 

125.1 (Ar C), 127.1 (Ar C), 127.8 (Ar C), 128.2 (Ar C), 130.2 (Ar C), 131.6 (Ar C), 132.4 (Ar 

c), 137.1 (Ar C), 141.2 (Ar C), 143.7 (Ar C), 145.6 (4JCF = 2.4, alkene-C), 156.6 (Fmoc C=O), 

168.7 (C=O), 171.0 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.0 (s). 

 

IR umax/cm-1 (oil) 3314 w (N-H), 3064 w (C-H), 2960 w (C-H), 1718 s (ester C=O), 1674 s 

(amide C=O), 1513 m (C=C), 1397 s (S=O), 1260 m (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C29H28N2O7SF: 567.1601, found: 567.1595. 
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3.13.10.3 Synthesis of modified peptide (84) 

 
 

Modified peptide 84 was synthesised from phthaloyl-protected peptide 80 (0.110 g, 0.30 

mmol) and ESF 50 (0.049 mL, 0.60 mmol) using the procedure outlined in Section 3.13.2.3. 

Purification by flash column chromatography followed by recrystallisation from CH2Cl2 / 

hexanes yielded 84 as an off-white solid (0.080 g, 56%) m.p. 207-209 ºC; Rf = 0.30 (45% 

EtOAc in Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 3.26 (1H, dd, J = 14.4, 6.0, Phe-CHH), 3.37 (1H, dd, J = 14.4, 

6.0, Phe-CHH), 3.74 (3H, s, ester-CH3), 4.34 (2H, m, Gly-CH2), 4.85 (1H, dt, J = 7.4, 6.0, 

Phe-a-CH), 6.32 (1H, d, J = 7.4, Phe-NH), 6.89 (1H, dd, J = 15.2, 2.4, alkene-CH), 7.27-

7.36 (2H, m, Ar-H), 7.46 (1H, td, J = 7.6, 1.1, Ar-H), 7.57 (1H, br d, J = 8.0, Ar-H), 7.73-7.78 

(2H, m, Ar-H), 7.86-7.91 (2H, m, Ar-H), 8.10 (1H, d, J = 15.2, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 34.6 (Phe-CH2), 40.6 (Gly-CH), 53.0 (ester-CH3), 53.3 (Phe-

a-CH), 119.5 (3JCF = 27.9, alkene-CH), 123.7 (Ar C), 127.4 (Ar C), 128.2 (Ar C), 130.1 (Ar 

C), 131.9 (Ar C), 132.0 (Ar C), 132.4 (Ar C), 134.3 (Ar C), 136.9 (Ar C), 145.5 (4JCF = 1.9, 

alkene-CH), 165.7 (C=O), 167.6 (C=O), 171.0 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.2 (s). 

 

IR umax/cm-1 (solid) 3325 w (N-H), 3083 w (C-H), 2960 w (C-H), 1774 m (Phth C=O), 1722 

s (ester C=O), 1655 m (amide C=O), 1536 m (C=C), 1394 s (S=O), 1223 m (C-O), 1189 s 

(S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C22H20N2O7SF: 475.0975, found: 475.0971. 
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3.13.10.4 Synthesis of modified peptide (85) 

 
 

Modified peptide 85 was prepared from Boc-protected peptide 81 (0.101 g, 0.30 mmol) and 

ESF 50 (0.049 mL, 0.600 mmol) using the procedure outlined in Section 3.13.3.2. 

Purification by flash column chromatography (65% EtOAc in Pet. Ether 40-60 °C) yielded 

modified peptide 85 as a light brown oil. (0.100 g, 75%); Rf = 0.30 (65% EtOAc in Pet. Ether 

40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 1.44 (9H, s, Boc-(CH3)3), 3.25 (1H, dd, J = 14.4, 6.1, Phe-

CHH), 3.36 (1H, dd, J = 14.4, 6.0, Phe-CHH), 3.65-3.90 (5H, m, Gly-CH2 / ester-CH3), 4.85 

(1H, dt, J = 7.1, 6.1, Phe-a-CH), 5.14 (1H, br s, Gly-NH), 6.74 (1H, br s, Phe-NH), 6.88 (1H, 

dd, J = 15.3, 2.4, alkene-CH), 7.24 (1H, dd, J = 7.8, 1.1, Ar-H), 7.36 (1H, t, J = 7.3, Ar-H), 

7.46 (1H, td, J = 7.6, 1.4, Ar-H), 7.59 (1H, dd, J = 7.8, 0.9, Ar-H), 8.13 (1H, d, J = 15.3, 

alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 28.2 (acetyl-CH3), 34.9 (Phe-CH2), 44.2 (Gly-CH2), 52.7 

(ester-CH3), 53.1 (Phe-a-CH), 80.4 (Boc-C), 119.4 (3JCF = 27.8, alkene-C), 127.4 (Ar C), 

128.1 (Ar C), 130.2 (Ar C), 131.7 (Ar C), 132.4 (Ar C), 137.2 (Ar C), 145.7 (4JCF = 1.9, 

alkene-C), 156.0 (C=O), 169.4 (C=O), 171.1 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.0 (s). 

 

IR umax/cm-1 (oil) 3317 w (N-H), 3064 w (C-H), 2974 w (C-H), 1736 s (ester C=O), 1670 s 

(amide C=O), 1510 s (C=C), 1402 s (S=O), 1252 s (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C19H26N2O7SF: 445.1445, found: 445.1458. 
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3.13.11 Scope of the C-protecting group (86-89) 
3.13.11.1 Ac-Gly-Phe-OEt (86) 

 
Protected peptide 86 was synthesised from L-phenylalanine ethyl ester hydrochloride 
(0.574 g, 2.50 mmol) and N-acetyl glycine 26 (0.117 g, 1.00 mmol) according to the 

procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes afforded 

86 as an off-white solid (0.216 g, 74%); m.p. 80-82 °C; Rf = 0.25 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.22 (3H, t, J = 7.2, ester-CH3), 1.98 (3H, s, acetyl-CH3), 3.05 

(1H, dd, J = 13.8, 7.0, Phe-CHH), 3.13 (1H, dd, J = 13.8, 5.8, Phe-CHH) 3.87 (1H, dd, J = 

16.7, 5.5, Gly-CHH), 3.92 (1H, dd, J = 16.7, 5.3, Gly-CHH), 4.14 (2H, q, J = 7.2, ester-CH2), 

4.81 (1H, dt, J = 7.0, 5.8, Phe-a-CH), 7.10 (1H, t, J = 5.3, Gly-NH), 7.13-7.18 (2H, m, Ar-

H), 7.19-7.35 (4H, m, Ar-H / Phe-NH). 

 
13C NMR (100 MHz, CDCl3) d 13.9 (ester-CH3), 22.6 (acetyl-CH3), 37.6 (Phe-CH2), 42.9 

(Gly-CH2), 53.3 (Phe-a-CH), 61.3 (ester-CH2), 126.8 (Ar C), 128.3 (Ar C), 129.1 (Ar C), 

135.8 (4º Ar C), 169.0 (C=O), 170.8 (C=O), 171.2 (C=O). 

 

IR umax/cm-1 (solid) 3295 w (N-H), 3060 w (C-H), 2978 w (C-H), 1737 s (ester C=O), 1636 

m (amide C=O), 1539 m (C=C), 1252 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C15H21N2O4: 293.1501, found: 293.1498. 
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3.13.11.2 Ac-Gly-Phe-OtBu (87) 

 
Protected peptide 87 was synthesised from L-phenylalanine tert butyl ester hydrochloride 

(1.289 g, 5.00 mmol) and N-acetyl glycine 22 (0.234 g, 2.00 mmol) according to the 

procedure outlined in Section 2.6.2, Purification by flash column chromatography (EtOAc) 

afforded 87 as a colourless oil (0.391 g, 61%); Rf = 0.35 (EtOAc). 
 
1H NMR (400 MHz, CDCl3) d 1.33 (9H, s, t-Bu-(CH3)3), 1.93 (3H, s, acetyl-CH3), 2.97 (1H, 

dd, J = 13.7, 6.1, Phe-CHH), 3.02 (1H, dd, J = 13.7, 6.1, Phe-CHH), 3.79 (1H, dd, J = 16.8, 

5.3, Gly-CHH), 3.84 (1H, dd, J = 16.08, 5.3, Gly-CHH), 4.65 (1H, dt, J = 7.2, 5.6, Phe-α-

CH), 6.57 (1H, t, J = 4.6, Gly-NH), 6.72 (1H, d, J = 7.8, Phe-NH), 7.05-7.10 (2H, m, Ar-H), 

7.13-7.25 (3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.8 (acetyl-CH3), 27.9 (t-Bu-(CH3)3), 37.9 (Phe-CH2), 43.1 

(Gly-CH2), 53.7 (Phe-α-CH), 82.7 (t-Bu 4° C), 127.0 (Ar C), 128.3 (Ar C), 129.4 (Ar C), 135.9 

(4° Ar C), 168.5 (C=O), 170.3 (C=O), 170.6 (C=O). 

 

IR umax/cm-1 (solid) 3254 w (N-H), 3071 w (C-H), 2978 w (C-H), 1737 s (ester C=O), 1677 s 

(amide C=O), 1558 m (C=C), 1256 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H25N2O4: 321.1814, found: 321.1813. 
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3.13.11.3 Modified peptide (88) 

 
 
Modified peptide 88 was synthesised from Ac-Gly-Phe-OEt 86 (0.088 g, 0.30 mmol) and 

ESF 50 (0.049 mL, 0.60 mmol) using the procedure outlined in Section 3.13.3.1. 

Purification by flash column chromatography (EtOAc) followed by recrystallisation from 

CH2Cl2 / hexanes yielded 88 as a light brown solid (0.066 g, 55%); m.p. 147-150 ºC, Rf = 

0.25 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.24 (3H, t, J = 7.2, ester-CH3), 2.03 (3H, s, acetyl-CH3), 3.23 

(1H, dd, J =  14.4, 6.2, Phe-CHH), 3.38 (1H, dd, J = 14.4, 6.2, PheHH), 5.85 (1H, dd, J = 

16.8, 5.0, Gly-CHH), 3.98 (1H, dd, J = 16.8, 5.5, Gly-CHH), 4.10-4.25 (2H, m , ester-CH2), 

4.79 (1H, dt, J = 7.4, 6.2, Phe-a-CH), 6.25 (1H, br t, J = 5.0, Gly-NH), 6.67 (1H, d, J = 7.4, 

Phe-NH), 6.88 (1H, dd, J = 15.3, 2.5, alkene-CH), 7.24 (1H, dd, J = 7.7, 1.0, Ar-H), 7.37 

(1H, dt, J = 7.7, 1.0, Ar-H), 7.45 (1H, dt, J = 7.6, 1.4, Ar-H), 7.60 (1H, d, J = 7.8, 1.0, Ar-H), 

8.13 (1H, d, J = 15.2, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 14.0 (ester-CH3), 22.9 (acetyl-CH2), 35.0 (Phe-CH2), 43.1 

(Gly-CH2), 53.4 (Phe-a-CH), 62.1 (ester-CH2), 119.4 (3JCF = 27.9, alkene-C), 127.4 (Ar C), 

128.2 (Ar C), 130.3 (Ar C), 131.6 (Ar C), 132.4 (Ar C), 137.3 (Ar C), 145.7 (4JCF = 2.0, 

alkene-C), 168.7 (C=O), 170.6 (C=O), 170.7 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.0 (s). 

 

IR umax/cm-1 (solid) 3299 w (N-H), 3071 w (C-H), 2989 w (C-H), 1740 s (ester C=O), 1647 s 

(amide C=O), 1539 m (C=C), 1402 s (S=O), 1263 m (C-O), 1185 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H22N2O6SF: 401.1183, found: 401.1181. 
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3.13.11.4 Modified peptide (89) 

 
 
Modified peptide 89 was prepared from Ac-Gly-Phe-OtBu 87 (0.096 g, 0.30 mmol) and ESF 

50 (0.049 mL, 0.60 mmol) using the procedure outlined in Section3.13.3.2. Purification by 

flash column chromatography (EtOAc) yielded modified peptide 89 as a light brown solid 

(0.089 g, 69%); m.p. 130-133 ºC, Rf = 0.35 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.40 (9H, s, OtBu-(CH3)3), 2.01 (3H, s, acetyl-CH3), 3.17 (1H, 

dd, J = 14.3, 7.0, Phe-CHH), 3.31 (1H, dd, J = 14.3, 6.2, Phe-CHH), 3.85 (1H, dd, J = 16.8, 

5.0, Gly-CHH), 3.95 (1H, dd, J = 16.8, 5.5, Gly-CHH), 4.65 (1H, dt, J = 7.0, 6.9, Phe-a-CH), 

6.52 (1H, t, J = 5.0, Gly-NH), 6.89 (1H, dd, J = 15.3, 2.4, alkene-CH), 6.98 (1H, d, J = 7.6, 

Phe-NH), 7.30 (1H, dd, J = 7.8, 1.0, Ar-H), 7.35 (1H, dt, J = 7.7, 1.3, Ar-H), 7.44 (1H, dt, J 

= 7.6, 1.3, Ar-H), 7.59 (1H, dd, J = 7.8, 0.9, Ar-H), 8.17 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 22.8 (acetyl-CH3), 27.8 (OtBu-(CH3)3), 35.4 (Phe-CH2), 43.0 

(Gly-CH2), 54.0 (Phe-a-CH), 83.2 (OtBu-C), 119.4 (3JCF = 27.8, alkene-C), 127.4 (Ar C), 

128.4 (Ar C), 129.4 (Ar C), 131.8 (Ar C), 132.2 (Ar C), 137.6 (Ar C), 145.9 (4JCF = 1.9, 

alkene-C), 168.8 (C=O), 169.7 (C=O), 170.9 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3284 w (N-H), 3064 w (C-H), 2967 w (C-H), 1730 s (ester C=O), 1651 s 

(amide C=O), 1525 m (C=C), 1402 s (S=O), 1260 m (C-O), 1191 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C19H26N2O6SF: 429.1496, found: 429.1495. 
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3.13.12 Synthesis of polar dipeptides 90-93 
 
3.13.12.1 Fmoc-Ser(tBu)-Phe-OMe (90) 

 
Peptide 90 was synthesised from L-phenylalanine methyl ester hydrochloride 22 (0.539 g, 

2.50 mmol) and N-Fmoc-O-tert-butyl-ether-L-serine (0.383 g, 1.00 mmol) using the 

procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 90 

as a white solid (0.387 g, 71%); m.p. 142-144 ºC; Rf = 0.31 (8:2 EtOAc / Pet. Ether 40-60 

°C). 

 
1H NMR (400 MHz, CDCl3) d 1.17 (9H, s, tBu-(CH3)3) 3.10 (1H, dd, J = 13.7, 5.7, Phe-CHH), 

3.15 (1H, dd, J = 13.7, 5.5, Phe-CHH), 3.33-3.42 (1H, m, Ser-CHH), 3.71 (3H, s, ester-

CH3), 3.82 (1H, dd, J = 8.2, 3.7, Ser-CHH), 4.16-4.28 (2H, Ser-a-CH / Fmoc-CH), 4.34-4.43 

(2H, m, Fmoc-CH2), 4.90 (1H, dt, J = 7.8, 5.9, Phe-a-CH), 5.74 (1H, d, J = 5.3, Ser-NH), 

7.09-7.15 (2H, m, Ar-H), 7.21-7.33 (5H, Ar-H), 7.35-7.44 (3H, m, Ar-H / Phe-NH), 7.58 (2H, 

d, J = 7.3, Ar-H), 7.76 (2H, d, J = 7.4, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 27.3 (tBu-(CH3)3) 38.0 (Phe-CH2), 47.1 (Fmoc-CH), 52.3 

(ester-CH3), 53.4 (Phe-a-CH), 54.1 (Ser-a-CH), 61.6 (Ser-CH2), 67.2 (Fmoc-CH2), 74.4 

(tBu-C), 120.0 (Ar C), 125.1 (Ar C), 127.1 (Ar C), 127.1 (Ar C), 127.7 (Ar C), 128.6 (Ar C), 

129.2 (Ar C), 135.7 (Ar C), 143.7 (Ar C), 157.6 (Fmoc C=O), 169.9 (C=O), 170.0 (C=O),  

 

IR umax/cm-1 (solid) 3243 w (N-H), 3027 w (C-H), 2982 w (C-H), 1722 s (ester C=O), 1651 s 

(amide C=O), 1510 m (C=C), 1223 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C32H37N2O6: 545.2652, found: 545.2657. 
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3.13.12.2 Boc-Asp(OtBu)-Phe-OMe (91) 

 
 

Peptide 91 was synthesised from L-phenylalanine methyl ester hydrochloride 22 (0.539 g, 

2.50 mmol) and N-Boc-L-aspartic acid-4-tert-buyl ester (0.289 g, 1.00 mmol) using the 

procedure outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 91 

as a white solid (0.298 g, 66%); m.p. 88-90 ºC; Rf = 0.30 (8:2 EtOAc / Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 1.43 (9H, s, Boc-(CH3)3), 1.43 (9H, s, OtBu-(CH3)3), 2.58 (1H, 

dd, J = 17.0, 6.3, Asp-CHH), 2.86 (1H, dd, J = 17.0, 4.3, Asp-CHH), 3.08 (1H, dd, J = 13.8, 

6.0, Phe-CHH), 3.12 (1H, dd, J = 13.8, 5.8, Phe-CHH), 3.68 (3H, s, ester-CH3), 4.47 (1H, 

dt, J = 6.3, 5.5, Asp-a-CH), 4.80 (1H, dt, J = 7.4, 6.0, Phe-a-CH), 5.70 (1H, d, J = 8.2, Asp-

NH), 7.03 (1H, d, J = 7.4, Phe-NH), 7.11-7.18 (2H, m, Ar-H), 7.21-7.33 (3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 27.9 (OtBu-(CH3)3), 28.1 (Boc-(CH3)3), 37.1 (Asp-CH2), 37.7 

(Phe-CH2), 50.4 (Asp-a-CH), 52.1 (ester-CH3), 53.4 (Phe-a-CH), 80.1 (Boc-C), 81.5 (OtBu-

C), 127.0 (Ar C), 128.4 (Ar C), 129.2 (Ar C), 135.6 (Ar C), 155.3 (Boc C=O), 170.5 (C=O), 

171.1 (C=O), 171.3 (C=O). 

 

IR umax/cm-1 (solid) 3299 w (N-H), 3030 w (C-H), 2981 w (C-H), 1715 s (ester C=O), 1662 s 

(amide C=O), 1506 s (C=C), 1245 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C23H35N2O7: 451.2444, found: 451.2439. 
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3.13.12.3 Boc-Lys(Boc)-Phe-OMe (92) 

 
Peptide 92 was synthesised from L-phenylalanine methyl ester hydrochloride 22 (0.539 g, 

2.50 mmol) and N2-Boc-N6-Boc-L-lysine (0.346 g, 1.00 mmol) using the procedure outlined 

in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 92 as a white solid 

(0.355 g, 70%); m.p. 101-103 ºC. Rf = 0.25 (8:2 EtOAc / Pet. Ether 40-60 °C) 

 
1H NMR (400 MHz, CDCl3) d 1.25-1.65 (24H, m, Boc-(CH3)3 / Boc-(CH3)3 / Lys-CH2 / Lys-

CH2 / Lys-CHH), 1.70-1.86 (1H, m, Lys-CHH), 3.04-3.19 (4H, m, Phe-CH2 / Lys-CH2), 3.72 

(3H, s, ester-CH3), 3.99-4.11 (1H, m, Lys-a-CH), 4.64 (1H, br t, J = 5.5, Lys-NH), 4.86 (1H, 

dt, J = 7.7, 6.1, Phe-a-CH), 5.08 (1H, br d, J = 4.8, Lys-NH), 6.47 (1H, d, J = 7.7, Phe-NH), 

7.09-7.14 (2H, m, Ar-H), 7.20-7.32 (3H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.4 (Lys-CH2), 28.3 (Boc-(CH3)3), 28.4 (Boc-(CH3)3), 29.6 

(Lys-CH2), 31.9, 37.9 (Phe-CH2), 39.8 (Lys-CH2), 52.3 (ester-CH3), 53.1 (Phe-a-CH), 54.4 

(Lys-a-CH), 79.1 (Boc-C), 80.0 (Boc-C), 127.1 (Ar C), 128.6 (Ar C), 129.2 (Ar C), 135.7 (Ar 

C), 155.6 (C=O), 156.1 (C=O), 171.6 (C=O), 171.7 (C=O). 

 

IR umax/cm-1 (solid) 3340 w (N-H), 3060 w (C-H), 2974 w (N-H), 1741 s (ester C=O), 1692 s 

(amide C=O), 1517 s (C=C), 1271 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C26H42N3O7: 508.3023, found: 508.3021. 
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3.13.12.4 Fmoc-Arg(Pbf)-Phe-OMe (93) 

 
 

Peptide 93 was synthesised from L-phenylalanine methyl ester hydrochloride 22 (0.539 g, 

2.50 mmol) and N2-Fmoc-N5-Pbf-L-arginine (0.649 g, 1.00 mmol) using the procedure 

outlined in Section 3.13.2.1. Recrystallisation from CH2Cl2 / hexanes yielded 93 as a light 

brown solid (0.089 g, 11%); m.p. 108-110 ºC; Rf = 0.18 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 1.37-1.73 (10H, m, Pbf-(CH3)2 / Arg-CH2 / Arg-CH2), 2.06 

(3H, s, Pbf-CH3), 2.51 (3H, s, Pbf-CH3), 2.58 (3H, s, Pbf-CH3), 2.93-3.02 (3H, m, Pbf-CH2 / 

Phe-CHH), 3.08-3.18 (3H, m, Phe-CHH / Arg-CH2), 3.66 (3H, s, ester-CH3), 4.07 (1H, dd, J 

= 8.1, 5.7, Arg-a-CH), 4.17 (1H, t, J = 6.6, Fmoc-CH), 4.30-4.39 (2H, m, Fmoc-CH2), 4.66 

(1H, dd, J = 8.1, 5.7, Phe-a-CH), 7.08-7.23 (5H, m, Ar-H), 7.28 (2H, t, J = 7.2, Ar-H), 7.37 

(2H, t, J = 7.4, Ar-H), 7.62 (2H, d, J = 7.2, Ar-H), 7.78 (2H, d, J = 7.4, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 12.7 (Pbf-CH3), 18.6 (Pbf-CH3), 19.8 (Pbf-CH3), 27.1 (Arg-

CH2), 28.8 (Pbf-(CH3)2), 30.6 (Arg-CH2), 38.4 (Phe-CH2), 41.5 (Arg-CH2), 44.1 (Pbf-CH2), 

48.2 (Fmoc-CH), 52.9 (ester-CH3), 55.2 (Phe-a-CH), 56.0 (Arg-a-CH), 68.0 (Fmoc-CH2), 

87.8 (4º Pbf-C), 118.6 (Ar C), 121.1 (Ar C), 126.2 (Ar C), 126.4 (Ar C), 128.0 (Ar C), 128.3 

(Ar C), 129.0 (Ar C), 129.6 (Ar C), 130.4 (Ar C), 133.6 (Ar C), 134.5 (Ar C), 138.1 (Ar C), 

139.6 (Ar C) 142.7 (Ar C), 145.2 (Ar C), 145.5 (Ar C), 158.4 (C=O), 160.0 (C=N), 173.4 

(C=O), 174.6 (C=O). 

 

IR umax/cm-1 (solid) 3329 m (N-H), 3030 w C-H, 2930 w (C-H), 1722 s (ester C-O), 1658 s 

(amide C=O), 1543 m (C=C), 1245 m (C-O), 1156 s (S=O), 1088 s (S-N). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C44H52N5O8S: 810.3537, found: 810.3532. 
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3.13.13 Synthesis of modified dipeptide (94-96) 
3.13.13.1 Fmoc-Ser(tBu)-Phe(2-VSF)-OMe (94) 

 
Modified dipeptide 94 was synthesised from Fmoc-Ser(tBu)-Phe-OMe 90 (0.094 g, 0.20 

mmol) and ESF 50 (0.034 mL, 0.40 mmol) according to the procedure outlined in Section 
3.13.3.2. Purification by flash column chromatography (8:2 EtOAc / Pet. Ether 40-60 °C) 

followed by recrystallisation from CH2Cl2 / hexanes gave 94 as a brown oil (0.039 g, 30%); 

Rf = 0.31 (8:2 EtOAc / Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 1.19 (9H, s, tBu-(CH3)3), 3.22-3.43 (3H, m, Phe-CH2 / Ser-

CHH), 3.71 (3H, s, ester-CH3), 3.78-3.87 (1H, m, Ser-CHH), 4.17-4.28 (2H, m, Fmoc-CH / 

Ser-a-CH), 4.39 (2H, d, J = 6.7, Fmoc-CH2), 4.87 (1H, dt, J = 7.6, 6.2, Phe-a-CH), 5.72 (1H, 

br d, J = 4.9, Ser-NH), 6.86 (1H, dd, J = 15.4, 2.5, alkene-CH), 7.24-7.70 (11H, m, Ar-H / 

Phe-NH), 7.77 (2H, d, J = 7.6, Ar-H), 8.15 (1H, d, J = 15.4, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 27.3 (tBu-(CH3)3), 35.0 (Phe-CH2), 47.1 (Fmoc-CH), 52.7 

(ester-CH3), 53.2 (Phe-a-CH), 54.1 (Ser-a-CH), 61.6 (Ser-CH2), 67.2 (Fmoc-CH2), 74.5 

(tBu-C), 119.5 (3JCF = 27.8, alkene-C), 120.0 (Ar C), 125.1 (Ar C), 127.1 (Ar C), 127.4 (Ar 

C), 127.7 (Ar C), 128.1 (Ar C), 130.1 (Ar C), 131.7 (Ar C), 132.3 (Ar C), 137.2 (Ar C), 141.3 

(Ar C), 143.7 (Ar C), 145.5 (4JCF = 2.9, alkene-C), 158.0 (Fmoc C=O), 170.2 (C=O), 170.9 

(C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.2 (s). 

 

IR umax/cm-1 (solid) 3247 w (N-H), 3064 w (C-H), 2971 w (C-H), 1718 s (ester C=O), 1651 s 

(amide C=O), 1510 s (C=C), 1402 s (S=O), 1215 s (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C34H38N2O8SF: 653.2333, found: 653.2330. 
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3.13.13.2 Boc-Asp(OtBu)-Phe(2-VSF)-OMe (95) 

 
Modified dipeptide 95 was synthesised from Boc-Asp(OtBu)-Phe-OMe 91 (0.075 g, 0.20 

mmol) and ESF 50 (0.034 mL, 0.40 mmol) according to the procedure outlined in Section 
3.13.3.2. Purification by flash column chromatography (8:2 EtOAc / Pet. Ether 40-60 °C).) 

followed by recrystallisation from CH2Cl2 / hexanes gave 95 as a light brown solid (0.053 g, 

47%); m.p. 69-71 °C; Rf = 0.30 (8:2 EtOAc / Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 1.44 (18H, s, Boc-(CH3)3 / tBu-(CH3)3), 2.58 (1H, dd, J = 17.0, 

6.2, Asp-CHH), 2.89 (1H, dd, J = 17.0, 4.4, Asp-CHH), 3.23 (1H, dd, J = 14.4, 6.0, Phe-

CHH), 3.30 (1H, dd, J = 14.4, 6.1, Phe-CHH), 3.69 (3H, s, ester-CH3), 4.42-4.50 (1H, m, 

Asp-a-CH), 4.73-4.81 (1H, m, Phe-a-CH), 5.65 (1H, d, J = 8.0, Asp-NH), 6.87 (1H, dd, J = 

15.3, 2.2, alkene-CH), 7.12-7.20 (2H, m, Ar-H / Phe-NH), 7.36 (1H, t, J = 7.6, Ar-H), 7.47 

(1H, t, J = 7.5, Ar-H), 7.58 (1H, J = 7.9, Ar-H), 8.16 (1H, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 28.0 (Boc-(CH3)3), 28.2 (tBu-(CH3)3), 34.8 (Phe-CH2), 37.1 

(Asp-CH2), 50.5 (Asp-a-CH), 52.7 (ester-CH3), 53.4 (Phe-a-CH), 80.4 (tBu-C), 81.8 (Boc-

C), 119.5 (3JCF = 28.8, alkene-C), 127.4 (Ar C), 128.1 (Ar C), 129.3 (Ar C), 130.1 (Ar C), 

131.8 (Ar C0, 132.4 (Ar C), 145.6 (4JCF = 2.9, alkene-C), 155.4 (C=O), 155.5 (C=O), 170.9 

(C=O), 171. 4 (C=O), 171.4 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.2 (s). 

 

IR umax/cm-1 (solid) 3322 w (N-H), 3030 w (C-H), 2974 w (C-H), 1737 s (ester C=O), 1684 s 

(amide C=O), 1510 s (C=C), 1394 s (S=O), 1244 s (C-O), 1160 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C25H36N2O9SF: 559.2126, found: 559.2122. 
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3.13.13.3 Boc-Lys(Boc)-Phe(2-VSF)-OMe (96) 

 
Modified dipeptide 96 was synthesised from Boc-Lys(Boc)-Phe-OMe 92 (0.102 g, 0.20 

mmol) and ESF 50 (0.034 mL, 0.40 mmol) according to the procedure outlined in Section 
3.13.3.2. Purification by flash column chromatography (8:2 EtOAc / Pet. Ether 40-60 °C) 

followed by recrystallisation from CH2Cl2 / hexanes gave 96 as a brown solid (0.048 g, 39%); 

m.p. 78-80 °C; Rf = 0.25 (8:2 EtOAc / Pet. Ether 40-60 °C). 

 
1H NMR (400 MHz, CDCl3) d 1.28-1.38 (2H, m, Lys-CH2), 1.40-1.50 (20H, m, Boc-(CH3)3 / 

Boc-(CH3)3 / Lys-CH2), 1.54-1.62 (1H, m, Lys-CHH), 1.74-1.83 (1H, m, Lys-CHH), 3.06-3.14 

(2H, m, Lys-CH2), 3.21 (1H, dd, J = 14.4, 6.7, Phe-CHH), 3.35 (1H, dd, J = 14.4, 6.1, Phe-

CHH), 3.72 (3H, s, ester-CH3), 3.39-4.08 (1H, m, Lys-a-CH), 4.63 (1H, br t, J = 5.4, Boc-

NH), 4.80 (1H, dt, J = 7.3, 6.7, Phe-a-CH), 5.09 (1H, br d, J = 5.7, Lys-NH), 6.72 (1H, d, J 

= 7.6, Phe-NH), 6.88 (1H, dd, J = 15.3, 2.3, alkene-CH), 7.28-7.30 (1H, m, Ar-H), 7.35 (1H, 

dt, J = 7.4, 0.6, Ar-H), 7.45 (1H, dt, J = 7.6, 1.3, Ar-H), 7.59 (1H, d, J = 7.4, Ar-H), 8.15 (1H, 

d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 22.5 (Lys-CH2), 28.3 (Boc-(CH3)3), 28.4 (Boc-(CH3)3), 29.6 

(Lys-CH2), 31.5 (Lys-CH2), 34.9 (Phe-CH2), 39.7 (Lys-CH2), 52.7 (ester-CH3), 53.0 (Phe-a-

CH), 54.4 (Lys-a-CH), 79.2 (Boc-C), 80.2 (Boc-C), 119.6 (3JCF = 27.8, alkene-C), 127.4 (Ar 

C), 128.1 (Ar C), 128.6 (Ar C), 130.1 (Ar C), 131.7 (Ar C), 132.3 (Ar C), 145.6 (4JCF = 1.9, 

alkene-C), 156.1 (Boc C=O), 156.2 (Boc C=O), 171.2 (C=O), 171.7 (C=O), 172.0 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.2 (s). 

 

IR umax/cm-1 (solid) 3317 w (N-H), 3056 w (C-H), 2978 w (C-H), 1748 s (ester C=O), 1670 s 

(amide C=O), 1510 s (C=C), 1402 s (S=O), 1245 s (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C28H43N3O9SF: 616.2704, found: 616.2705. 
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3.13.14 Synthesis of Ac-Gly-Tyr(tBu)-OMe (98) 

 
Peptide 98 was synthesised from L-tyrosine methyl ester 99 (0.719 g, 2.50 mmol) and N-

acetyl-glycine 26 (0.117 g, 1.00 mmol) using the procedure outlined in Section 3.13.2.1. 

Recrystallisation from CH2Cl2 / hexanes yielded 98 as an off-white solid (0.249 g, 71%); 

m.p. 70-72 ºC; Rf = 0.30 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.30 (9H, s, tBu-(CH3)3), 1.98 (3H, s, acetyl-CH3), 2.99 (1H, 

dd, J = 14.0, 6.9, Tyr-CHH), 3.05 (1H, dd, J = 13.7, 6.0, Tyr-CHH), 3.66 (3H, s, ester-CH3), 

3.82 (1H, dd, J = 16.7, 5.2, Gly-CHH), 3.91 (1H, dd, J = 16.7, 5.2, Gly-CHH), 4.76 (1H, dt, 

J = 7.8, 6.6, Tyr-a-CH), 6.76 (1H, t, J = 5.2, Gly-NH), 6.88 (2H, d, J = 8.5, Ar-H), 7.00 (2H, 

d, J = 8.5, Ar-H), 7.04 (1H, d, J = 7.8, Tyr-NH). 

 
13C NMR (100 MHz, CDCl3) d 22.7 (acetyl-CH3), 28.7 (tBu-(CH3)3), 37.1 (Tyr-CH2), 43.0 

(Gly-CH2), 52.2 (ester-CH3), 53.4 (Tyr-a-CH), 78.4 (tBu-C), 124.1 (Ar C), 129.6 (Ar C), 130.5 

(Ar C), 154.3 (Ar C-O), 168.8 (C=O), 170.8 (C=O), 171.8 (C=O). 

 

IR umax /cm-1 (solid) 3265 w (N-H), 3068 w (C-H), 2974 w (C-H), 1752 s (ester C=O), 1640 

s (amide C=O), 1566 m (C=C), 1233 m (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C18H27N2O5: 351.1920, found: 351.1919. 
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3.13.15 Synthesis of modified dipeptide Ac-Gly-Tyr(tBu)(2-VSF)-OMe (100) 

 
Modified dipeptide 100 was synthesised from Ac-Gly-Tyr(tBu)-OMe 98 (0.070 g, 0.20 mmol) 

and ESF 50 (0.034 mL, 0.40 mmol) according to the procedure outlined in Section 3.13.3.2. 

Purification by flash column chromatography (60% EtOAc in Pet. Ether 40-60 °C) followed 

by recrystallisation from CH2Cl2 / hexanes gave 100 as an off-white solid (0.048 g, 52%); 

m.p. 180-182 °C; Rf = 0.12 (60% EtOAc in Pet. Ether 40-60 °C). 
 

1H NMR (400 MHz, CDCl3) d 1.30 (9H, s, Boc-(CH3)3), 1.95 (3H, s, acetyl-CH3), 3.12 (1H, 

dd, J = 14.5, 6.2, Tyr-CHH), 3.23 (1H, dd, J = 14.5, 6.0, Tyr-CHH), 3.63 (3H, s, ester-CH3), 

3.77 (1H, dd, J = 16.8, 5.1, Gly-CHH), 3.91 (1H, dd, J = 5.4, Gly-CHH), 4.71 (1H, dt, J = 

7.6, 6.1, Tyr-a-CH), 6.36 (1H, t, J = 4.9, Gly-NH), 6.76 (1H, dd, J = 15.3, 2.4, alkene-CH), 

6.83 (1H, d, J = 7.6, Tyr-NH), 7.02 (1H, dd, J = 8.5, 2.3, Ar-H), 7.06 (1H, d, J = 8.5, Ar-H), 

7.10 (1H, d, J = 2.3, Ar-H), 7.99 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 22.9 (acetyl-CH3), 28.8 (tBu-(CH3)3), 34.2 (Tyr-CH2), 43.1 

(Gly-CH2), 52.7 (ester-CH3), 53.4 (Tyr-a-CH), 79.5 (tBu-C), 119.3 (JCF = 27.8, alkene-C), 

122.2 (Ar C), 127.9 (Ar C), 130.8 (Ar C), 131.9 (Ar C), 132.2 (Ar C), 145.6 (JCF = 1.9, alkene-

C), 155.1 (Ar C), 168.8 (C=O), 170.9 (C=O), 171.1 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3310 w (N-H), 3079 w (C-H), 2960 w (C-H), 1730 s (ester C=O), 1651 s 

(amide C=O), 1539 s (C=C), 1398 s (S=O), 1223 s (C-O), 1189 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H28N2O7SF: 459.1601, found: 459.1600. 
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3.13.16 Synthesis of tri- and tetra-peptides (102-107) 
 
3.13.16.1 Ac-Gly-Leu-Phe-OMe (102) 

 
Known compound. The tripeptide 102 was elongated from H-Phe-2-Cl-Trtyl resin (0.256 g, 

0.20 mmol) using the procedure outlined in Section 3.13.2.2. Upon cleavage from the resin 

and isolation, the peptide acid was subjected to the esterification process outlined in 

Section 3.13.2.3. Recrystallisation from CH2Cl2 / hexanes yielded tripeptide 102 as a white 

solid (0.047 g, 60%); m.p. 125-127 °C; Rf = 0.10 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 0.89 (3H, d, J = 6.6, Leu-CH3), 0.93 (3H, d, J = 6.6, Leu-

CH3), 1.46-1.55 (2H, m, Leu-CH2), 1.57-1.67 (1H, m, Leu-CH), 2.00 (3H, s, acetyl-CH3), 

3.01 (1H, dd, J = 13.8, 8.7, Phe-CHH), 3.15 (1H, dd, J = 13.8, 5.8, Phe-CHH), 3.67 (3H, s, 

ester-CH3), 3.82 (2H, m, Gly-CH2), 4.43 (1H, dd, J = 9.0, 6.1, Leu-a-CH), 4.64 (1H, dt, J = 

8.7, 5.8, Phe-a-CH), 7.15-7.32 (5H, m, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 22.0 (Leu-CH3), 22.4, (acetyl-CH3), 23.4 (Leu-CH3), 25.7 

(Leu-CH), 38.2 (Phe-CH2), 41.9 (Leu-CH2), 43.5 (Gly-CH2), 52.7 (ester-CH3), 52.8 (Leu-a-

CH), 55.2 (Phe-a-CH), 127.9 (Ar C), 129.5 (Ar C), 130.3 (Ar C), 138.1 (4º Ar C), 171.4 

(C=O), 173.2 (C=O), 173.8 (C=O), 174.5 (C=O). 

 

IR umax/cm-1 (solid) 3288 w (N-H), 3064 w (C-H), 2956 w (C-H), 1744 s (ester C=O), 1647 s 

(amide C=O), 1528 s (C=C), 1204 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H30N3O5: 392.2185, found: 392.2181. 

  

Ac
H
N N

H

O H
N

O
OMe

O



 168 

3.13.16.2 Ac-Gly-Phe-Leu-OMe (103) 

 
Known compound. The tripeptide 103 was elongated from H-Leu-2-Cl-Trtyl resin (0.250 g, 

0.20 mmol) using the procedure outlined in Section 3.13.2.2. Upon cleavage from the resin 

and isolation, the peptide acid was subjected to the esterification process outlined in 

Section 3.13.2.3. Recrystallisation from CH2Cl2 / hexanes yielded tripeptide 103 as a white 

solid (0.056 g, 71%); m.p. 180-182 °C; Rf = 0.10 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 0.90 (3H, d, J = 6.2, Leu-CH3), 0.95 (3H, d, J = 6.3, Leu-

CH3), 1.55-1.71 (3H, m, Leu-CH2 / Leu-CH), 1.96 (3H, s, acetyl-CH3), 2.90 (1H, dd, J = 14.0, 

8.7, Phe-CHH), 3.16 (1H, dd, J = 14.0, 5.4, Phe-CHH), 3.68 (3H, s, ester-CH3), 3.71 (1H, 

d, J = 16.6, Gly-CHH), 3.81 (1H, d, J = 16.6, Gly-CHH), 4.45 (1H, dd, J = 9.6, 5.3, Leu-a-

CH), 4.67 (1H, dd, J = 8.7, 5.4, Phe-a-CH), 7.17-7.31 (5H, m, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 22.0 (Leu-CH3), 22.5 (acetyl-CH3), 23.5 (Leu-CH3), 26.0 

(Leu-CH), 38.9 (Phe-CH2), 41.5 (Leu-CH2), 43.6 (Gly-CH2), 52.3 (Leu-a-CH) 52.8 (ester-

CH3), 55.7 (Phe-CH2), 127.9 (Ar C), 129.6 (Ar C), 130.5 (Ar C), 138.4 (4º Ar C), 171.5 (C=O), 

173.7 (C=O), 174.0 (C=O), 174.4 (C=O). 

 

IR umax/cm-1 (solid) 3284 w (N-H), 3030 w (C-H), 2952 w (C-H), 1748 s (ester C=O), 1648 s 

(amide C=O), 1543 s (C=C), 1208 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H30N3O5: 392.2185, found: 392.2184. 
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3.13.16.3 Ac-Phe-Gly-Leu-OMe (104) 

 
Known compound. The tripeptide 104 was elongated from H-Leu-2-Cl-Trtyl resin (0.250 g, 

0.20 mmol) using the procedure outlined in Section 3.13.2.2. Upon cleavage from the resin 

and isolation, the peptide acid was subjected to the esterification process outlined in 

Section 3.13.2.3. Recrystallisation from CH2Cl2 / hexanes yielded tripeptide 104 as an off-

white solid (0.033 g, 42%); m.p. 142-144 °C; Rf = 0.10 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 0.90 (3H, d, J = 6.2, Leu-CH3), 0.94 (3H, d, J = 6.2, Leu-

CH3), 1.55-1.74 (3H, m , Leu-CH2 / Leu-CH), 1.91 (3H, s, acetyl-CH3), 2.92 (1H, dd, J = 

13.8, 9.0, Phe-CHH), 3.13 (1H, dd, J = 13.8, 6.3, Phe-CHH), 3.70 (4H, m, ester-CH3 / Gly-

CHH), 3.93 (1H, d, J = 16.9, Gly-CHH), 4.43-4.53 (2H, m, Phe-a-CH / Leu-a-CH), 7.16-7.32 

(5H, m, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 21.8 (Leu-CH3), 22.6 (acetyl-CH3), 23.6 (Leu-CH3), 25.9 

(Leu-CH), 38.4 (Phe-CH2), 41.3 (Leu-CH2), 43.4 (Gly-CH2), 52.2 (Phe-a-CH), 52.9 (ester-

CH3), 57.1 (Leu-a-CH), 128.0 (Ar C), 129.6 (Ar C), 130.4 (Ar C), 138.6 (4º Ar C), 171.7 

(C=O), 173.6 (C=O), 174.6 (C=O), 174.7 (C=O). 

 

IR umax/cm-1 (solid) 3299 w (N-H), 3064 w (C-H), 2956 w (C-H), 1751 s (ester C=O), 1625 s 

(amide C=O), 1536 s (C=C), 1204 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C20H30N3O5: 392.2185, found: 392.2183. 
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3.13.16.4 Ac-Lys(Boc)-Gly-Phe-OMe (105) 

 
The tripeptide 105 was elongated from H-Gly-2-Cl-Trtyl resin (0.238 g, 0.20 mmol) using 

the procedure outlined in Section 3.13.2.2. Upon cleavage from the resin and isolation, the 

peptide acid was subjected to the solution-phase peptide synthesis outlined in Section 
3.13.2.4. Purification by flash column chromatography (EtOAc) followed by trituration in 

Et2O (20 mL) yielded tripeptide 105 as a white solid which was dried on the filter paper 

(0.051 g, 50%); m.p. 120-121 °C; Rf = 0.15 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.29-1.53 (13H, m, Boc-(CH3)3 / Lys-CH2 / Lys-CH2), 1.57-

1.69 (1H, m, Lys-CHH), 1.72-1.83 (1H, m, Lys-CHH), 1.96 (3H, s, acetyl-CH3), 3.00-3.16 

(4H, m, Phe-CH2 / Lys-CH2), 3.68 (3H, s, ester-CH3), 3.88 (1H, dd, J = 16.8, 5.4, Gly-CHH), 

4.00 (1H, dd, J = 16.9, 5.7, Gly-CHH), 4.43 (1H, dt, J = 7.1, 6.4, Lys-a-CH), 4.83 (1H, dt, J 

= 7.6, 6.5, Phe-a-CH), 4.89 (1H, t, J = 5.2, Boc-NH), 6.85 (1H, d, J = 7.4, Lys-NH), 7.08-

7.15 (2H, m, Ar-H), 7.19-7.31 (4H, m, Ar-H / Phe-NH), 7.43 (1H, t, J = 5.5, Gly-NH). 

 
13C NMR (100 MHz, CDCl3) d 22.5 (Lys-CH2), 22.9 (acetyl-CH3), 28.4 (Boc-(CH3)3), 29.6 

(Lys-CH2), 31.6 (Lys-CH2), 37.8 (Phe-CH2), 39.8 (Lys-CH2), 42.8 (Gly-CH2), 52.3 (ester-

CH3), 53.2 (Lys-a-CH), 53.4 (Phe-a-CH), 79.0 (Boc-C), 127.0 (Ar C), 128.5 (Ar C), 129.2 

(Ar C), 135.9 (Ar C), 156.2 (Boc C=O), 168.6 (C=O), 170.8 (C=O), 172.0 (C=O), 172.5 

(C=O). 

 

IR umax/cm-1 (solid) 3299 m (N-H), 3064 w (C-H), 2933 w (C-H), 1737 s (ester C=O), 1629 

s (amide C=O), 1528 s (C=C), 1218 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C25H39N4O7: 507.2819, found: 507.2813. 
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3.13.16.5 Ac-Lys(Boc)-Ala-Gly-Phe-OMe (106) 

 
The tetrapeptide 106 was elongated from H-Gly-2-Cl-Trtyl resin (0.238 g, 0.20 mmol) using 

the procedure outlined in Section 3.13.2.2. Upon cleavage from the resin and isolation, the 

peptide acid was subjected to the solution-phase peptide coupling outlined in Section 
3.13.2.4. Trituration in Et2O (20 mL) yielded tetrapeptide 106 as a white solid which was 

dried on the filter paper (0.062 g, 54%); m.p. 60-62 °C; Rf = 0.08 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 1.33-1.52 (17H, m, Ala-CH3 / Boc-(CH3)3 / Lys-CH2 / Lys-

CH2) 1.58-1.70 (1H, m, Lys-CHH), 1.74-1.84 (1H, m, Lys-CHH), 1.98 (3H, s, acetyl-CH3), 

2.98-3.08 (3H, Lys-CH2 / Phe-CHH), 3.15 (1H, dd, J = 13.7, 5.8, Phe-CHH), 3.67 (3H, s, 

ester-CH3), 3.74 (1H, d, J = 16.9, Gly-CHH), 3.93 (1H ,d, J = 16.9, Gly-CHH), 4.21-4.32 

(2H, m, Lys-a-CH / Ala-a-CH), 4.65 (1H, dd, J = 8.3, 5.8, Phe-a-CH), 7.17-7.23 (3H, m, Ar-

H), 7.24-7.31 (2H, m, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 17.6 (Ala-CH3), 22.6 (acetyl-CH3), 24.3 (Lys-CH2), 28.9 (Boc-

(CH3)3), 30.7 (Lys-CH2), 32.7 (Lys-CH2), 38.6 (Phe-CH2), 41.2 (Gly-CH2), 43.3 (Lys-CH2),  

51.0 (Ala-a-CH), 52.9 (ester-CH3), 55.2 (Phe-a-CH), 55.6 (Lys-a-CH), 80.8 (Boc-C), 128.0 

(Ar C), 129.7 (Ar C), 130.5 (Ar C), 138.3 (Ar C), 158.7 (Boc C=O), 171.5 (C=O), 173.5 

(C=O), 174.0 (C=O), 174.7 (C=O), 175.4 (C=O). 

 

IR umax/cm-1 (solid) 3284 m (N-H), 3064 w (C-H), 2978 w (C-H), 1741 m (ester C=O), 1629 

s (amide C=O), 1528 s (C=C), 1226 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C28H44N5O8: 578.3190, found: 578.3187. 
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3.13.16.6 Ac-Lys(Boc)-Val-Gly-Phe-OMe (107) 

 
The tetrapeptide 107 was elongated from H-Gly-2-Cl-Trtyl resin (0.238 g, 0.20 mmol) using 

the procedure outlined in Section 3.13.2.2. Upon cleavage from the resin and isolation, the 

peptide acid was subjected to the solution-phase peptide coupling outlined in Section 
3.13.2.4. Trituration in Et2O (20 mL) yielded tetrapeptide 107 as a white solid which was 

dried on the filter paper (0.075 g, 62%); m.p. 203-205 °C; Rf = 0.08 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 0.95 (3H, d, J = 6.7, Val-CH3), 0.96 (3H, d, J = 6.7, Val-CH3), 

1.32-1.48 (12H, m, Boc-(CH3)3 / Lys-CHH / Lys-CH2), 1.55-1.70 (2H, m, Lys-CH2), 1.72-

1.81 (1H, m, Lys-CHH), 1.97 (3H, s, acetyl-CH3), 2.03-2.12 (1H, m, Val-CH), 2.97-3.06 (3H, 

m, Lys-CH2 / Phe-CHH), 3.14 (1H, dd, J = 13.8, 6.0, Phe-CHH), 3.67 (3H, s, ester-CH3), 

3.78 (1H, d, J = 16.1, Gly-CHH), 3.92 (1H, d, J = 16.7, Gly-CHH), 4.11 (1H, d, J = 7.1, Val-

a-CH), 4.29-4.35 (1H, m, Lys-a-CH), 4.67 (1H, dd, J = 8.2, 6.0, Phe-a-CH), 7.16-7.24 (3H, 

m, Ar-H), 7.25-7.31 (2H, m, Ar-H). 
 
13C NMR (100 MHz, CD3OD) d 18.9 (Val-CH3), 19.9 (Val-CH3), 22.5 (acetyl-CH3), 24.4 (Val-

CH), 28.9 (Boc-(CH3)3), 30.8 (Lys-CH2), 31.8 (Lys-CH2), 32.7 (Lys-CH2), 38.7 (Phe-CH2), 

41.2 (Lys-CH2), 43.2 (Gly-CH2), 52.8 (ester-CH3), 55.0 (Phe-a-CH), 55.5 (Lys-a-CH), 60.7 

(Val-a-CH), 80.0 (Boc-C), 128.1 (Ar C), 129.7 (Ar C), 130.5 (Ar C), 138.2 (Ar C), 158.7 (Boc 

C=O), 171.2 (C=O), 173.4 (C=O), 173.6 (C=O), 174.2 (C=O), 174.9 (C=O). 

 

IR umax/cm-1 (solid) 3313 m (N-H), 3060 w (C-H), 2967 w (C-H), 1744 s (ester C=O), 1625 

s (amide C=O), 1535 s (C=C), 1226 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C30H48N5O8: 606.3503, found: 606.3500. 
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3.13.17 Modified tri- and tetrapeptides (108-113) 
 
3.13.17.1 Ac-Gly-Leu-Phe(2-VSF)-OMe (108) 

 
Modified tripeptide 108 was synthesised from Ac-Gly-Leu-Phe-OMe 102 (0.039 g, 0.10 

mmol) and ESF 50 (0.017 mL, 0.20 mmol) according to the procedure outlined in Section 
3.13.3.1. Purification by flash column chromatography (EtOAc) followed by recrystallisation 

from CH2Cl2 / hexanes gave 108 as a brown solid (0.023 g, 47%); m.p. 182-184 °C; Rf = 

0.09 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 0.90 (3H, d, J = 6.7, Leu-CH3), 0.93 (3H, d, J = 6.4, Leu-

CH3), 1.45-1.55 (2H, m, Leu-CH2), 1.56-1.68 (1H, m, Leu-CH), 2.00 (3H, s, acetyl-CH3), 

3.17 (1H, dd, J = 14.3, 8.7, Phe-CHH), 3.43 (1H, dd, J = 14.4, 6.0, Phe-CHH), 3.68 (3H, s, 

ester-CH3), 3.81 (2H, s, Gly-CH2), 4.42 (1H, dd, J = 8.8, Leu-a-CH), 4.58 (1H, dd, J = 8.7, 

6.0, Phe-a-CH), 7.33-7.38 (2H, m, Ar-H), 7.42 (1H, dd, J = 15.1, 2.5, alkene-CH), 7.47 (1H, 

dt, J = 7.6, 1.4, Ar-H), 7.77 (1H, d, J = 7.8, Ar-H), 8.23 (1H, d, J = 15.1, alkene-CH). 

 
13C NMR (100 MHz, CD3OD) d 22.1 (Leu-CH3), 22.6 (acetyl-CH3), 23.5 (Leu-CH3), 25.9 

(Leu-CH), 35.3 (Phe-CH2), 42.0 (Leu-CH2), 43.7 (Gly-CH2), 53.0 (Leu-a-CH), 53.1 (ester-

CH3), 55.1 (Phe-a-CH), 121.5 (3JCF = 27.9, alkene-C), 129.0 (Ar C), 129.2 (Ar C), 131.9 (4º 

Ar C), 132.7 (Ar C), 133.5 (Ar C), 139.5 (4º Ar C), 147.1 (4JCF = 2.9, alkene-C), 171.6 (C=O), 

172.8 (C=O), 174.1 (C=O), 174.8 (C=O). 

 
19F NMR (376 MHz, CD3OD) d 59.7 (s). 

 

IR umax/cm-1 (solid) 3295 w (N-H), 3049 w (C-H), 2960 w (C-H), 1752 s (ester C=O), 1625 s 

(amide C=O), 1543 m (C=C), 1409 s (S=O), 1267 s (C-O), 1197 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C22H31N3O7SF: 500.1867, found: 500.1862. 
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3.13.17.2 Ac-Gly-Phe(ESF)-Leu-OMe (109) 

 
Modified tripeptide 109 was synthesised from Ac-Gly-Phe-Leu-OMe 103 (0.039 g, 0.10 

mmol) and ESF 50 (0.017 mL, 0.20 mmol) according to the procedure outlined in Section 
3.13.3.1. Purification by flash column chromatography (EtOAc) followed by recrystallisation 

from CH2Cl2 / hexanes gave 109 as a brown solid (0.025 g, 50%); m.p. 205-208 °C; Rf = 

0.10 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 0.89 (3H, d, J = 6.3, Leu-CH3), 0.92 (3H, d, J = 6.3, Leu-

CH3), 1.52-1.67 (3H, m, Leu-CH2 / Leu-CH), 1.98 (3H, s, acetyl-CH3), 3.11 (1H, dd, J = 14.3, 

7.4, Phe-CHH), 3.35 (1H, dd, J = 14.3, 7.1, Phe-CHH), 3.64 (3H, s, ester-CH3), 3.74-3.84 

(2H, m, Gly-CH2), 4.42 (1H, dd, J = 9.1, 5.8, Leu-a-CH), 4.66 (1H, dd, J = 7.4, 7.1, Phe-a-

CH), 7.32-7.41 (3H, m, Ar-H / alkene-CH), 7.46 (1H, dt, J = 7.6, 1.3, Ar-H), 7.76 (1H, d, J = 

7.9, Ar-H), 8.22 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CD3OD) d 22.0 (Leu-CH2), 22.5 (acetyl-CH3), 23.4 (Leu-CH3), 26.0 

(Leu-CH), 35.6 (Phe-CH2), 41.6 (Leu-CH2), 43.7 (Gly-CH2), 52.4 (ester-CH3), 52.8 (Leu-a-

CH), 55.5 (Phe-a-CH), 121.3 (3JCF = 27.8, alkene-C), 129.0 (Ar C), 129.0 (Ar C), 132.2 (Ar 

C), 132.6 (Ar C), 133.4 (Ar C), 139.4 (Ar C), 147.4 (4JCF = 1.9, alkene-C), 171.5 (C=O), 

172.7 (C=O), 174.0 (C=O), 174.2 (C=O). 

 
19F NMR (376 MHz, CD3OD) d 59.7 (s). 

 

IR umax/cm-1 (solid) 3283 w (N-H), 3067 w (C-H), 2967 w (C-H), 1744 s (ester C=O), 1625 s 

(amide C=O), 1528 m (C=C), 1402 s (S=O), 1278 m (C-O), 1197 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C22H31N3O7SF: 500.1867, found: 500.1863. 
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3.13.17.3 Ac-Lys(Boc)-Gly-Phe(2-VSF)-OMe (111) 

 
Modified tripeptide 111 was synthesised from Ac-Lys(Boc)-Gly-Phe-OMe 105 (0.051 g, 0.10 

mmol) and ESF 50 (0.017 mL, 0.20 mmol) according to the procedure outlined in Section 
3.13.3.2. Purification by flash column chromatography (EtOAc) followed by recrystallisation 

from CH2Cl2 / hexanes gave 111 as a brown solid (0.020 g, 32%); m.p. 152-154 °C; Rf = 

0.15 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.30-1.55 (11H, m, Boc-(CH3)3 / Lys-CH2), 1.64-1.91 (4H, m, 

Lys-CH2 / Lys-CH2), 2.03 (3H, s, acetyl-CH3), 3.05-3.17 (2H, m, Lys-CH2), 3.24 (1H, dd, J 

= 14.4, 6.9, Phe-CHH), 3.38 (1H, dd, J = 14.4, 5.5, Phe-CHH), 3.72 (3H, s, ester-CH3), 3.83 

(1H, dd, J = 17.0, 5.3, Gly-CHH), 4.02 (1H, dd, J = 17.0, 6.3, Gly-CHH), 4.21-4.29 (1H, m, 

Lys-a-CH), 4.72 (1H, t, J = 5.5, Boc-NH), 4.78 (1H, dt, J = 6.9, 6.1, Phe-a-CH), 6.57 (1H, 

br d, J = 4.6, Lys-NH), 6.88 (1H, dd, J = 15.3, 2.4, alkene-CH), 7.18-7.27 (2H, m, Ar-H / 

Phe-NH), 7.35 (1H, t, J = 7.6, Ar-H), 7.46 (1H, t, J = 7.6, Ar-H), 7.59 (1H, d, J = 7.8, Ar-H), 

8.15 (1H, d, J = 15.3, alkene-CH). 
 
13C NMR (100 MHz, CDCl3) d 22.2 (Lys-CH2), 23.0 (acetyl-CH3), 28.4 (Boc-(CH3)3), 29.8 

(Lys-CH2), 30.7 (Lys-CH2), 34.8 (Phe-CH2), 39.4 (Lys-CH2), 42.9 (Gly-CH2), 52.7 (ester-

CH3), 53.4 (Lys-a-CH), 54.0 (Phe-a-CH), 79.3 (Boc-C), 119.2 (3JCF = 27.9, alkene-C), 127.4 

(Ar C), 128.1 (Ar C), 130.1 (Ar C), 131.6 (Ar C), 132.5 (Ar C), 137.8 (Ar C), 146.0 (4JCF = 

2.8, alkene-C), 156.5 (Boc C=O), 168.8 (C=O), 171.3 (C=O), 171.4 (C=O), 172.4 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3302 w (N-H), 3049 w (C-H), 2933 w (C-H), 1718 s (ester C=O), 1633 s 

(amide C=O), 1524 s (C=C), 1402 s (S=O), 1264 s (C-O), 1193 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C27H40N4O9SF: 615.2500, found: 615.2505. 
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3.13.17.4 Ac-Lys(Boc)-Ala-Gly-Phe(ESF)-OMe (112) 

 
Modified tetrapeptide 112 was synthesised from Ac-Lys(Boc)-Ala-Gly-Phe-OMe 106 (0.058 

g, 0.10 mmol) and ESF 50 (0.017 mL, 0.20 mmol) according to the procedure outlined in 

Section 3.13.3.2. Purification by flash column chromatography (EtOAc) followed by 

recrystallisation from CH2Cl2 / hexanes gave 112 as a brown solid (0.019 g, 28%); m.p. 150-

151 °C; Rf = 0.05 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 1.34-1.50 (16H, m, Boc-(CH3)3 / Ala-CH3 / Lys-CH2 / Lys-

CH2), 1.58-1.70 (1H, m, Lys-CHH), 1.75-1.85 (1H, m, Lys-CHH), 1.99 (3H, s, acetyl-CH3), 

3.02 (2H, app t, J = 6.5, Lys-CH2), 3.19 (1H, dd, J = 14.4, 8.2, Phe-CHH), 3.44 (1H, dd, J = 

14.4, 6.0, Phe-CHH), 3.64-3.76 (4H, m, ester-CH3 / Gly-CHH), 3.94 (1H, d, J = 17.0, Gly-

CHH), 4.21-4.30 (2H, m, Ala-a-CH / Lys-a-CH), 4.62 (1H, dd, J = 8.0, 6.0, Phe-a-CH), 7.32-

7.50 (4H, m, Ar-H / alkene-CH), 7.78 (1H, d, J = 8.0, Ar-H), 8.23 (1H, d, J = 15.2, alkene-

CH). 

 
13C NMR (100 MHz, CD3OD) d 17.5 (Ala-CH3), 22.6 (acetyl-CH3), 24.3 (Lys-CH2), 28.9 (Boc-

(CH3)3), 30.7 (Lys-CH2), 32.7 (Lys-CH2), 35.5 (Phe-CH2), 41.1 (Gly-CH2), 43.4 (Lys-CH2), 

51.0 (Ala-a-CH), 53.1 (ester-CH3), 55.2 (Phe-a-CH), 55.3 (Lys-a-CH), 80.0 (Boc-C), 121.5 

(3JCF = 27.8, alkene-C), 129.0 (Ar C), 129.2 (Ar C), 131.8 (Ar C), 132.9 (Ar C), 133.5 (Ar C), 

139.5 (Ar C), 147.0 (4JCF = 2.9, alkene-C), 158.7 (Boc C=O), 171.6 (C=O), 172.8 (C=O), 

174.0 (C=O), 174.8 (C=O), 175.4 (C=O). 

 
19F NMR (376 MHz, CD3OD) d 59.7 (s). 

 

IR umax/cm-1 (solid) 3288 w (N-H), 3060 w (C-H), 2930 w (C-H), 1737 s (ester C=O), 1632 s 

(amide C=O), 1521 m (C=C), 1402 s (S=O), 1215 s (C-O), 1167 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C30H45N5O10SF: 686.2871, found: 616.2870. 
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3.13.17.5 Ac-Lys(Boc)-Val-Gly-Phe(ESF)-OMe (113) 

 
Modified tetrapeptide 113 was synthesised from Ac-Lys(Boc)-Val-Gly-Phe-OMe 107 (0.061 

g, 0.10 mmol) and ESF 50 (0.017 mL, 0.20 mmol) according to the procedure outlined in 

Section 3.13.3.2. Purification by flash column chromatography (EtOAc) followed by 

recrystallisation from CH2Cl2 / hexanes gave 113 as a brown solid (0.024 g, 34%); m.p. 160-

162 °C; Rf = 0.07 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 0.95 (3H, d, J = 6.9, Val-CH3), 0.97 (3H, d, J = 6.9, Val-CH3), 

1.33-1.51 (13H, m, Boc-(CH3)3 / Lys-CH2 / Lys-CH2), 1.58-1.68 (1H, m, Lys-CHH), 1.72-

1.83 (1H, m, Lys-CHH), 1.98 (3H, s, acetyl-CH3), 2.04-2.14 (1H, m, Val-CH), 2.97-3.07 (2H, 

m, Lys-CH2), 3.17 (1H, dd, J = 14.4, 7.8, Phe-CHH), 3.43 (1H, dd, J = 14.2, 6.2, Phe-CHH), 

3.67 (3H, s, ester-CH3), 3.76 (1H, d, J = 16.9, Gly-CHH), 3.94 (1H, d, J = 16.9, Gly-CHH), 

4.10 (1H, d, J = 7.2, Val-a-CH), 4.30-4.36 (1H, m, Lys-a-CH), 6.63, (1H, dd, J = 7.8, 6.2, 

Phe-a-CH), 7.30-7.52 (4H, m, alkene-CH / Ar-H), 7.78 (1H, d, J = 7.9, Ar-H), 8.22 (1H, d, J 

= 15.2, alkene-CH). 

 
13C NMR (100 MHz, CD3OD) d 19.0 (Val-CH3), 19.9 (Val-CH3), 22.6 (acetyl-CH3), 24.3 (Lys-

CH2), 28.9 (Boc-(CH3)3), 30.7 (Lys-CH2), 32.7 (Val-CH), 35.5 (Phe-CH2), 41.2 (Gly-CH2), 

43.2 (Lys-CH2), 53.1 (ester-CH3), 55.0 (Phe-a-CH), 55.3 (Lys-a-CH), 60.8 (Val-a-CH), 80.0 

(Boc-C), 121.5 (3JCF = 27.8, alkene-C), 129.0 (Ar C), 129.2 (Ar C), 131.9 (Ar C), 132.8 (Ar 

C), 133.5 (Ar C), 139.5 (Ar C), 147.0 (4JCF = 2.5, alkene-C), 158.7 (Boc C=O), 171. 3 (C=O), 

172.8 (C=O), 173.6 (C=O), 174.2 (C=O), 174.9 (C=O). 

 
19F NMR (376 MHz, CD3OD) d 57.2 (s). 

 

IR umax/cm-1 (solid) 3288 w (N-H), 3071 w (C-H), 2933 w (C-H), 1737 s (ester C=O), 1629 s 

(amide C=O), 1528 s (C=C), 1402 s (S=O), 1215 s (C-O), 1170 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C32H49N5O10SF: 714.3184, found: 714.3188. 
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3.13.18 Synthesis of RGD containing peptide Ac-Arg(Pbf)-Gly-Asp(OtBu)-Phe-
OMe (114) 

 
The tetrapeptide 114 was elongated from H-Asp(OtBu)-2-Cl-Trtyl resin (0.345 g, 0.20 mmol) 

using the procedure outlined in Section 3.13.2.2. Upon cleavage from the resin and 

isolation, the peptide acid was subjected to the solution-phase peptide coupling outlined in 

Section 3.13.2.4. Trituration in Et2O (20 mL) yielded tetrapeptide 114 as a pale-yellow solid 

which was dried on the filter paper (0.110 g, 64%); m.p. 164-167 °C; Rf = 0.05 (EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 1.38-1.49 (17H, m, Pbf-(CH3)2 / Asp-(CH3)3 / Arg-CH2), 1.50-

1.72 (3H, m, Arg-CH2 / Arg-CHH), 1.75-1.85 (1H, m, Arg-CHH), 1.99 (3H, s, Pbf-CH3), 2.07 

(3H, s, acetyl-CH3), 2.51 (3H, s, Pbf-CH3), 2.54-2.64 (4H, m, Pbf-CH3 / Asp-CHH), 2.73 (1H, 

dd, J = 16.5, 5.5, Asp-CHH), 3.02-3.18 (2H, m, Phe-CH2), 3.65 (3H, s, ester-CH3), 3.79 (1H, 

d, J = 16.7, Gly-CHH), 3.90 (1H, d, J = 16.7, Gly-CHH), 4.28 (1H, dd, J = 7.3, 6.0, Arg-a-

CH), 4.60 (1H, dd, J = 8.2, 6.0, Phe-a-CH), 4.74 (1H, dd, J = 8.2, 5.5, Asp-a-CH), 7.12-7.30 

(5H, m, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 12.7 (Pbf-CH3), 18.6 (Pbf-CH3), 19.8 (Pbf-CH3), 22.7 (acetyl-

CH3), 27.0 (Arg-CH2), 28.4 (Asp-(CH3)3), 28.9 (Pbf-(CH3)2), 29.8 (Arg-CH2) 38.2 (Asp-CH2), 

38.4 (Phe-CH2), 40.2 (Arg-CH2), 43.7 (Gly-CH2), 44.1 (Pbf-CH2), 51.3 (Asp-a-CH), 52.9 

(ester-CH3), 55.1 (Arg-a-CH), 55.6 (Phe-a-CH), 82.6 (Asp-OtBu-C), 87.8 (4º Pbf-C), 118.6 

(Ar C), 126.2 (Ar C), 128.0 (Ar C), 129.7 (Ar C), 130.1 (Ar C), 130.5 (Ar C), 133.7 (Ar C), 

134.4 (Ar C), 138.2 (Ar C), 139.6 (Ar C), 158.3 (C=O), 160.0 (C=N), 171.3 (C=O), 172.8 

(C=O), 173.2 (C=O), 173.8 (C=O), 175.2 (C=O). 

 

IR umax/cm-1 (solid) 3302 w (N-H), 3060 w (C-H), 2974 w (C-H), 1730 m (amide C=O), 1651 

s (ester C=O), 1641 m (C=N), 1543 s (C=C), 1405 s (S=O), 1249 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C41H60N7O11S: 858.4072, found: 858.4074. 
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3.13.19 Modified RGD containing peptide (115) 

 
Modified tetrapeptide 115 was synthesised from Ac-Lys(Boc)-Val-Gly-Phe-OMe 114 (0.061 

g, 0.10 mmol) and ESF 50 (0.017 mL, 0.20 mmol) according to the procedure outlined in 

Section 3.13.3.2. The solvents were removed in vacuo and the crude compound 115 was 

collected as a brown solid. (0.032 g). Rf = 0.05 (EtOAc). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C43H61N7O13S2F: 966.3753, found: 966.3756. 
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 Sulfur(vi)-fluoride exchange reactions on modified peptides 
 

4.1 Introduction 
 

SuFEx transformations have gained significant popularity over the last decade and are 

referred to as ‘the next generation click reaction’.148 The installation of ESF by C(sp2)-H 

olefination on a phenylalanine residue in peptides, as described in Chapter 3 generates a 

substituted aryl vinylsulfonyl fluoride (aryl VSF), Figure 25.  

 

 

Figure 25 – Structural characteristics of aryl VSFs. 

 

The aryl VSF ‘SuFEx-able’ motif has been proven to undergo modification with nucleophiles 

at the sulfur centre to form sulfur-heteroatom bonds or by Michael addition at the C=C 

double bond to form carbon-heteroatom bonds.131 Both of these transformations from aryl 

VSF are well documented on simple aromatic structures, Scheme 84. The reactions require 

nucleophiles from three distinct types: secondary amines, primary amines and silyl ethers. 

Due to the dual-reactivity possessed by aryl VSF, secondary amines have been reported 

as a nucleophilic partner with reactions at both the C=C double bond, Scheme 84A and 

sulfur atom, Scheme 84B of the molecule.154,161 

 



 181 

  

Scheme 84 - Documented SuFEx reactions on aryl VSFs. 

 

Primary amines have been documented to react by Michael addition at the C=C double 

bond, Scheme 84C and by displacement of fluoride at sulfur, Scheme 84D.169,170 A primary 

amine also possesses a unique ability to react sequentially at both centres on the aryl VSF 

to form a four membered cyclic sulfonamide, Scheme 84E.155 When exposed to methyl 

hydrazine, the aryl VSF reacts at both electrophilic centres, once with each amine to form 

a five membered ring, Scheme 84F.154 

 

Silyl ethers represent the final distinct type of nucleophile. In each case, they react 

exclusively at the sulfur centre and generate sulfonate esters from aryl silyl ethers, Scheme 

84G.154,161 This is the most significantly reported transformation in the entire SuFEx family 

and possesses a vast and ever-growing list of applications from carbon fibre surface 

modification171 to the synthesis of scarce and under-developed polysulfonate 

polymers.131,140 

 

There are many literature examples of each of these three types of transformations on 

simple aromatic molecules. However, this chemistry is not well documented when the aryl 

groups are peptide-based compounds such as the compound highlighted in Figure 25. This 
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study in the project was therefore concerned with the further reactivity of aryl VSFs when 

housed on phenylalanine containing peptides. 

 

4.2 Practical considerations 
 

Initially Ac-Gly-Phe(2-VSF)-OMe 51 was chosen as the model modified dipeptide for this 

study. The Rf of this dipeptide in polar solvents such as ethyl acetate is small (Rf = 0.15). 

Investigations initially began with this model modified dipeptide, however purification by 

normal-phase chromatography quickly became problematic. It was recognised that 

modification using SuFEx chemistry in some cases significantly increased the polarity of 

the peptide, leading to difficulties purifying on normal-phase silica gel. To avoid the need to 

switch to reversed-phase silica, a less polar peptide was selected as the model. Ac-Val-

Phe(2-VSF)-OMe 59 was selected as the new model substrate. It was hoped that the 

decreased polarity of 59 (Rf = 0.35) vs that of peptide 51 (Rf = 0.15) was enough to make 

purification easier. 

 

4.3 Silyl Ether SuFEx reactions 

 

A variety of transformations have been described which activate the S-F bond on an aryl 

VSF allowing for attack by a nucleophilic species; these were discussed in Section 4.1. 

Having converted chemically inert phenylalanine residues into reactive SuFEx-able hubs, 

an attempt to perform these documented transformations on peptide-based residues was 

implemented.  

 

The investigation into silyl ether nucleophiles began with the synthesis of simple silyl ether 

117 as shown in Scheme 85. The aromatic substrate p-cresol 116 was chosen to simplify 

the 1H NMR spectra of future products. The doublets corresponding to the aromatic protons 

in p-cresol appear at below 7.00 ppm and consequently do not interfere with the aromatic 

protons on the modified peptide. 
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Scheme 85 – Synthesis of silyl ether 117. 

 

The synthesised compound 117 was fully characterised by NMR spectroscopy. The 1H 

NMR of the purified product matched that reported for the compound in literature.172 A 

parent ion peak in the HRMS (ESI) [M+H]+ of 223.1510 provided further evidence that the 

silyl ether had been formed. An attempt to carry out SuFEx chemistry upon the modified 

dipeptide model 59 was then undertaken. 

 

   

Scheme 86 – Initial SuFEx attempt with model dipeptide 59 and silyl ether nucleophile 117. 

 

Upon exposure to the silyl ether 117 in the presence of sterically hindered tertiary amine 

base DBU, Scheme 86, modified peptide 59 did not undergo any SuFEx transformation to 

expected diversified peptide 118. Analysis of the compound’s 1H NMR spectrum showed 

signals corresponding to the alkene protons had disappeared and a significant number of 

new signals had arisen which were not possible to account for. The disappearance of a 

signal at 6.74 ppm was suggestive that the amide proton had also significantly changed or 
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was no longer present. Moreover, the lack of new aromatic signals expected in in the 

product was suggestive that the attempted intermolecular SuFEx reaction had not occurred.  

 

4.3.1 Intramolecular Michael addition 
 

These observations provide strong evidence that an intramolecular reaction had taken 

place. The absence of signals corresponding to amide and alkene protons can be 

accounted for if an attack from the nitrogen atom at the Michael addition centre occurs. The 

significant number of new signals can then be justified by the formation of two products. 

One of the two products is formed depending on which face of the alkene is attacked. 

Relative approach of the amide from one side or the other generates a product with either 

an R or S stereocentre as shown in Scheme 87. Both products could not be separated by 

flash column chromatography, however they are significantly different to each other in the 

NMR spectrum.  

 

  

Scheme 87 – Possible intramolecular reaction between the amide nitrogen and the installed alkene. 

 

The silyl ether was believed to act as a spectator to the above reaction. It was therefore 

repeated without cresol, Scheme 88. So that analysis of the reaction mixture could be taken 

quickly at short intervals the reaction was carried out in MeCN-d3. Prior to the addition of 

base, analysis of the 1H NMR and 19F NMR spectra of the peptide in MeCN-d3 showed the 

modified peptide with the alkene and fluorine environments intact.  
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Scheme 88 – Intramolecular reaction upon addition of DBU to modified peptide 59 after 5 min. 

 

The DBU was added to the reaction mixture and immediately analysed by NMR at room 

temperature. During the time it had taken to add the base and collect the 1H NMR spectrum, 

the peaks corresponding to the alkene had disappeared. The 1H NMR spectrum contained 

peaks that matched those in the spectrum of compound 119. Evidence of the fluorine 

environment in the 19F NMR spectrum remained unchanged. This result implies that the 

added base causes the breakdown of the starting material 59 to form conformationally 

restricted peptide 119.  

 

It was speculated that the DBU was catalysing a different reaction which occurred rapidly 

upon addition. When considering the structure of the peptide, Scheme 89 it can be seen 

that the amide nitrogen sits in a six-membered ring with the extended aromatic system of 

the phenylalanine residue. The neighbouring member of the ring to the amide is the alkene 

which is susceptible to Michael addition. 

 

   

Scheme 89 – Proposed Michael addition of native amide upon addition of DBU. 
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As in Scheme 89, deprotonation of the amide by DBU causes it to attack the alkene. The 

DBU then yields the proton to the other developing sp3 carbon centre to reform the base 

catalyst. The attack of the nitrogen lone pair from one face of the alkene generates a chiral 

centre. Attack of the nitrogen lone pair from the other side generates the opposing chirality. 

DBU has been reported to function in SuFEx reactions as a nucleophilic catalyst.131,137 

However, here this would liberate the fluoride ion, which is present in the product implying 

it is unlikely to act in this manner here. 

 

Additionally, an example of similar reactivity between an amide and the C=C double bond 

centre of an aryl VSF has been reported.158 A rhodium catalysed olefination reaction 

involving N-methoxybenzamide substrates underwent a further intramolecular aza-Michael 

addition unless the amide was ‘blocked’ by a methyl group, Scheme 90. This five-

membered ring is synthesised spontaneously as soon as the olefination takes place. 

Excluding one example where extenuating circumstances prevailed, this addition occurred 

every time there was a labile proton present on the amide. Whilst the compounds created 

in this project do not undergo spontaneous aza-Michael addition, exposure to a strong 

tertiary amide base such as DBU facilitates the same reactivity of these compounds. The 

electron donating O-methyl group and the preorganisation of the amide and alkene are 

likely to be the reasons that the substrates in Scheme 90 undergo this addition.  

 

 

Scheme 90 – Aza-Michael addition of an amide to vinyl sulfonyl fluoride upon olefination.158 

 

The aza-Michael addition is a particularly interesting result as there is potential to lock the 

conformation of the peptide at a phenylalanine residue post-synthetically. The joining of the 

amide backbone to the side chain removes degrees of freedom normally afforded to short 
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peptide chains in vitro and likely has interesting applications if developed. However, the aim 

was to carry out SuFEx transformations on peptides modified with ESF. Due to time 

constraints this result was not further investigated. 

 

In an attempt to avoid facilitating the aza-Michael addition, bases of differing strengths were 

exposed to the model peptide and analysed by NMR. It was hoped that a base could be 

used that would actively participate in the catalysis of the SuFEx reaction but would not 

facilitate the addition reaction. From Section 1.4  the base is expected to act as a 

nucleophilic catalyst at the sulfur centre and liberate the fluoride ion. The bases investigated 

are displayed in Table 8 below. 

 

Table 8 – SuFEx reaction carried out on the model dipeptide using different bases. 

  

Base Time Alkene signals present 
% Yield of SuFEx 

product 
DBU 5 min No 0 

Cs2CO3 12 hr No 0 

DMAP 12 hr Some degradation 0 

Et3N 12 hr Yes 0 

 

From the table it can be seen that bases such as DBU and Cs2CO3 proved too strong to 

facilitate the SuFEx reaction. Both DMAP and Et3N were tolerated and in each case a 

significant amount of the alkene starting material was isolated. However, upon exposure of 
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the silyl ether to the modified peptide, no reaction was observed. In both cases the recovery 

of the starting materials was carried out. 

 

The reaction was then attempted using a non-basic catalyst. The SuFEx reaction of an aryl 

VSF catalysed by TBAF had been reported.173 Taking inspiration from this example, the 

modified peptide and silyl ether were exposed to TBAF. However, this did not facilitate the 

desired reaction and again the starting material peptide was recovered. 

 

4.3.2 Synthesis of meta and para isomers 
 

The observed reactivity in Section 4.3.1 is a direct consequence installing the aryl VSF at 

the ortho position on the phenyl ring. The developed olefination conditions utilise the 

backbone amide directing groups native to the peptide. This facilitates ortho substitution in 

every case. Unavoidably, the six-membered ring motif is inadvertently generated which 

provides the platform for the attack of the deprotonated amide. A protocol that enabled 

modification at the meta or para position would move the alkene away from the amide and 

likely be sufficient to stop any reaction.  

 

Methods that produce meta or para olefinated phenylalanine residues are not well 

documented. The lack of reactive handle poses a significant challenge when attempting to 

selectively olefinate. However, the installation of the aryl VSF functionality has been 

achieved using an aryl iodide in a Heck reaction, in this case protected para-iodo-

phenylalanine, Scheme 91.157 

 

 

Scheme 91 – The installation of vinyl sulfonyl fluorides on a protected amino acid via a Heck reaction. 
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The olefination outlined above is performed on a protected amino acid. It was postulated 

that if an iodo-phenylalanine-containing peptide could be synthesised, it was likely to be 

able to be modified in a similar fashion, generating a para-vinylsulfonyl fluoride on the 

phenyl ring. To this end, 4-iodo-phenylalanine methyl ester 120 was synthesised from Boc-

Phe(4-iodo)-OH 42 as in Scheme 92.  

 

 

Scheme 92 – Synthesis of aryl-iodide containing phenylalanine amino ester 120. 

 

The routine esterification using thionyl chloride generated HCl in situ which in turn cleaved 

the Boc protecting group. The amino ester was isolated as its hydrochloride salt. The 

reaction was carried out in excellent yield. In order to generate a dipeptide from 120, the 

hydrochloride salt was removed and the free amine was reacted with N-acetyl-L-valine 121 

in order to generate the peptide 122 as shown in Scheme 93. 

 

 

Scheme 93 – Solution phase synthesis of 4-iodo-phenylalanine containing peptide 122. 

 

The dipeptide 122 was synthesised in good yield and fully characterised by NMR 

spectroscopy. Next, peptide 122 was subjected to the reaction conditions highlighted in 

Scheme 94 in order to generate a peptide containing a 4-VSF 123. Peptide 122 was 
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dissolved in acetone and exposed to ESF 50 in the presence of palladium acetate and silver 

trifluoroacetate before heating to 60 ºC and allowing to stir overnight.  

 

 

Scheme 94 – Synthesis of 4-vinyl sulfonyl fluoride containing peptide 123. 

 

Analysis of the 1H NMR spectrum provided conclusive proof that the 4-VSF had been 

introduced. The appearance of the usual doublet of doublets at 6.84 ppm (J = 15.6, 2.5 Hz) 

and a doublet at 7.76 ppm (J = 15.6 Hz) provided evidence that a trans alkene had been 

installed at the para position on the phenyl ring. This result gave a clear indication that a 

Heck reaction was a viable route to olefinated peptides from peptides containing a Phe(4-

iodo) residue. It was hypothesised that if a vinyl sulfonyl fluoride could be installed at the 

meta position on a phenylalanine residue if the corresponding 3-iodo-phenylalanine peptide 

125 was sourced. The amino ester hydrochloride salt 124 was synthesised in excellent yield 

in the same method as outlined in Scheme 92. A meta substituted vinyl sulfonyl fluoride 

containing peptide 126 was then generated using the synthetic route described in Scheme 

95 below. 

 

 

Scheme 95 – Synthetic route to 3-VSF-phenylalanine containing peptide 126. 
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An overall yield of 35% was achieved. As a result of these manipulations, a series of ortho, 

meta, and para isomers of the modified model dipeptide were obtained. These isomers 

were then investigated to determine if SuFEx chemistry using silyl ethers could be 

performed, Scheme 96. 

 

 

Scheme 96 – Silyl ether SuFEx carried out on 2-, 3- and 4-vinylsulfonyl fluoride containing peptides. 

 

The products were fully characterised by NMR spectroscopy. Evidence of the successful 

synthesis of 127 and 128 was found in the 19F NMR spectra where both cases lacked the 

fluorine environment present in the starting material. The alkene peaks present in the 1H 

NMR spectra had also significantly changed. In the example of modified peptide 127, the 

doublet of doublets present in the starting material at 6.83 ppm was no longer present and 

had been replaced by a doublet (J = 15.6 Hz) at the same chemical shift. 
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So far it has not been possible to modify an ortho aryl VSF containing peptide 59 using a 

silyl ether nucleophilic species during this study. However, when peptides containing meta 

and para aryl VSF 123 and 126 are subjected to the same conditions, sulfur(vi)-fluoride 

exchange is facilitated quickly and in good yield. 

 

4.4 SuFEx reactions with 2º amines 
 

One of the most commonly documented SuFEx transformations involves the reaction 

between a sulfonyl fluoride and a secondary amine. As outlined in Section 4.1, reactions 

with aryl VSF and nucleophiles such as amines can occur at two different sites. The target 

of this section of the project was to facilitate both types of reaction on the modified dipeptide 

59. To this end, the model peptide was subject to the reaction conditions outlined in 

Scheme 97. 

 

 

Scheme 97 – Further complexity installed by SuFEx transformation of modified peptide 59 and pyrrolidine 

128. 

 

The successful synthesis of diversified peptide 129 was confirmed by the 19F NMR spectrum 

which showed the fluorine environment in the starting materials was no longer present. In 

the 1H NMR spectrum, the familiar doublet of doublets had been converted to a doublet, 

further suggesting that the fluorine atom had been displaced or substituted. There was no 
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evidence of a Michael addition product in the crude NMR spectra and reactivity was strictly 

limited to the SuFEx transformation.  

 

Armed with the successful reaction from Scheme 97, further secondary amines were then 

exposed to the model dipeptide under the same reaction conditions to broaden applicability. 

Piperidine 130 and morpholine 131 were chosen as in Scheme 98.  

 

 

Scheme 98 – SuFEx transformations using six-membered cyclic amines. 

 

In each case the SuFEx transformation was carried out successfully. Although yields were 

slightly lower than expected, this was again attributed to the steric hinderance encountered 

when modifying on the ortho position on the phenylalanine ring. The successful modification 

of the model dipeptide 59 in both examples demonstrated that adding complexity to the 

coupling partners does not inhibit the SuFEx reaction significantly.  

 

N
H

Ac
H
N

O
OMe

O

S
OF

O

Et3N, MeCN

80 ºC, 16 h.

N
H

Ac
H
N

O
OMe

O

S
ON

O

132, 43%

H
N

N
H

Ac
H
N

O
OMe

O

S
OF

O

Et3N, MeCN

80 ºC, 16 h.

N
H

Ac
H
N

O
OMe

O

S
ON

O

133 , 53%

O

H
N

O

A

B

59

59

130

131



 194 

In the six-membered cyclic amine family there is one more candidate to consider. 

Piperazine 134 is a bifunctional cyclic amine, containing two secondary amine nucleophiles 

within its structure. The model dipeptide 59 and piperazine 134 were exposed to the same 

conditions, Scheme 99. 

 

 

Scheme 99 – Modification with bifunctional cyclic amine piperazine 134. 

 

HRMS of the crude reaction mixture identified two products 135 and 135’ within the mixture. 

Particularly diversified dipeptide 135 represents an interesting example as there is scope 

for further modification. It contains another secondary amine which can utilised to build 

higher complexity into the compound and could potentially participate in a further SuFEx 

reaction to cross-link two peptides. From Scheme 99 it can be seen that 135 is nucleophilic 

enough after the first reaction to undergo further SuFEx transformations. It is likely that 

using half an equivalent of piperazine would ensure that 135’ is the major product of the 

reaction whilst using an excess of piperazine would ensure that the major product is the 

modified dipeptide 135. Due to the time constraints of the project, this avenue was not 

pursued further. 
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To investigate the power of the SuFEx transformation, the olefination of dipeptide 53 was 

carried out in order to generate modified peptide 59 which contained the SuFEx-able hub 

aryl VSF. Following this modification, the crude product was exposed to pyrrolidine 128 and 

Et3N without purification in order to form diversified peptide 129. The reactions proceeded 

smoothly to generate the modified compound 129 in 54% overall isolated yield without the 

need for purification upon olefination, Scheme 100. This compared favourably with the 

overall yield of the two reactions carried out sequentially, in which combined yields of 74% 

and 69% gave an overall yield of 51%. 

 

 

Scheme 100 – An investigation into the necessity of purification of the olefinated product 

 

The results reported in this section represent an important step towards the project aims 

and illustrate the significance of the developed technique. A dipeptide with no obvious 

reactive handle had been modified to generate a reactive SuFEx-able hub at the expense 

of a ubiquitous C-H bond. The now reactive phenylalanine residue had further complexity 

installed by the conversion of the sulfonyl fluoride to a sulfonamide. Whilst the secondary 

amines chosen were relatively simple, it was hoped that the complexity could be increased 

easily using the technique developed in this section to produce more biologically relevant 

compounds in good yield. 
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4.5 SuFEx reactions with 1º amines 
 

The investigation then proceeded to primary amine nucleophiles. It was expected that these 

would behave in the same way as secondary amines. However, primary amines are less 

nucleophilic than secondary amines and it was anticipated that it could be difficult to 

facilitate a reaction. Due to its structural simplicity, benzylamine 136  was chosen as the 

first primary amine SuFEx partner, Scheme 101. 

 

 

Scheme 101 – SuFEx transformation with model dipeptide 59 and benzylamine 136. 

 

The reaction proceeded in the same way the secondary amines had in Section 4.4. 

Diversified peptide 137 was produced in good yield, as the only product of the reaction. No 

Michael addition product was observed. This successful reaction provided evidence that 

primary amines can be utilised to further modify vinyl sulfonyl fluoride containing peptides 

which significantly broadens applicability of the method. Interestingly, a four-membered 

cyclic sulfonamide was not synthesised. This was once again attributed to steric hinderance 

at the reaction site due to the native peptide structure. 
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Scheme 102 – Investigation into SuFEx chemistry using poorly nucleophilic amines. 

 

To determine the limit of the reaction, a less nucleophilic amine 138 was exposed to the 

model peptide 59, Scheme 102. Aniline 138 is structurally similar to benzylamine 136 but 

lacks the connecting methylene group between the aromatic ring and the amine. The amine 

lone pair is delocalised significantly over the aromatic system meaning that it is a much less 

nucleophilic species than benzylamine 136. In this example the reaction did not proceed. 

Analysis of the crude 1H NMR spectrum after 16 hours showed that no reaction to generate 

diversified peptide 139 had taken place and both peptide 59 and aniline 138 were fully 

recovered from the reaction mixture. 

 

Considering the success of the SuFEx reactions of nucleophiles discussed in this section, 

attention was turned to significantly increasing the complexity of the nucleophilic species. It 

was hypothesised that these transformations could eventually be used to synthesise cyclic 

peptides. In order to attain this goal several questions about the feasibility of the reaction 

needed addressing. The first of which was if the reaction could be carried out on amino acid 

based nucleophilic species. 

 
4.6 SuFEx reactions using amino acid nucleophiles  

 

Following the successful further modifications reported vide supra attention was turned to 

the SuFEx transformations with nucleophiles that were contained within amino acids or 
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peptides. Figure 26 below shows the naturally occurring amino acids 140-142 that have a 

suitable nucleophile for SuFEx transformations. 

 

 

Figure 26 – Naturally occurring amino acids with nucleophiles compatible with SuFEx transformations. 

 

A number of amino acids contain nucleophilic species that could be compatible with SuFEx 

transformations. The primary amine highlighted on the phenylalanine residue 140 is present 

on nineteen of the twenty naturally occurring amino acids. Phenylalanine was chosen in this 

study due to its commercial availability to the research group. The aryl hydroxyl highlighted 

on tyrosine 142 could be protected as silyl ether, making it a compatible nucleophile.  

 

 

Figure 27 – Protected amino acids 143-145 for SuFEx transformations. 

 

The decision was taken to fully protect the amino acids leaving only the relevant nucleophile 

unprotected in order to simplify the reaction and give the greatest chance of success. To 

this end the three protected amino acid targets 143-145 were highlighted as in Figure 27 

above. 
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4.6.1 Synthesis of target protected amino acids 

 

The amino acids phenylalanine and proline methyl ester hydrochloride were commercially 

sourced. Prior to use in the SuFEx transformations their hydrochloride salts would be 

removed. To synthesise Ac-Tyr(OTBDMS)-OMe 145 a three-step synthesis was devised, 

Scheme 103. Beginning with the partially protected amino ester H-Tyr(OtBu)-OMe 146, an 

acetylation step was carried out. Upon protection of the amine as an acetyl group, the 

compound 147 was exposed to TFA in order to cleave the tBu group. Finally, 148 was 

exposed to TBDMS-Cl in order to install the target silyl ether 145. 

 

 

Scheme 103 – Synthetic pathway to Ac-Tyr(OTBDMS)-OMe 145. 

 

N-acetyl protected tyrosine 147 was characterised fully by 1H NMR spectroscopy. The 

appearance of an amide N-H proton at 6.32 ppm provided proof that the acetylation had 

been successful. Evidence was also found in the IR spectrum, in which a strong peak at 

1655 cm-1 demonstrated that an amide bond had been formed. The reaction proceeded in 

excellent yield and after washing with saturated NaHCO3 solution to remove excess acetic 

acid the compound was ready for use in the next step without the need for further 

purification. 

 

The second synthetic manipulation removed the acid-labile t-butyl ether on the aromatic 

system. In order to achieve this the compound 147 was treated with dilute TFA in CH2Cl2. 

Once again, the reaction proceeded well in near-stoichiometric yield and the compound 148 

did not require further purification before the next synthetic step. 
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Finally compound 148 was dissolved in DMF and exposed to imidazole before treating with 

TBDMS-Cl. Following the work up and purification by flash column chromatography, the 

fully protected peptide 145 was isolated as a white solid. The overall yield of the three 

synthetic steps was determined to be 38%. 

 

4.6.2 SuFEx transformations with nucleophilic amino acids. 

 

After the synthesis of the nucleophiles 143-145, exposure to the model vinyl sulfonyl fluoride 

dipeptide was undertaken. The model dipeptide 59 and amino acids 143-145 were exposed 

to the reaction conditions developed in Section 4.4 and Section 4.5 as in  Scheme 104. In 

cases where the amino acid had been isolated as the hydrochloride salt, the amino acid 

was dissolved in deionised water and treated with K2CO3 in order to generate the free 

amine. The aqueous solution was then extracted using Et2O or CH2Cl2 in order to isolate 

the amino acid. Triethylamine was chosen as the base in this reaction as the use of DBU 

would likely yield the Michael addition product discussed in Section 4.3.1. 
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Scheme 104 – Attempted SuFEx transformations using model dipeptide 59 and nucleophilic amino acids 143 

and 144. 

 

Disappointingly attempted SuFEx transformations with amino acids containing amine 

nucleophiles 143 and 144 did not yield the intended peptide-amino acid cross-linked 

compounds 149 and 150. Analysis of the crude 1H NMR spectra showed both starting 

materials present in each case. The continued presence of a singlet peak at ca. 60 ppm in 

the 19F NMR spectra also supported this conclusion. No evidence to suggest that the 

transformation had taken place was found. 

 

The investigation had already determined that for silyl ether SuFEx reactions to take place, 
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to form peptide-amino acid cross-linked compounds, the reaction was attempted on the 

para-vinylsulfonyl fluoride containing peptide 123, Scheme 105. 

 

 

Scheme 105 – Successful SuFEx transformation between modified peptide 123 and silyl ether nucleophile 

145. 

 

The cross-linked product 151 was fully characterised by NMR spectroscopy. The 

characteristic change of the alkene peaks from a doublet and a doublet of doublets to two 

doublets was observed which was indicative of the activation and removal of the sulfur-

fluoride bond. The loss of singlets at 0.18 and 0.96 ppm also provided evidence of the 

breakdown of the silyl ether. A 19F NMR spectrum of the purified compound was acquired 

containing only baseline noise which was consistent with the lack of fluorine environment 

in the product. This result was significant as it represents a successful example of peptide-

amino acid cross-linking using the sulfur(vi)-fluoride exchange reaction.  

 

The reactions with amino acids containing amine-based nucleophiles did not yield and 

successful results when exposed to Ac-Val-Phe(2-VSF)-OMe 59 as in Scheme 104, it was 
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and exposed to H-Phe-OMe.HCl 22 with base DBU as in Scheme 106. The amino ester 

was used as its hydrochloride salt and enough base was added to account for the removal 

of this in situ.  

 

 

Scheme 106 – SuFEx transformation on para-VSF containing peptide 123 using nucleophilic amino acid 22 

and DBU as base. 

 

A 19F NMR of the crude material showed that the S-F bond had been broken. A parent ion 

peak was found in the HRMS (ESI) [M+H]+ of 588.2376 further evidencing that the reaction 

had taken place and diversified peptide 152 had been synthesised. Due to the time 

constraints of the project, purification of the product was not undertaken. 

 

4.7 SuFEx reactions to generate peptide macrocycles 

 

The reactions carried out in Section 4.6.2 demonstrated that although SuFEx 
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the conditions, a reaction might still be facilitated. An experiment was devised where these 

functional groups were on the same peptide and an intramolecular reaction might be 

established. 

 

 

Figure 28 – Synthesised peptides 111-113 containing protected amines and ortho vinyl sulfonyl fluorides. 

Previously in Chapter 3, a modified tripeptide 111 and two modified tetrapeptides 112 and 

113 were synthesised, Figure 28. These generated peptides contain vinyl sulfonyl fluorides 

as well as lysine residues with Boc-protected amine side chains. In order to generate cyclic 

peptides from these compounds, a reaction sequence was devised using tripeptide 111 as 

an example, Scheme 107. 

 

 

Scheme 107 – Devised synthetic route to cyclic peptide 154. 
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A reaction likely to compete with the cyclisation involved the intermolecular formation of a 

cross-linked peptide containing either six or eight amino acid residues linked by a 

sulfonamide generated between a phenylalanine residue and a lysine residue. The number 

of residues present is dependent on the chain length of the peptide. However, the 

intermolecular reactions carried out in the previous section proved particularly difficult, 

which could aid the generation of one cyclic product. The reaction was also to be carried 

out at high dilution as a precaution to minimise any risk of intermolecular reaction. 

 

The modified tripeptide 111 was first exposed to dilute TFA in CH2Cl2 in order to cleave the 

Boc-protecting group, generating cyclic peptide 154 (Scheme 108). Upon cleavage of the 

Boc protecting group, 1H NMR and 19F NMR analyses were carried out in order to ensure 

the vinyl sulfonyl fluoride had survived the reaction conditions. The recognisable alkene 

doublet of doublets in the 1H NMR spectrum and the peak at ca. 60 ppm in the 19F NMR 

spectrum were indicative that the vinyl sulfonyl fluoride was still intact. 

 

 

Scheme 108 – Cyclisation of tripeptide 111 to form cyclic peptide 154. 

 

After the Boc cleavage reaction had been completed, the crude compound (0.008 mmol) 

was then dissolved in excess MeCN (4 mL) to yield a peptidic solution of 0.002 M and 

treated with Et3N in order to attempt to cyclise the peptide. Analysis of the crude 19F NMR 

showed that a reaction had taken place as the usual peak present at ca. 60 ppm 

disappeared suggesting a SuFEx transformation had taken place. The crude 1H NMR 

spectrum became incredibly complex and difficult to analyse which could be considered 

consistent with the generation of complex macrocyclic structures. Further confirmation that 
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the peptide had undergone cyclisation was found when a parent ion peak in the HRMS 

(ESI) [M+H]+ of 495.1910 was identified. This compound was synthesised in the very last 

week of the project and due to strict time constraints, was not purified and no further data 

gathered. However, this result is extremely significant as it demonstrates that in two 

synthetic steps, an otherwise unreactive phenylalanine residue can be modified and 

subsequently used to cyclize a peptide through the installed SuFEx-able hub and a native 

lysine residue. 

 

 

 

Scheme 109 – An intermolecular followed by an intramolecular SuFEx reaction yielded dimer 154’. 

 
Further in-depth analysis of the HRMS data showed a parent ion peak [M+H]+ of 989.3739. 

This correlates to the exact mass for a dimeric species which has undergone conversion 

from the linear peptide 111 to a peptide-peptide cross-linked structure intermediate 155 

via an intermolecular SuFEx reaction. This was then followed by a further intramolecular 

SuFEx reaction to yield dimeric species 154’, Scheme 109. 

 

Gratified by the success of the tripeptide cyclisation, the remaining tetrapeptides 112 and 

113 were subjected to the same reaction conditions, Scheme 110 in the hope of generate 

cyclic peptides 156 and 157. Once again, the disappearance of the S-F bond was shown in 

both 19F NMR spectra and the 1H NMR spectra became difficult to interpret.  
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Scheme 110 – The cyclisation of tetrapeptides 112 and 113 using an intramolecular SuFEx transformation. 

 

These finding are consistent with the successful cyclisation of the tetrapeptide 156 and 157. 

The parent ion peaks [M+H]+ in the HRMS of the crude mixtures of 566.2281 and 594.2599 

indicated that the cyclic product had been synthesised in both cases. Due to the time 

constraints at this stage of the investigation, the compounds were not purified, and no 

further experimental data was gathered. Interestingly, in the cases of the tetrapeptides, no 

dimeric species like compound 154’ in Scheme 109 were detected. 

 

4.8 Conclusion 

 

In summary, peptides containing aryl VSF on phenylalanine residues have been 

successfully further modified using SuFEx transformations. The modification of ortho aryl 

VSF with silyl ether nucleophiles was found be problematic due to the inherent 

preorganisation that is introduced upon ortho olefination of phenylalanine in peptides 

leading to unavoidable Michael addition. However, after a successful development of the 
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Mizoroki-Heck reaction to introduce meta and para aryl VSF functionality to peptides, the 

SuFEx reaction with silyl ethers proceeded quickly and in excellent yields.  

 

The modification with amine nucleophiles proceeded more smoothly. Simple primary and 

secondary amines were used to further modify the model dipeptide in fair yields. 

Intermolecular SuFEx transformations with nucleophilic amino acids were more difficult to 

facilitate. However, intramolecular SuFEx reactions between ortho aryl VSFs and amines 

situated on lysine residues in the same peptide appeared to be carried out to form complex 

peptide macrocyclic structures. However, due to the time constrains of the project, these 

compounds were not purified. The successful isolation of these compounds would prove 

that the synthesis of these cyclic peptides was possible. This result would contextualise the 

power of the technique and demonstrate its applicability in the post-synthetic modification 

of peptides. 
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4.9 Experimental 

4.9.1 General Information 
 
All reagents and solvents were purchased from Alfa Aesar, Fischer Scientific, Fluorochem 

or Merck and used as provided. Chemical manipulations were carried out in oven-dried 

glassware and in an atmosphere of air unless otherwise stated. Flash column 

chromatography was performed manually on silica gel (Fluorochem silica gel 60 A particle 

size 40-63 µm) or on a Biotage® Isolera One auto column using Biotage® Sfar silica Duo 

prepacked flash columns. Thin layer chromatography was carried out on glass-backed silica 

gel plates (2.5 x 7.5 cm; Merck, TLC silica gel 60 Å). Compounds were visualised on TLC 

plates by exposure to UV light (254 nm). NMR spectra were recorded on a JEOL ECX or 

ECZ 400 Spectrometer at 298K. Chemical shifts are reported in parts per million and 

coupling constants are reported in Hz. For some compounds, it was necessary to use 1H-
1H COSY, 1H-13C HMQC and 1H-13C HMBC 2D NMR experiments in order to aid 

assignment. FTIR spectra were recorded on an Agilent Cary 630 FTIR spectrometer and 

wavenumbers are reported to the nearest whole number. Melting points of compounds were 

obtained using a Stuart SMP10 melting point apparatus. High-resolution mass spectrometry 

was obtained from the EPSRC UK National Mass Spectrometry Facility at Swansea 

University on an LTQ Orbitrap XL 1, using positive electrospray ionisation (ESI+). 
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4.9.2 General Procedures for SuFEx transformations 
4.9.2.1 SuFEx transformations of 2-VSF containing peptides 
 

 
The modified peptide (0.117 mmol) and nucleophile (2 eq.) were dissolved in MeCN (1 mL) 

and treated with Et3N (2.5 eq.). The reaction mixture was heated to 80 ºC and stirred for 16 

h. Upon completion, the volatiles were removed in vacuo and the crude oil was purified by 

flash column chromatography. Recrystallisation from CH2Cl2 / hexanes yielded the SuFEx 

product as a solid. 

 

4.9.2.2 SuFEx transformations of 3-/4-VSF containing peptides 
 

 
The modified peptide (0.117 mmol) and nucleophile (2 eq.) were dissolved in MeCN (1 mL) 

and treated with DBU (1.1 eq.). The reaction mixture was heated to 80 ºC and stirred for 16 

h. Upon completion, the volatiles were removed in vacuo and the crude oil was purified by 

flash column chromatography. Recrystallisation from CH2Cl2 / hexanes yielded the SuFEx 

product as a solid 
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4.9.3 Synthesis of p-cresol-OTBDMS (117) 

 
 

Known compound. The phenol-based compound p-cresol 116 (0.300 g, 2.774 mmol) was 

dissolved in DMF (10 mL) before being treated with Imidazole (0.378 g, 5.548 mmol) and 

allowed to stir at room temperature for 10 min. After the time had elapsed, TBDMS-Cl (0.502 

g, 3.329 mmol) was added, and the reaction was allowed to stir for a further 30 min. The 

mixture was then quenched with deionised water (30 mL) followed by extraction into Et2O 

(3 x 30 mL). The combined organic layers were washed with 5% LiCl solution (30 mL) and 

brine (30 mL) before being dried (MgSO4) and concentrated in vacuo. Purification by flash 

column chromatography (Pet. Ether 40-60 ºC) yielded the silyl ether product 117 as a 

colourless oil (0.413 g, 67%); Rf = 0.60 (Pet. Ether 40-60 ºC). 

 
1H NMR (400 MHz, CDCl3) d 0.18 (6H, s, Si-(CH3)2), 0.97 (9H, s, Si-C(CH3)3), 2.27 (3H, s, 

Ar-CH3), 6.73 (2H, d, J = 8.5, Ar-H), 7.01 (2H, d, J = 8.5, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d -4.5 (Si-(CH3)2), 18.2 (4° Si-C), 20.6 (Ar-CH3), 25.7 (tBu-

(CH3)3), 119.8 (Ar C), 129.8 (Ar C), 130.4 (4° Ar C), 153.3 (4° Ar C). 

 

IR umax/cm-1 (oil) 3027 w (C-H), 2956 w (C-H), 1510 s (C=C), 1252 s (Si-O), 1240 s (C-O), 

820 s (Si-CH3). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C13H23OSi: 223.1518, found: 223.1510. 
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4.9.4 Synthesis of meta-/para- vinyl sulfonyl fluoride phenylalanine-based 
peptides (39-44) 

4.9.4.1 H-Phe(4-iodo)-OMe.HCl (120) 

 
 

The protected amino acid Boc-Phe(4-iodo)-OH 42 (1.000 g, 2.556 mmol) was dissolved in 

MeOH (50 mL) and cooled to 0 ºC. The reaction was then treated with the dropwise addition 

of SOCl2 (1.112 mL, 15.337 mmol) and stirred for 1 h before being allowed to warm to room 

temperature. The mixture was stirred for a further 16 h before the volatiles were removed 

in vacuo yielding 120 as an off white solid (0.829 g, 95%); m.p. 199-201 °C. Rf = 0.42 

(EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 3.14 (1H, dd, J = 14.4, 7.3, Phe-CHH), 3.23 (1H, dd, J = 14.4, 

6.3, Phe-CHH), 3.81 (3H, s, ester-CH3) 4.33 (1H, dd, J = 7.3, 6.3, Phe-a-CH), 7.06 (2H, d, 

J = 8.4, Ar-H), 7.73 (2H, d, J = 8.4, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 37.0 (Phe-CH2), 53.8 (Phe-a-CH), 55.0 (ester-CH3), 94.3 

(Ar C-I), 132.7 (Ar C), 135.3 (4º Ar C), 139.5 (Ar C), 170.5 (C=O). 

 

IR umax/cm-1 (solid) 3012 w (C-H), 2952 w (C-H), 2825 w (N-H salt), 1737 s (ester C=O), 

1538 m (C=C), 1207 s (C-O), 600 s (C-I). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C10H13NO2I: 305.9991, found: 305.9989. 
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4.9.4.2 Ac-Val-Phe(4-iodo)-OMe (122) 

  
 
The amino ester 4-iodo-L-phenylalalnine methyl ester hydrochloride 120 (0.978 g, 2.50 

mmol) was dissolved in deionised water and treated with K2CO3 (0.498 g, 3.60 mmol) and 

stirred at room temperature for 20 min. The free amino ester was then extracted into Et2O 

(3 x 20 mL) before the organic layers were combined, dried (MgSO4) and concentrated in 

vacuo. The resulting colourless oil was dissolved in CH2Cl2 (30 mL) and treated with N-

acetyl valine 121 (0.159 g, 1.000 mmol), HBTU (0.379 g, 1.000 mmol) and DIPEA (0.174 

mL, 1.00 mmol) before stirring for 12 h. The reaction mixture was then quenched with 

CH2Cl2 (30 mL), then washed with 1M HCl (25 mL), sat. NaHCO3 (3 x 25 mL) and distilled 

water (25 mL). The organic layer was then dried (MgSO4) and concentrated in vacuo. The 

resulting oil was recrystallised from CH2Cl2 / hexanes to yield peptide 122 as a white solid 

(0.270 g, 61%); m.p. 237-240 °C. Rf = 0.35 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.92 (3H, d, J = 6.8, Val-CH3), 0.93 (1H, d, J = 6.8, Val-CH3), 

1.97-2.07 (4H, m, acetyl-CH3 / Val-CH), 2.99 (1H, dd, J = 13.9, 6.3, Phe-CHH), 3.09 (1H, 

dd, J = 13.9, 5.7, Phe-CHH), 3.73 (3H, s, ester-CH3), 4.22 (1H, dd, J = 8.7, 7.0, Val-a-CH), 

4.85 (1H, dt, J = 8.0, 6.3, Phe-a-CH), 6.01 (1H, d, J = 8.7, Val-NH), 6.38 (1H, d, J = 8.0, 

Phe-NH), 6.87 (2H, d, J = 8.1, Ar-H), 7.60 (2H, d, J = 8.1, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 18.2 (Val-CH3), 19.1 (Val-CH3) 23.3 (acetyl-CH3), 31.0 (Val-

CH), 37.5 (Phe-CH2), 52.5 (ester-CH3), 52.8 (Phe-a-CH), 58.4 (Val-a-CH), 92.8 (Ar C-I), 

131.3 (Ar C), 135.2 (4º Ar C), 137.7 (Ar C), 170.0 (C=O), 170.9 (C=O), 171.3 (C=O). 
 

IR umax/cm-1 (solid) 3265 m (N-H), 3071 w (C-H), 2956 w (C-H), 1737 s (ester C=O), 1640 

s (amide C=O), 1539 s (C=C), 1241 s (C-O), 596 s (C-I). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H24N2O4I: 447.0781, found: 447.0783. 
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4.9.4.3 Ac-Val-Phe(4-VSF)-OMe (123) 

 
 
The 4-iodo-phenylalanine containing compound 122 (0.223 g, 0.500 mmol), palladium 

acetate (0.011 g, 0.050 mmol) and silver trifluoroacetate (0.185 g, 0.600 mmol) were 

slurried in acetone (1 mL) and treated with ESF 50 (0.083 mL, 1.000 mmol) before heating 

to 60 ºC and stirring for 6 h. The reaction mixture was then allowed to cool before filtering 

through a Celite® plug (EtOAc). The volatiles were then removed in vacuo before 

purification by flash column chromatography (8:2 EtOAc / Pet. Ether 40-60 ºC). 

Recrystallisation from CH2Cl2 / hexanes yielded modified dipeptide 123 as a light brown 

solid (0.138 g, 65%); m.p. 206-208 °C. Rf = 0.35 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.90-0.96 (6H, m, Val-(CH3)2), 1.97-2.08 (4H, m, acetyl-CH3 / 

Val-CH), 3.11 (1H, dd, J = 13.8, 6.2, Phe-CHH), 3.22 (1H, dd, J = 13.8, 5.7, Phe-CHH), 3.75 

(3H, s, ester-CH3), 4.20 (1H, dd, J = 8.7, 7.1, Val-a-CH), 4.90 (1H, dt, J = 7.8, 6.2, Phe-a-

CH), 6.01 (1H, d, J = 8.5, Val-NH), 6.41 (1H, d, J = 7.8, Phe-NH), 6.84 (1H, dd, J = 15.6, 

2.5, alkene-CH), 7.24 (2H, d, J = 8.3, Ar-H), 7.48 (2H, d, J = 8.3, Ar-H), 7.76 (1H, d, J = 

15.6, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.2 (Val-CH3), 19.1 (Val-CH3), 23.2 (acetyl-CH3), 30.9 (Val-

CH), 37.9 (Phe-CH2), 52.6 (ester-CH3), 52.9 (Phe-a-CH), 58.6 (Val-a-CH), 117.8 (3JCF = 

28.4, alkene-C), 129.3 (Ar C), 129.9 (4º Ar C), 130.4 (Ar C), 141.0 (Ar C), 148.3 (4JCF = 2.4, 

alkene-C), 170.2 (C=O), 171.0 (C=O), 171.2 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.5 (s). 

 
IR umax/cm-1 (solid) 3280 m (N-H), 3083 w (C-H), 2963 w (C-H), 1756 s (ester C=O), 1643 

s (amide C=O), 1543 s (C=C), 1402 s (S=O), 1271 s (C-O), 1185 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C19H26N2O6SF: 429.1496, found: 429.1493. 
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4.9.4.4 H-Phe(3-iodo)-OMe.HCl (124) 

  
 

The amino acid H-Phe(3-iodo)-OH (0.500 g, 1.718 mmol) was dissolved in MeOH (30 mL) 

and cooled to 0 ºC. The reaction was then treated with the dropwise addition of SOCl2 

(0.747 mL, 10.308 mmol) and stirred for 1 h before being allowed to warm to room 

temperature. The mixture was stirred for a further 16 h before the volatiles were removed 

in vacuo yielding 124 as a light-yellow solid (0.495 g, 85%); m.p. 160-163 °C. Rf = 0.52 

(EtOAc). 

 
1H NMR (400 MHz, CD3OD) d 3.13 (1H, dd, J = 14.4, 7.2, Phe-CHH), 3.23 (1H, dd, J = 14.4, 

6.2, Phe-CHH), 3.81 (3H, s, ester-CH3), 4.34 (1H, t, J = 7.2, Phe-a-CH), 7.16 (1H, t, J = 7.8, 

Ar-H), 7.28 (1H, d, J = 7.8, Ar-H), 7.67-7.73 (2H, m, Ar-H). 

 
13C NMR (100 MHz, CD3OD) d 36.9, (Phe-CH2), 53.8 (ester-CH3), 55.1 (Phe-a-CH), 95.7 

(Ar C-I), 130.0 (Ar C), 132.1 (Ar C), 138.1 (4º Ar C), 138.3 (Ar C), 139.7 (Ar C), 170.4 (C=O). 

 

IR umax/cm-1 (solid) 3063 w (C-H), 2958 w (C-H), 2814 m (N-H salt), 1737 s (ester C=O), 

1561 s (C=C), 1245 s (C-O), 600 m (C-I). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C10H13NO2I: 305.9991, found: 305.9987. 
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4.9.4.5 Ac-Val-Phe(3-iodo)-OMe (125) 

  
 

The amino ester 3-iodo-L-phenylalalnine methyl ester hydrochloride 124 (0.184 g, 0.470 

mmol) was dissolved in deionised water and treated with K2CO3 (0.094 g, 0.677 mmol) and 

stirred at room temperature for 20 min. The free amino ester was then extracted into Et2O 

(3 x 20 mL) before the organic layers were combined, dried (MgSO4) and concentrated in 

vacuo. The resulting colourless oil was dissolved in CH2Cl2 (30 mL) and treated with N-

acetyl valine 121 (0.30 g, 0.188 mmol), HBTU (0.071 g, 0.188 mmol) and DIPEA (0.033 mL, 

0.188 mmol) before stirring for 12 h. The reaction mixture was then quenched with CH2Cl2 

(30 mL), then washed with 1M HCl (25 mL), sat. NaHCO3 (3 x 25 mL) and distilled water 

(25 mL). The organic layer was then dried (MgSO4) and concentrated in vacuo. The 

resulting oil was recrystallised from CH2Cl2 / hexanes to yield peptide 125 as a white solid 

(0.046 g, 55%); m.p. 194-195 °C. Rf = 0.35 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.93 (3H, d, J = 6.9, Val-CH3), 0.94 (3H, d, J = 6.8, Val-CH3), 

1.99-2.10 (4H, m, acetyl-CH3 / Val-CH), 2.99 (1H, dd, J = 13.9, 6.3, Phe-CHH), 3.08 (1H, 

dd, J = 13.9, 5.9, Phe-CHH), 3.72 (3H, s, ester-CH3), 4.33 (1H, dd, J = 8.8, 6.0, Val-a-CH), 

4.81 (1H, dt, J = 7.7, 6.3,  Phe-a-CH), 6.28 (1H, d, J = 8.8, Val-NH), 6.81 (1H, d, J = 7.7, 

Phe-NH), 7.00 (1H, t, J = 7.7, Ar-H), 7.10 (1H, dt, J = 7.7, 1.2, Ar-H), 7.48 (1H, t, J = 1.4, 

Ar-H), 7.56 (1H, dt, J = 7.7, 1.4, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 18.2 (Val-CH3), 19.0 (Val-CH3), 23.3 (acetyl-CH3), 31.1 (Val-

CH), 37.3 (Phe-CH2), 52.4 (ester-CH3), 53.1 (Phe-a-CH), 58.3 (Val-a-CH), 94.4 (Ar C-I), 

128.5 (Ar C), 130.2 (Ar C), 136.2 (Ar C), 138.1 (Ar C), 138.2 (4º Ar C), 170.1 (C=O), 171.1 

(C=O), 171.3 (C=O).  

 

IR umax/cm-1 (solid) 3280 m (N-H), 3058 w (C-H), 2960 w (C-H), 1737 s (ester C=O), 1633 

s (amide C=O), 1531 s (C=C), 1215 s (C-O), 600 s (C-I). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C17H24N2O4I: 447.0781, found: 447.0779. 
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4.9.4.6 Ac-Val-Phe(3-VSF)-OMe (126) 

 
 

The 3-iodo-phenylalanine containing compound 124 (0.029 g, 0.065 mmol), palladium 

acetate (0.002 g, 0.007 mmol) and silver trifluoroacetate (0.024 g, 0.078 mmol) were 

slurried in acetone (1 mL) and treated with ESF 50 (0.011 mL, 0.130 mmol) before heating 

to 60 ºC and stirring for 6 h. The reaction mixture was then allowed to cool before filtering 

through a Celite® plug (EtOAc). The volatiles were then removed in vacuo before purification 

by flash column chromatography (8:2 EtOAc / Pet. Ether 40-60 ºC). Recrystallisation from 

CH2Cl2 / hexanes yielded modified dipeptide 126 as a light brown solid (0.021 g, 75%); m.p. 

222-225 °C. Rf = 0.34 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.94 (3H, d, J = 6.7, Val-CH3), 0.95 (3H, d, J = 6.7, Val-CH3), 

1.99-2.06 (4H, m, acetyl-CH3 / Val-CH), 3.11 (1H, dd, J = 14.0, 5.9, Phe-CHH), 3.22 (1H, 

dd, J = 14.0, 5.3, Phe-CHH), 3.75 (3H, s, ester-CH3), 4.08 (1H, app t, J = 8.0, Val-a-CH), 

4.92 (1H, dt, J = 7.9, 5.9, Phe-a-CH), 5.95 (1H, d, J = 8.7, Val-NH), 6.39 (1H, d, J = 7.9, 

Phe-NH), 7.18 (1H, dd, J = 15.6, 2.5, alkene-CH), 7.23-7.27 (1H, m, Ar-H), 7.39 (1H, t, J = 

7.5, Ar-H), 7.42 (1H, dt. J = 7.8, 1.6, Ar-H), 7.47 (1H, t, J = 1.6, Ar-H), 7.79 (1H, d, J = 15.6, 

alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.5 (Val-CH3), 19.2 (Val-CH3), 23.1 (acetyl-CH3), 30.5 (Val-

CH), 37.6 (Phe-CH2), 52.6 (ester-CH3), 52.8 (Phe-a-CH), 59.2 (Val-a-CH), 118.8 (3JCF = 

27.8, alkene-C), 128.4 (Ar C), 129.5 (Ar C), 129.8 (Ar C), 131.5 (4º Ar C), 133.4 (Ar C), 

137.2 (4º Ar C), 148.4 (4JCF = 1.9, alkene-C), 170.3 (C=O), 171.1 (C=O), 171.1 (C=O). 

 
19F NMR (376 MHz, CDCl3) d 62.1 (s). 

 

IR umax/cm-1 (solid) 3280 m (N-H), 3086 w (C-H), 2960 w (C-H), 1733 m (ester C=O), 1643 

s (amide C=O), 1539 s (C=C), 1398 s (S=O), 1215 s (C-O), 1185 s (S-F). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C19H26N2O6SF: 429.1496, found: 429.1490.  
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4.9.5 Reactions with silyl ether nucleophiles (127-128) 
4.9.5.1 Diversified peptide (127) 

  
 

The SuFEx transformation was carried out using modified peptide 123 (0.050 g, 0.117 

mmol), p-cresol-OTBDMS 117 (0.052 g, 0.234 mmol) and DBU (0.019 mL, 0.128 mmol) 

according to the procedure outlined in Section 4.9.2. Upon completion the volatiles were 

removed in vacuo and the crude oil was purified by flash column chromatography (8:2 

EtOAc / Pet. Ether 40-60 ºC). Recrystallisation from CH2Cl2 / hexanes yielded the SuFEx 

product 127 as an off-white solid (0.050 g, 83%); m.p. 167-169 °C. Rf = 0.40 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.92 (3H, d, J = 6.9, Val-CH3), 0.93 (3H, d, J = 6.8, Val-CH3), 

1.95-2.08 (4H, m, acetyl-CH3 / Val-CH), 2.33 (3H, s, cresol-CH3), 3.08 (1H, dd, J = 13.8, 

6.4, Phe-CHH), 3.18 (1H, dd, J = 13.8, 5.6, Phe-CHH), 3.74 (3H, s, ester-CH3), 4.29 (1H, 

dd, J = 8.8, 7.1, Val-a-CH), 4.89 (1H, dt, J = 7.9, 6.4, Phe-a-CH),6.18 (1H, d, J = 8.8, Val-

NH), 6.72 (1H, d, J = 7.9, Phe-NH), 6.83 (1H, d, J = 15.6, alkene-CH), 7.11-7.20 (6H, m, 

Ar-H), 7.37 (2H, d, J = 8.2, Ar-H), 7.44 (1H, d, J = 15.6, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.2 (Val-CH3), 19.1 (Val-CH3), 20.9 (cresol-CH3), 23.2 

(acetyl-CH3), 31.1 (Val-CH), 37.7 (Phe-CH2), 52.5 (ester-CH3), 52.9 (Phe-a-CH), 58.4 (Val-

a-CH), 120.5 (alkene-C), 122.1 (Ar C), 128.8 (Ar C), 130.2 (Ar C), 130.3 (Ar C), 130.6 (4º 

Ar C), 137.1 (4º Ar C), 139.9 (4º Ar C), 145.4 (alkene-C), 147.3 (4º Ar C), 170.1 (C=O), 

171.1 (C=O), 171.2 (C=O).  

 

IR umax/cm-1 (solid) 3280 w (N-H), 3083 w (C-H), 2963 w (C-H), 1745 s (ester C=O), 1644 s 

(amide C=O), 1539 s (C=C), 1371 s (S=O), 1259 s (C-O), 1185 s (S-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C26H33N2O7S: 517.2008, found: 517.2010. 
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4.9.5.2 Diversified peptide (128) 
 

 
 

The SuFEx transformation was carried out using modified peptide 126 (0.008 g, 0.019 

mmol), p-cresol-OTBDMS 117 (0.008 g, 0.037 mmol) and DBU (0.003 mL, 0.021 mmol) 

according to the procedure outlined in Section 4.9.2. Upon completion the volatiles were 

removed in vacuo and the crude oil was purified by preparative thin layer chromatography 

(8:2 EtOAc / Pet. Ether 40-60 ºC). Recrystallisation from CH2Cl2 / hexanes yielded the 

SuFEx product 128 as an off-white solid (0.007 g, 71%); m.p. 182-184 °C. Rf = 0.40 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.79 (3H, d, J = 6.9, Val-CH3), 0.82 (3H, d, J = 6.9, Val-

CH3),1.95-2.06 (4H, m, acetyl-CH3 / Val-CH), 2.34 (3H, cresol-CH3), 3.06 (1H, dd, J = 14.0, 

7.6, Phe-CHH), 3.20 (1H, dd, J = 14.0, 5.5, Phe-CHH), 3.72 (3H, s, ester-CH3), 4.25 (1H, 

dd, J = 8.7, 6.3, Val-a-CH), 4.87 (1H, dt, J = 7.6, 5.5, Phe-a-CH), 5.98 (1H, d, J = 8.7, Val-

NH), 6.60 (1H, d, J = 7.8, Phe-NH), 6.90 (1H, d, J = 15.6, alkene-CH), 7.11-7.19 (4H, m, 

Ar-H), 7.24-7.31 (2H, m, Ar-H), 7.33-7.39 (2H, m, Ar-H), 7.48 (1H, d, J = 15.6, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.4 (Val-CH3), 19.2 (Val-CH3), 20.9 (cresol-CH3), 23.1 

(acetyl-CH3), 30.6 (Val-CH), 37.6 (Phe-CH2), 52.5 (ester-CH3), 52.9 (Phe-a-CH), 59.0 (Val-

a-CH) 121.4 (alkene-C), 122.2 (Ar C), 127.7 (Ar C), 129.3 (Ar C), 129.4 (Ar C), 130.3 (Ar 

C), 132.3 (Ar C), 132.5 (Ar C), 137.0 (Ar C), 137.1 (Ar C), 145.5 (alkene-C), 147.4 (Ar C), 

170.2 (C=O), 171.0 (C=O), 171.3 (C=O). 

 

IR umax/cm-1 (solid) 3288 m (N-H), 3064 w (C-H), 2960 w (C-H), 1752 m (ester C=O), 1633 

s (amide C=O), 1539 s (C=C), 1372 s (S=O), 1208 s (C-O), 1170 (S-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C26H33N2O7S: 517.2008, found: 517.2007. 
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4.9.6 Reactions with 2º amine nucleophiles 
4.9.6.1 Diversified peptide (129) 

 
 
The SuFEx product 129 was synthesised from modified peptide 59 (0.050 g, 0.117 mmol), 

pyrrolidine 128 (0.019 mL, 0.234 mmol) and Et3N (0.041 mL, 0.292 mmol) using the 

procedure outlined in Section 4.9.2. The crude product was purified by flash column 

chromatography (8:2 EtOAc / Pet. Ether 40-60 ºC) before recrystallisation from CH2Cl2 / 

hexanes yielded product 129 as a white solid (0.039 g, 69%); m.p. 180-182 °C. Rf = 0.49 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.89 (3H, d, J = 6.9, Val-CH3), 0.91 (3H, d, J = 6.9, Val-CH3), 

1.89-1.94 (4H, m, pyrrolidine-CH2), 2.01 (3H, s, acetyl-CH3), 2.02-2.13 (1H, m, Val-CH), 

3.14 (1H, dd, J = 14.4, 7.6, Phe-CHH), 3.30-3.39 (5H, m, Phe-CHH / pyrrolidine-CH2), 3.73 

(3H, s, ester-CH3), 4.28 (1H, dd, J = 8.7, 6.9, Val-a-CH), 4.81 (1H, dt, J = 7.3, 6.0, Phe-a-

CH), 6.23 (1H, d, J = 8.7, Val-NH), 6.67-6.73 (2H, m, Phe-NH / alkene-CH), 7.20 (1H, dd, J 

= 7.6, 1.1, Ar-H), 7.28 (1H, dt, J = 7.3, 1.1, Ar-H), 7.34 (1H, dt, J = 7.3, 1.4, Ar-H), 7.49 (1H, 

dd, J = 7.6, 1.4, Ar-H), 7.77 (1H, d, J = 15.3, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.0 (Val-CH3), 19.1 (Val-CH3), 23.2 (acetyl-CH3), 25.7 

(pyrrolidine-CH2), 30.7 (Val-CH), 35.0 (Phe-CH2), 47.9 (pyrrolidine-CH2), 52.7 (ester-CH3), 

52.9 (Phe-a-CH), 58.2 (Val-a-CH), 123.3 (alkene-C), 127.0 (Ar C), 127.8 (Ar C), 130.6 (Ar 

C), 131.2 (Ar C), 132.2 (Ar C), 135.8 (Ar C), 139.6 (alkene-C), 170.3 (C=O), 171.1 (C=O), 

171.3 (C=O). 

 

IR umax/cm-1 (solid) 3291 m (N-H), 3064 w (C-H), 2960 w (C-H), 1752 s (ester C=O), 1640 

s (amide C=O), 1543 s (C=C), 1334 s (S=O), 1245 m (C-O), 1165 s (S-N). 

 
HRMS (ESI) [M+H]+ m/z calcd. for C23H34N3O6S: 480.2168, found: 480.2163. 
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4.9.6.2 Diversified peptide (132) 

 
 

SuFEx product 132 was synthesised from modified peptide 59 (0.050 g, 0.117 mmol), 

piperidine 130 (0.023 mL, 0.234 mmol) and Et3N (0.041 mL, 0.292 mmol) using the 

procedure outlined in Section 4.9.2. The crude product was purified by flash column 

chromatography (8:2 EtOAc / Pet. Ether 40-60 ºC). Before recrystallisation from CH2Cl2 / 

hexanes yielded 132 as a white solid (0.025 g, 43%); m.p. 171-173 °C. Rf = 0.51 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.89 (3H, d, J = 6.9, Val-CH3), 0.91 (3H, d, J = 6.9, Val-CH3), 

1.50-1.58 (2H, m, piperidine-CH2), 1.65-1.73 (4H, m, piperidine-CH2), 2.00-2.13 (4H, m, 

acetyl-CH3 / Val-CH), 3.14 (1H, dd, J = 14.2, 7.1, Phe-CHH), 3.18-3.23 (4H, m, piperidine-

CH2), 3.33 (1H, dd, J = 14.2, 5.5, Phe-CHH), 3.74 (3H, s, ester-CH3), 4.23 (1H, dd, J = 8.9, 

6.8, Val-a-CH), 4.82 (1H, dt, J = 7.3, 6.0, Phe-a-CH), 6.16 (1H, d, J = 8.9, Val-NH), 6.45 

(1H, d, J = 7.8, Phe-NH), 6.63 (1H, d, J = 15.2, alkene-CH), 7.19 (1H, dd, J = 7.6, 1.4, Ar-

H), 7.28-7.38 (2H, m, Ar-H), 7.49 (1H, dd, J = 7.6, 1.2, Ar-H), 7.71 (1H, d, J = 15.2, alkene-

CH). 

 
13C NMR (100 MHz, CDCl3) d 18.0 (Val-CH3), 19.1 (Val-CH3), 23.2 (acetyl-CH3), 23.7 

(piperidine-CH2), 25.4 (piperidine-CH2), 30.6 (Val-CH), 35.0 (Phe-CH2), 46.6 (piperidine-

CH2), 52.8 (ester-CH3), 53.0 (Phe-a-CH), 58.3 (Val-a-CH), 124.4 (alkene-C), 127.0 (Ar C), 

127.9 (Ar C), 130.7 (Ar C), 131.2 (Ar C), 132.2 (Ar C), 135.7 (Ar C0, 140.0 (alkene-C), 170.3 

(C=O), 171.0 (C=O), 171.2 (C=O). 

 
IR umax/cm-1 (solid) 3287 w (N-H), 3064 w (C-H), 2937 w (C-H), 1744 m (ester C=O), 1640 

s (amide C=O), 1528 s (C=C), 1334 s (S=O), 1215 s (C-O), 1137 s (S-N). 

 
HRMS (ESI) [M+H]+ m/z calcd. for C24H36N3O6S: 494.2325, found: 494.2320. 

  



 222 

4.9.6.3 Diversified peptide (133) 

 
 
SuFEx product 133 was synthesised from modified peptide 59 (0.050 g, 0.117 mmol), 

morpholine 131 (0.021 mL, 0.234 mmol) and Et3N (0.041 mL, 0.292 mmol) using the 

procedure outlined in Section 4.9.2. The crude mixture was purified by flash column 

chromatography (8:2 EtOAc / Pet. Ether 40-60 ºC). And recrystallised from CH2Cl2 / 

hexanes to yield SuFEx product 133 as a white solid (0.031 g, 53%); m.p. 184-186 °C. Rf = 

0.45 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d  0.89 (3H, d, J = 6.9, Val-CH3), 0.91 (3H, d, J = 6.7, Val-CH3), 

1.99-2.10 (4H, m, acetyl-CH3 / Val-CH), 3.16 (1H, dd, J = 14.2, 7.1, Phe-CHH), 3.20-3.26 

(4H, m, morpholine-CH2), 3.32 (1H, dd, J = 14.2, 6.0, Phe-CHH), 3.73 (3H, s, ester-CH3), 

3.79 (4H, t, J = 4.7, morpholine-CH2), 4.23 (1H, dd, J = 8.8, 6.9, Val-a-CH) 4.80 (1H, dt, J 

= 7.3, 6.2, Phe-a-CH), 6.12 (1H, d, J = 8.8, Val-NH), 6.51 (1H, d, J = 7.8, Phe-NH), 6.64 

(1H, d, J = 15.2, alkene-CH), 7.19 (1H, dd, J = 7.6, 0.9, Ar-H), 7.30 (1H, dt, J = 7.3, 0.9, Ar-

H), 7.36 (1H, dt, J = 7.6, 1.4, Ar-H), 7.50 (1H, dd, J = 7.6, 0.9, Ar-H), 7.77 (1H, d, J = 15.2, 

alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.1 (Val-CH3), 19.1 (Val-CH3), 23.2 (acetyl-CH3), 30.7 (Val-

CH), 35.1 (Phe-CH2), 45.7 (morpholine-CH2), 52.7 (ester-CH3), 53.0 (Phe-a-CH), 58.3 (Val-

a-CH), 66.3 (morpholine-CH2), 123.0 (alkene-C), 127.1 (Ar C), 128.0 (Ar C), 130.9 (Ar C), 

131.2 (Ar C), 131.9 (Ar C), 135.8 (Ar C), 141.4 (alkene-C), 170.2 (C=O), 171.0 (C=O), 171.2 

(C=O). 

 
IR umax/cm-1 (solid) 3295 m (N-H), 3071 w (C-H), 2967 w (C-H), 1752 m (ester C=O), 1640 

s (amide C=O), 1543 s (C=C), 1346 m (S=O), 1264 s (C-O), 1337 s (S-N). 

 
HRMS (ESI) [M+H]+ m/z calcd. for C23H34N3O7S: 496.2117, found: 496.2114.  
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4.9.6.4 Diversified peptide 135 

 
 
SuFEx product 135 was synthesised from modified peptide 59 (0.050 g, 0.117 mmol), 

piperazine 134 (0.020 g, 0.234 mmol) and Et3N (0.041 mL, 0.292 mmol) using the procedure 

outlined in Section 4.9.2. The crude mixture was isolated by removing the volatiles in vacuo 

yielding 135 and 135’ as a brown oil. (0.077 g); Rf = 0.05 (1:9 MeOH / EtOAc). 

 

The 1H and 13C NMR spectra obtained were too complex to assign without purification. The 
19F NMR spectrum showed no peak at ca. 60 ppm indicating that the fluorine environment 

present in the starting material had changed. The HRMS of the crude mixture revealed both 

diversified product 135 and SuFEx dimer product 135’ had been synthesised by exposure 

to the reaction conditions. 

 

Data for 135 
HRMS (ESI) [M+H]+ m/z calcd. for C23H35N4O6S: 495.2277, found: 495.2274.  

 

Data for 135’ 
HRMS (ESI) [M+H]+ m/z calcd. for C42H59N6O12S2: 903.3632, found: 903.3627.  
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4.9.7 Reactions with 1º amine nucleophiles to generate diversified peptide (137) 

 
 
SuFEx product 137 was synthesised from modified peptide 59 (0.050 g, 0.117 mmol), 

benzylamine 136 (0.026 mL, 0.234 mmol) and Et3N (0.041 mL, 0.292 mmol) using the 

procedure outlined in Section 4.9.2. The crude mixture was purified by flash column 

chromatography (7:3 EtOAc / Pet. Ether 40-60 ºC) and recrystallised from CH2Cl2 / hexanes 

yielded SuFEx product 137 as a white solid (0.036 g, 60%); m.p. 132-134 °C. Rf = 0.57 

(EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.87 (3H, d, J = 6.7, Val-CH3), 0.88 (3H, d, J = 6.7, Val-CH3), 

1.95-2.03 (4H, m, acetyl-CH3 / Val-CH), 3.13 (1H, dd, J = 14.2, 5.7, Phe-CHH), 3.22 (1H, 

dd, J = 14.2, 6.7, Phe-CHH), 3.70 (3H, s, ester-CH3), 4.24 (1H, dd, J = 8.9, 7.1, Val-a-CH), 

4.81 (1H, dt, J = 8.5, 6.0, Phe-a-CH), 6.22-6.30 (2H, Val-NH / CSO2NHC), 6.57-6.67 (2H, 

m, Phe-NH / alkene-CH), 7.13 (1H, dd, J = 7.6, 1.4, Ar-H), 7.22-7.40 (8H, m, Ar-H), 7.66 

(1H, d, J = 15.4, Alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.1 (Val-CH3), 19.1 (Val-CH3), 23.2 (acetyl-CH3), 30.9 (Val-

CH), 35.3 (Phe-CH2), 47.2 (benzylamine-CH2), 52.5 (ester-CH3), 53.0 (Phe-a-CH), 58.3 

(Val-a-CH), 126.8 (alkene-C), 127.7 (Ar C), 128.0 (Ar C), 128.7 (Ar C), 130.4 (Ar C), 131.0 

(Ar C), 132.1 (Ar C), 135.8 (Ar C), 137.1 (Ar C), 137.4 (alkene-C), 170.8 (C=O), 171.1 

(C=O), 171.2 (C=O). 

 
IR umax/cm-1 (solid) 3288 m (N-H), 3063 w (C-H), 2960 w (C-H), 1722 m (ester C=O), 1636 

s (amide C=O), 1539 s (C=C), 1326 s (S=O), 1271 s (C-O), 1141 s (S-N). 

 
HRMS (ESI) [M+H]+ m/z calcd. for C26H34N3O6S: 516.2168, found: 516.2165. 
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4.9.8 Synthesis of nucleophilic amino acid (145) 
4.9.8.1 Ac-Tyr(OtBu)-OMe (147) 

  
 

The protected amino ester H-Tyr(OtBu)-OMe 146 (0.576 g, 2.000 mmol) was dissolved in 

CH2Cl2 (30 mL). In a separate vessel, Ac2O (0.945 mL, 10.000 mmol) and pyridine (0.805 

mL, 10.000 mmol) were dissolved in CH2Cl2 (5 mL) before being added to the amino ester 

solution. The reaction mixture was allowed to sir for 30 min at room temperature before the 

volatiles were removed in vacuo. The crude oil was then dissolved in CH2Cl2 (30 mL) and 

washed with sat. NaHCO3 solution (3 x 15 mL) before being dried (MgSO4) and 

concentrated in vacuo. The fully protected amino ester 147 was yielded as a colourless oil 

(0.488 g, 83%); Rf = 0.57 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 1.32 (9H, s, tBu-(CH3)3), 1.97 (3H, s, acetyl-CH3), 3.02 (1H, 

dd, J = 14.1, 6.3, Tyr-CHH), 3.08 (1H, dd, J = 14.1, 6.1, Tyr-CHH), 3.68 (3H, s, ester-CH3), 

4.84 (1H, dt, J = 7.8, 6.2, Tyr-a-CH), 6.32 (1H, br d, J = 7.8, Tyr-NH), 6.91 (2H, d, J = 8.5, 

Ar-H), 7.01 (2H, d, J = 8.5, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d 22.8 (acetyl-CH3), 28.6 (tBu-(CH3)3), 37.0 (Tyr-CH2), 52.0 

(Tyr-a-CH), 53.1 (ester-CH3), 78.2 (tBu-C), 124.0 (Ar C), 129.5 (Ar C), 130.6 (4° Ar C), 

154.2 (Ar C-O), 169.6 (C=O), 172.1 (C=O). 

 

IR umax/cm-1 (oil) 3280 w (N-H), 3060 w (C-H), 2974 w (C-H), 1744 s (amide C=O), 1655 s 

(ester C=O), 1510 s (C=C), 1238 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C16H24NO4: 294.1705, found: 294.1701. 
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4.9.8.2 Ac-Tyr-OMe (148) 

  
 

The fully protected peptide ester 147 (0.468 g, 1.595 mmol) was dissolved in CH2Cl2 (16 

mL) and cooled to 0 ºC in an ice bath. The solution was then treated with TFA (4 mL) and 

stirred at 0 ºC for 45 min. The volatiles were then removed in vacuo yielding deprotected 

product 148 as a white solid (0.359 g, 95%); m.p. 118-120 °C. Rf = 0.50 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 2.03 (3H, s, acetyl-CH3), 2.98 (1H, dd, J = 14.2, 6.1, Tyr-CHH), 

3.07 (1H, dd, J = 14.2, 5.6, Tyr-CHH), 3.75 (3H, s, ester-CH3), 4.85 (1H, dt, J = 7.9, 6.1, 

Tyr-a-CH), 6.50 (1H, d, J = 7.9, Tyr-NH), 6.73 (2H, d, J = 8.5, Ar-H), 6.92 (2H, d, J = 8.5, 

Ar-H).  

 
13C NMR (100 MHz, CDCl3) d 22.5 (acetyl-CH3), 36.8 (Tyr-CH2), 52.6 (ester-CH3), 53.7 (Tyr-

a-CH), 115.6 (Ar C), 126.7 (4° Ar C), 130.2 (Ar C), 155.4 (Ar C-O), 172.0 (C=O), 172.1 

(C=O). 

 

IR umax/cm-1 (solid) 3548 w (O-H), 3317 m (N-H), 3019 w (C-H), 2956 w (C-H), 1730 s (ester 

C=O), 1655 s (amide C=O), 1543 s (C=C), 1230 s (C-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C12H16NO4: 238.1079, found: 238.1073. 
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4.9.8.3 Ac-Tyr(OTBDMS)-OMe (145) 

 
 

Protected amino ester 148 (0.400 g, 1.685 mmol) was dissolved in DMF (10 mL) before 

being treated with imidazole (0.344 g, 5.055 mmol) and stirred for 10 min. TBDMS-Cl (0.305 

g, 2.022 mmol) was then added and the reaction was stirred for a further 30 min. The 

reaction mixture was quenched with deionised water (30 mL) and extracted into Et2O (3 x 

30 mL). The combined organics were washed with brine (1 x 30 mL) before being dried 

(MgSO4) and concentrated in vacuo. The crude residue was purified by flash column 

chromatography (6:4 EtOAc / Pet. Ether 40-60 ºC and recrystallisation from CH2Cl2 / 

hexanes yielded protected silyl ether nucleophile 145 as a white solid (0.282 g, 48%); m.p. 

58-60 °C. Rf = 0.61 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.18 (6H, s, Si-(CH3)2), 0.97 (9H, s, Si-(CH3)3), 1.97 (3H, s, 

acetyl-CH3), 2.99 (1H, dd, J = 14.0, 6.2, Tyr-CHH), 3.05 (1H, dd, J = 14.0, 6.0, Tyr-CHH), 

3.69 (3H, s, ester-CH3), 4.82 (1H, dt, J = 7.9, Tyr-a-CH), 6.29 (1H, br d, J = 6.3, Tyr-NH), 

6.76 (2H, m, Ar-H), 6.96 (2H, m, Ar-H). 

 
13C NMR (100 MHz, CDCl3) d -4.6 (Si-(CH3)2), 18.0 (4° Si-C), 22.8 (acetyl-CH3), 25.5 (Si-

(CH3)3), 36.9 (Tyr-CH2), 52.0 (ester-CH3), 53.2 (Tyr-a-CH), 120.0 (Ar C), 128.4 (4° Ar C), 

130.0 (Ar C), 154.4 (Ar C-O), 169.7 (C=O), 172.2 (C=O). 

 

IR umax/cm-1 (solid) 3276 w (N-H), 3068 w (C-H), 2960 w (C-H), 1744 s (amide C=O), 1640 

s (ester C=O), 1510 s (C=C), 1248 s (Si-O), 1215 s (C-O), 834 s (Si-CH3). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C18H30NO4Si: 352.1944, found: 352.1935. 
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4.9.9 Peptide-amino acid cross-linking (151-152) 
4.9.9.1 Diversified peptide (151) 

 
 

The SuFEx transformation was carried out using modified peptide 123 (0.050 g, 0.117 

mmol), silyl ether nucleophile 145 (0.082 g, 0.234 mmol) and DBU (0.019 mL, 0.128 mmol) 

according to the procedure outlined in Section 4.9.2. Upon completion the volatiles were 

removed in vacuo and the crude oil was purified by flash column chromatography (EtOAc). 

Recrystallisation from CH2Cl2 / hexanes yielded the SuFEx product 151 as a white solid 

(0.048 g, 63%); m.p. 179-181 °C. Rf = 0.11 (EtOAc). 

 
1H NMR (400 MHz, CDCl3) d 0.92 (3H, d, J = 8.6, Val-CH3), 0.93 (3H, d, J = 8.6, Val-CH3), 

0.94-2.06 (7H, m, acetyl-CH3 / acetyl-CH3 / Val-CH), 3.03-3.12 (2H, m, Tyr-CHH / Phe-

CHH), 3.13-3.23 (2H, m, Tyr-CHH / Phe-CHH), 3.70 (3H, s, ester-CH3), 7.74 (3H, s, ester-

CH3), 4.24 (1H, dd, J = 8.7, 7.2, Val-a-CH), 4.83-4.92 (2H, m, Tyr-a-CH / Phe-a-CH), 6.06 

(1H, d, J = 7.7, Tyr-NH), 6.21 (1H, d, J = 8.7, Val-NH), 6.59 (1H, d, J = Phe-NH), 6.83 (1H, 

d, J = 15.6, alkene-CH), 7.11 (2H, d, J = 8.7, Ar-H), 7.16-7.21 (4H, m, Ar-H), 7.39 (2H, d, J 

= 8.2, Ar-H), 7.45 (1H, d, J = 15.6, alkene-CH). 

 
13C NMR (100 MHz, CDCl3) d 18.2 (Val-CH3), 19.1 (Val-CH3), 23.1 (acetyl-CH3), 23.2 

(acetyl-CH3), 30.9 (Val-CH), 37.2 (Tyr-CH2), 37.7 (Phe-CH2), 52.4 (ester-CH3), 52.5 (ester-

CH3), 52.9 (Tyr-a-CH), 53.0 (Phe-a-CH), 58.5 (Val-a-CH), 120.3 (alkene-C), 122.5 (Ar C), 

128.8 (Ar C), 130.2 (Ar C), 130.5 (Ar C), 130.6 (Ar C), 135.2 (Ar C), 140.0 (Ar C), 145.7 

(alkene-C), 148.5 (Ar C), 169.7 (C=O), 170.1 (C=O), 171.0 (C=O), 171.2 (C=O), 171.8 

(C=O). 

 

IR umax/cm-1 (solid) 3283 m (N-H), 3056 w (C-H), 2956 w (C-H), 1737 s (ester C=O), 1644 

s (amide C=O), 1532 s (C=C), 1364 s (S=O), 1215 s (C-O), 1170 s (S-O). 

 

HRMS (ESI) [M+H]+ m/z calcd. for C31H40N3O10S: 646.2434, found: 646.2438. 
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4.9.9.2 Diversified peptide (152) 

 
 

The SuFEx transformation was carried out using modified peptide 123 (0.050 g, 0.117 

mmol), H-Phe-OMe.HCl 22 (0.051 g, 0.234 mmol) and DBU (0.079 mL, 0.525 mmol) 

according to the procedure outlined in Section 4.9.2. Upon completion the volatiles were 

removed in vacuo to yield 152 as a brown solid crude mixture (0.064 g); Rf = 0.08 (EtOAc). 

 

The 1H and 13C NMR spectra obtained were too complex to assign without purification. The 
19F NMR spectrum showed no peak at ca. 60 ppm indicating that the fluorine environment 

in the starting material had changed. The HRMS of the crude mixture revealed the 

diversified product 152 had been synthesised. 

 

HRMS (ESI) [M+H]+ m/z calcd. for C29H38N3O8S: 588.2380, found: 588.2380. 

 

The SuFEx transformation was also carried out using modified peptide 123 (0.050 g, 0.117 

mmol), H-Phe-OMe.TFA (0.069 g, 0.234 mmol) and DBU (0.079 mL, 0.525 mmol) according 

to the procedure outlined in Section 4.9.2. Upon completion the volatiles were removed in 

vacuo to yield a crude mixture as a brown solid (0.057 g); Rf = 0.08 (EtOAc).  

 

The HRMS data is consistent with that acquired for the reaction with phenylalanine methyl 

ester hydrochloride above. 
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4.9.10 Cyclic Peptides (154, 156-157) 
4.9.10.1 Cyclic peptide (154) 
 

 
 

Linear protected 2-VSF containing peptide 111 (0.005 g, 0.008 mmol) was exposed to 20% 

TFA in CH2Cl2 (2 mL) at 0º C for 45 min before the volatiles were removed in vacuo. The 

resulting oil was dissolved in MeCN (4 mL) and treated with Et3N (0.005 mL, 0.036 mmol). 

After stirring at 80 ºC for 16 h, the solvents were removed in vacuo. The crude cyclized 

products 154 and 154’ was isolated as a light brown oil (0.004 g); Rf = 0.05 (EtOAc). 

 

The 1H and 13C NMR spectra obtained were too complex to assign without purification. The 
19F NMR spectrum showed no peak at ca. 60 ppm indicating that the fluorine environment 

present in the starting material had changed. 

 

Data for 154 
HRMS (ESI) [M+H]+ m/z calcd. for C22H31N4O7S: 495.1913, found: 495.1907. 
 
Data for 154’ 
HRMS (ESI) [M+H]+ m/z calcd. for C44H61N8O14S2: 989.3749, found: 989.3739. 
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4.9.10.2 Cyclic peptide (156)  
 

 
 
Linear protected 2-VSF containing peptide 112 (0.015 g, 0.022 mmol) was exposed to 20% 

TFA in CH2Cl2 (2 mL) at 0º C for 45 min before the volatiles were removed in vacuo. The 

resulting oil was dissolved in MeCN (4 mL) and treated with Et3N (0.014 mL, 0.098 mmol). 

After stirring at 80 ºC for 16 h, the solvents were removed in vacuo. The crude cyclized 

product 156 was isolated as a brown oil (0.014 g); Rf = 0.06 (EtOAc). 

 

The 1H and 13C NMR spectra obtained were too complex to assign without purification. The 
19F NMR spectrum showed no peak at ca. 60 ppm indicating that the fluorine environment 

present in the starting material had changed. 

 
HRMS (ESI) [M+H]+ m/z calcd. for C25H36N5O8S: 566.2285, found: 566.2282. 
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4.9.10.3 Cyclic peptide (157) 
 

 
 

Linear protected 2-VSF containing peptide 157 (0.011 g, 0.015 mmol) was exposed to 20% 

TFA in CH2Cl2 (2 mL) at 0º C for 45 min before the volatiles were removed in vacuo. The 

resulting oil was dissolved in MeCN (4 mL) and treated with Et3N (0.010 mL, 0.069mmol). 

After stirring at 80 ºC for 16 h, the solvents were removed in vacuo. The crude cyclized 

product 157 was isolated as a light brown oil (0.008 g); Rf = 0.07 (EtOAc).  

 

The 1H and 13C NMR spectra obtained were too complex to assign without purification. The 
19F NMR spectrum showed no peak at ca. 60 ppm indicating that the fluorine environment 

present in the starting material had changed. 

 

HRMS (ESI) [M+H]+ m/z calcd. for C27H40N5O8S: 594.2598, found: 594.2599. 
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 Conclusions and Future Work 

 
The emergence of peptides as an extremely viable class of therapeutics, alternative to small 

molecule or protein-based drugs has meant that the field of peptide modification is 

experiencing a period of huge attention. The modification of peptides can eradicate 

undesirable characteristics and improve their pharmacokinetic properties, making them 

better suited to pharmaceutical application. C-H functionalization and click chemistry are 

tools available to synthetic chemists which represent attractive methods of facilitating 

peptide modification without the need to rely on pre-functionalized starting materials or 

reactive handles native to the peptide structure. 

 

The aim of this body of work was to develop a novel protocol which married these two 

techniques to modify peptides. Increasing the number of methodologies available for the 

diversification of peptides is critical to broadening the applicability of peptide-based 

structures for use in the pharmaceutical industry. The work documented vide supra 

describes the development of a novel method for the post-synthetic modification of 

phenylalanine residues in peptides with ESF. These structures can then be further 

differentiated by employment of click chemistry procedures to form complex and diversified 

linear or cyclic peptides.  

 
5.1 Residue selectivity and peptide-amino acid cross-linking 
 

At the beginning of the project there were several research questions that needed to be 

addressed. Two methods had been separately developed for the olefination of 

phenylalanine and tryptophan residues in peptides. However, exposure of peptides 

containing both residues to the developed conditions did not selectively olefinate one 

residue over the other. For broad applicability of the method, the development of residue 

selectivity was necessary. The initial attempt to address this issue utilised designed peptide 

20 in which the extra residue at the N-terminus was installed to promote the reactivity of 

tryptophan. However, the reaction yielded three main products and selectivity was not 

achieved via this route, Scheme 111A. A previous investigation had determined that the 
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reactivity of phenylalanine residues in peptides can be supressed by the manipulation of 

the peptide backbone directing group. When an N-methyl group is installed on the 

phenylalanine residue, olefination is not facilitated on that residue. With that in mind, 

tripeptide 37 was designed in which phenylalanine reactivity should be theoretically 

supressed. Gratifyingly, upon exposure to the developed olefination conditions, modified 

peptide 40 was synthesised in good yield and residue selectivity was afforded, Scheme 

111B.  

 

 

Scheme 111 – Residue selectivity is not achieved by promoting reactivity of residues as in [A] but by 
supressing reactivity of residues as in [B]. 

 

The scope of the alkene had been evaluated previously by the research group. However, 

investigations into alkene scope where styrene is a moiety on a more complex system had 

not been assessed. By increasing the complexity of the styrene derivative to an amino acid-

based substrate 47, an indication about the suitability of the developed protocol for use as 

a cross-linking method was evaluated. Exposure of amino acid 41 and peptide 47 to the 
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developed olefination conditions yielded modified dipeptide 48 in good yield, Scheme 112. 

This was a significant result as it proved the method was well adapted to peptide-amino 

acid cross-linking and could likely be used as a method to develop constrained peptides.  

  

Scheme 112 – Peptide-amino acid cross-linking using C-H functionalization. 

 
Despite this success, a flurry of publications by other groups concurrently with this work 

somewhat detracted from the originality.116,125 As a result, the planned investigation into 

using C-H functionalization as a means to facilitate peptide cyclization was redesigned.  

 

5.2 The modification of phenylalanine residues with ESF. 

 

Phenylalanine residues in peptides, along with other non-polar residues, have traditionally 

been notoriously difficult amino acids to modify post-synthetically. The natural residue 

possesses no obvious reactive handle making it difficult to facilitate a selective change 

using traditional modification methods. More recently, reports have appeared that use C-H 

functionalization as a means to afford chemical modification of the residue in exchange for 

the ubiquitous C-H bond. However, the field is still in its relative infancy and although 

growing rapidly as a research area, only a few protocols exist. Moreover, an extremely 

limited amount of these methods have been reported to introduce SuFEx-able hubs like 

ESF onto peptides. 
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Section 3 of this thesis described the olefination of ESF onto phenylalanine residues in 

short chain peptides sequences. The investigation began with the exposure of Ac-Gly-Phe-

OMe 49 to olefination conditions which yielded modified peptides 51 and 51’, Scheme 113. 

Modified compound 51 was the highest yielding product of the reaction.  

 

 

Scheme 113 – The olefination of phenylalanine residues with ESF in peptides to modify at the ortho position 
has been developed in this project. 

 

An optimisation process was then undertaken to further maximise the yield of this structure. 

The mono-olefinated product was considered to be more desirable than the di-olefinated 

species as it should avoid any selectivity issues arising when carrying out further 

modification. During the optimisation, the importance of the solvent HFIP was identified. 

After further optimisation, its inclusion as a solvent in the final optimised conditions was 

established. The developed method was then used on a wide range of different peptides to 

test the limitations of the technique. In summary, peptides were chosen for the study to 

investigate the nature of the neighbouring amino acid, polarity, protecting group, type of 

aromatic residue, peptide chain length and position of the residue on the chain, Scheme 

114.  
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Scheme 114 - A summary of the scope of the olefination reaction developed in Section 3. 

 
5.3 SuFEx Chemistry on Modified Peptides 

 

Following the olefination of phenylalanine residues with ESF to generate ortho olefinated 

compounds, further reactions of the installed aryl VSF with different types of nucleophiles 

were evaluated. Upon exposure of the VSF containing peptide 59 to DBU and silyl ether 

117, the expected sulfonate ester product was not synthesised. Instead, a competing 

Michael addition between the native amide and alkene prevailed to yield a non-isolatable 

constrained peptide 119 (Scheme 115A) which significantly altered the structural properties 

of the product. The preorganisation of the key components was adjudged to be the cause 

of this unexpected side reaction. 
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Scheme 115 – SuFEx transformations with silyl ethers on peptides. 

 
The corresponding meta and para isomers of the VSF containing peptides were synthesised 

by successfully expanding on a documented Heck protocol. The preorganisation that drives 

the unwanted side reaction was overcome and the Michael reactivity of the compound was 

supressed. When exposed to a silyl ether, the SuFEx transformation was carried out to form 

127 and 128 in high yield and was purified easily by chromatography, Scheme 115B.  

 

The modified dipeptide model 59 was then exposed to a series of simple cyclic amines and 

produced the corresponding sulfonamides 129, 132, 133 and 135 in good yield, Scheme 

116. Surprisingly, no Michael addition products were observed, and this was attributed to 

the steric penalties required to bring the amine into close proximity of the native peptide 

backbone. The SuFEx transformation involving piperazine represented an interesting 

development. A single SuFEx reaction yielded a complex modified peptide containing 

another secondary amine. This amine could then participate in a further SuFEx reaction. 

Indeed, this was found to be the case as evidence of a di-SuFEx product was found in the 

mass spectrum. 
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Scheme 116 – SuFEx transformations on peptide 59 with amine nucleophiles. 

 

Primary amines were also used to synthesise sulfonamide containing peptide 137 from the 

modified dipeptide model 59. Like the secondary amines, they did not undergo Michael 

addition at the alkene. Moreover no 4-membered cyclic sulfonamides were generated. This 

was once again attributed to the steric hinderance around the Michael addition centre. A 

limit on the nucleophilicity of the amine species was also discovered. Poor amine 

nucleophiles such as aniline did not undergo a SuFEx transformation.  

 

When increasing the complexity of the nucleophiles to amino acids, it was discovered that 

ortho VSF containing peptide 59 did not successfully react with the nucleophile to form 

sulfonamides or sulfonate esters. When the para isomer 123 was exposed to the reaction 

conditions however, peptide-amino acids cross-linked structures 151 and 152 were 

obtained, Scheme 117. 
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Scheme 117 – Peptide-amino acid cross linking is facilitated on para VSF containing peptides. 

 

Finally, intramolecular SuFEx reactions were carried out on tri- and tetrapeptide species 

containing an amine from a lysine residue and an ortho VSF on a phenylalanine residue, 

Scheme 118. Analysis of the HRMS of these compounds provided evidence that some 

dimeric species are formed as well as the cyclic peptides. 
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Scheme 118 – Cyclic peptides synthesised by the developed method. 

 
In summary, a variety of SuFEx transformations have been carried out on aryl VSF 

containing peptides. The results accumulated in this section provide compelling evidence 

that peptides modified as in Chapter 3 can undergo SuFEx transformations with a variety 

of nucleophiles. Furthermore, when primary amine nucleophiles and ortho VSFs are 

present on the same peptide structures, a SuFEx transformation can be facilitated to 

synthesis cyclic peptides in a novel approach. 
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5.4 Future Work 

 

The work undertaken in this project has provided several avenues for future exploration. 

Notably, the synthesis of cyclic peptides represented a huge step forward in the project. 

However, time constraints meant that a full characterisation could not be carried out on 

these compounds. In the immediate future, work should focus on the isolation and 

characterisation of these compounds and efforts should be geared to generating cyclic 

peptides. 

 

5.4.1 Catalytic Loading 
 

One potential drawback of the developed method is the comparatively high catalytic loading 

required to facilitate the olefination reaction. Due to the similarity in Rf of the product and 

starting material peptide, the catalytic loading was utilised in an attempt to convert all 

starting material to product in order to remove difficult purification steps. Future efforts 

should explore the reasons for poor catalytic turnover and seek to address them. One 

potential method for improving the yield is the use of Cu(OAc)2 as an oxidant. In the 

optimisation stages in Section 3.3, Cu(OAc)2 performed reasonably well as an oxidant but 

was deemed not as highly yielding as AgOAc. However, Cu(OAc)2 was used more recently 

and gave a high yielding reaction. Investigations into the reproducibility of this result and an 

in-depth analysis of Cu(OAc)2 as an oxidant in this reaction could prove fruitful. 
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5.4.2 Synthesis of conformationally constrained peptides. 

 

 

Scheme 119 – Peptide cyclization from amino head to phenylalanine side chain 

 
The synthesis of cyclic peptides in this study has been carried out by facilitating cyclization 

by the formation of a covalent bond between two side chains of amino acids a peptide. 

However, there are other possible ways of facilitating the cyclization reaction. The amino 

head of a peptide chain contains an amine that has been left protected during this project. 

Protection with a temporary protecting group could lead to the amino head being revealed 

post-synthesis before an intramolecular SuFEx reaction forms the peptide cycle between a 

phenylalanine side chain and the amino head, Scheme 119. Cyclization in this way 

generates further diverse structures than the class documented in this project. 

 

 

Figure 29 – Substitution patterns on the phenyl ring could have profound effects on the properties of the 
cyclized peptide. 

 
Further diversification could be introduced by the employment of the Heck reaction used in 

Section 4.3.2. Generating peptides with a 3-aryl VSF or 4-aryl VSF means that the sulfonyl 

fluoride is projected in different relative directions, Figure 29. This could have profound 

effects on the conformation and rigidity of the cyclic structure, leading to peptides with 

different properties to those which were olefinated at the ortho position.  
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Another possible avenue of exploration is the olefination of other aromatic resides to 

diversify cyclic peptide structures. It was determined in Section 3.9 that olefination of 

tyrosine residues in peptides is possible. For broad applicability of the developed method, 

the scope of the reaction should be expanded as much as possible. The olefination of 

different aromatic residues goes some way to achieve that aim. The study also revealed 

that tryptophan residues are not well suited to olefination in this manner. This result was 

surprising due to the relative reactivity of the C-H bond at C-2 and warrants further 

investigation. Changing the protecting group on the indole is likely to be a good starting 

point. However, as discussed in Chapter 1 and 2, improving the scope of the reaction is 

likely to introduce selectivity issues which will therefore need to be addressed. The 

techniques developed in Chapter 2 may go some way to tackling these potential issues.  

 

5.4.3 Peptide Conjugation 
 

This body of work has demonstrated a proof-of-concept that the olefination of unreactive 

residues in peptides can be facilitated by the developed method, installing a reactive aryl 

VSF moiety to the peptide. Efforts to further diversify the peptides structures then focused 

on simple amine or silyl ethers nucleophiles in order to prove that SuFEx transformations 

could be carried out following olefination. The nucleophiles could now be expanded to 

include biologically relevant species such as cell penetrating peptides, fluorescent markers 

or drug conjugates. As described in Section 1.2, there are a wide variety of motivations for 

peptide modification. The installed aryl VSF is a clickable hub which could be used to further 

modify the peptide to tailor its properties. Biological tags can be designed in such a way 

that an amine or silyl ether nucleophile can form a covalent bond between tags or a linker 

and the modified peptide, Scheme 120. This type of modification is an example of how the 

developed methodology provides chemists with another tool for post-synthetic modification 

to tune peptide properties. 
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Scheme 120 – Potential peptide modification with biological tag by SuFEx transformation. 
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1H NMR spectrum (400 MHz, CDCl3) of 28 
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1H NMR spectrum (400 MHz, CDCl3) of 40 

 

13C{1H} NMR spectrum (100 MHz, CDCl3) of 40 
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1H NMR spectrum (400 MHz, CDCl3) of 49 

 

13C NMR spectrum (100 MHz, CDCl3) of 49 

 

AH361_crude_PROTON-1-1.jdf

Chemical Shift (ppm)8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0

2.
94

1.
00

1.
00

2.
91

0.
99

1.
08

0.
96

0.
76

0.
84

1.
95

3.
94

TMS

CHLOROFORM-d

7.
32

7.
32

7.
32

7.
32

7.
32

7.
32

7.
32

7.
32 7.
32

7.
32

7.
32

7.
32

7.
32 7.
32

7.
32

7.
32

7.
32

7.
32

7.
32

7.
32

7.
32

7.
32 7.

31
7.

31
7.

31
7.

31
7.

31
7.

31
7.

31
7.

31 7.
31

7.
31

7.
31

7.
31

7.
31 7.
31

7.
31

7.
31

7.
31

7.
31

7.
31

7.
31

7.
31

7.
31

7.
30

7.
30

7.
30

7.
30

7.
30

7.
30

7.
30

7.
30 7.
30

7.
30

7.
30

7.
30

7.
30 7.
30

7.
30

7.
30

7.
30

7.
30

7.
30

7.
30

7.
30

7.
30 7.
28

7.
28

7.
28

7.
28

7.
28

7.
28

7.
28

7.
28 7.
28

7.
28

7.
28

7.
28

7.
28 7.
28

7.
28

7.
28

7.
28

7.
28

7.
28

7.
28

7.
28

7.
28

7.
27

7.
27

7.
27

7.
27

7.
27

7.
27

7.
27

7.
27 7.
27

7.
27

7.
27

7.
27

7.
27 7.
27

7.
27

7.
27

7.
27

7.
27

7.
27

7.
27

7.
27

7.
27

7.
11

7.
11

7.
11

7.
11

7.
11

7.
11

7.
11

7.
11 7.
11

7.
11

7.
11

7.
11

7.
11 7.
11

7.
11

7.
11

7.
11

7.
11

7.
11

7.
11

7.
11

7.
11 7.

10
7.

10
7.

10
7.

10
7.

10
7.

10
7.

10
7.

10 7.
10

7.
10

7.
10

7.
10

7.
10 7.
10

7.
10

7.
10

7.
10

7.
10

7.
10

7.
10

7.
10

7.
10

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09 7.
09

7.
09

7.
09

7.
09

7.
09 7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09 7.
09

7.
09

7.
09

7.
09

7.
09 7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

7.
09

6.
47

6.
47

6.
47

6.
47

6.
47

6.
47

6.
47

6.
47 6.
47

6.
47

6.
47

6.
47

6.
47 6.
47

6.
47

6.
47

6.
47

6.
47

6.
47

6.
47

6.
47

6.
47

6.
45

6.
45

6.
45

6.
45

6.
45

6.
45

6.
45

6.
45 6.
45

6.
45

6.
45

6.
45

6.
45 6.
45

6.
45

6.
45

6.
45

6.
45

6.
45

6.
45

6.
45

6.
45

6.
23

6.
23

6.
23

6.
23

6.
23

6.
23

6.
23

6.
23 6.
23

6.
23

6.
23

6.
23

6.
23 6.
23

6.
23

6.
23

6.
23

6.
23

6.
23

6.
23

6.
23

6.
23 4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88 4.
88

4.
88

4.
88

4.
88

4.
88 4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88 4.

87
4.

87
4.

87
4.

87
4.

87
4.

87
4.

87
4.

87 4.
87

4.
87

4.
87

4.
87

4.
87 4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86 4.
86

4.
86

4.
86

4.
86

4.
86 4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86 4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85 4.
85

4.
85

4.
85

4.
85

4.
85 4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85 4.

85
4.

85
4.

85
4.

85
4.

85
4.

85
4.

85
4.

85 4.
85

4.
85

4.
85

4.
85

4.
85 4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
83

4.
83

4.
83

4.
83

4.
83

4.
83

4.
83

4.
83 4.
83

4.
83

4.
83

4.
83

4.
83 4.
83

4.
83

4.
83

4.
83

4.
83

4.
83

4.
83

4.
83

4.
83

3.
95

3.
95

3.
95

3.
95

3.
95

3.
95

3.
95

3.
95 3.
95

3.
95

3.
95

3.
95

3.
95 3.
95

3.
95

3.
95

3.
95

3.
95

3.
95

3.
95

3.
95

3.
95

3.
91

3.
91

3.
91

3.
91

3.
91

3.
91

3.
91

3.
91 3.
91

3.
91

3.
91

3.
91

3.
91 3.
91

3.
91

3.
91

3.
91

3.
91

3.
91

3.
91

3.
91

3.
91 3.

90
3.

90
3.

90
3.

90
3.

90
3.

90
3.

90
3.

90 3.
90

3.
90

3.
90

3.
90

3.
90 3.
90

3.
90

3.
90

3.
90

3.
90

3.
90

3.
90

3.
90

3.
90

3.
86

3.
86

3.
86

3.
86

3.
86

3.
86

3.
86

3.
86 3.
86

3.
86

3.
86

3.
86

3.
86 3.
86

3.
86

3.
86

3.
86

3.
86

3.
86

3.
86

3.
86

3.
86

3.
74

3.
74

3.
74

3.
74

3.
74

3.
74

3.
74

3.
74 3.
74

3.
74

3.
74

3.
74

3.
74 3.
74

3.
74

3.
74

3.
74

3.
74

3.
74

3.
74

3.
74

3.
74

3.
18

3.
18

3.
18

3.
18

3.
18

3.
18

3.
18

3.
18 3.
18

3.
18

3.
18

3.
18

3.
18 3.
18

3.
18

3.
18

3.
18

3.
18

3.
18

3.
18

3.
18

3.
18

3.
16

3.
16

3.
16

3.
16

3.
16

3.
16

3.
16

3.
16 3.
16

3.
16

3.
16

3.
16

3.
16 3.
16

3.
16

3.
16

3.
16

3.
16

3.
16

3.
16

3.
16

3.
16

3.
14

3.
14

3.
14

3.
14

3.
14

3.
14

3.
14

3.
14 3.
14

3.
14

3.
14

3.
14

3.
14 3.
14

3.
14

3.
14

3.
14

3.
14

3.
14

3.
14

3.
14

3.
14

3.
13

3.
13

3.
13

3.
13

3.
13

3.
13

3.
13

3.
13 3.
13

3.
13

3.
13

3.
13

3.
13 3.
13

3.
13

3.
13

3.
13

3.
13

3.
13

3.
13

3.
13

3.
13 3.
11

3.
11

3.
11

3.
11

3.
11

3.
11

3.
11

3.
11 3.
11

3.
11

3.
11

3.
11

3.
11 3.
11

3.
11

3.
11

3.
11

3.
11

3.
11

3.
11

3.
11

3.
11

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09 3.
09

3.
09

3.
09

3.
09

3.
09 3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07 3.
07

3.
07

3.
07

3.
07

3.
07 3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
06

3.
06

3.
06

3.
06

3.
06

3.
06

3.
06

3.
06 3.
06

3.
06

3.
06

3.
06

3.
06 3.
06

3.
06

3.
06

3.
06

3.
06

3.
06

3.
06

3.
06

3.
06

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01 2.
01

2.
01

2.
01

2.
01

2.
01 2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

AH601_Rerun_CARBON-3.jdf

Chemical Shift (ppm)192 184 176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24 16

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23

17
1.

23
17

1.
23 17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
17

0.
77

17
0.

77
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90
16

9.
90

16
9.

90

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
6.

14
13

6.
14

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

13
5.

45
13

5.
45

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
9.

09
12

9.
09

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
8.

52
12

8.
52

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05

12
7.

05
12

7.
05 12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

3.
36

12
3.

36
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
12

2.
32

12
2.

32
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

9.
88

11
9.

88
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89
11

8.
89

11
8.

89

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
1.

19
11

1.
19

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

11
0.

58
11

0.
58

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0

53
.7

0
53

.7
0 53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
53

.3
0

53
.3

0
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8
52

.2
8

52
.2

8

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

37
.7

6
37

.7
6

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9

28
.2

9
28

.2
9 23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9
23

.2
9

23
.2

9

H
N

O

N
H O

Ac
OMe

49

H
N

O

N
H O

Ac
OMe

49



 

 A18 
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1H NMR spectrum (400 MHz, CDCl3) of 55 

 

13C NMR spectrum (100 MHz, CDCl3) of 55 
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1H NMR spectrum (400 MHz, CDCl3) of 56 

 

13C NMR spectrum (100 MHz, CDCl3) of 56 
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1H NMR spectrum (400 MHz, CDCl3) of 51 

 

13C NMR spectrum (100 MHz, CDCl3) of 51 
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19F NMR spectrum (376 MHz, CDCl3) of 51 

 

1H NMR spectrum (400 MHz, CDCl3) of 51’ 
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13C NMR spectrum (100 MHz, CDCl3) of 51’ 

 

19F NMR spectrum (376 MHz, CDCl3) of 51’ 
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1H NMR spectrum (400 MHz, CDCl3) of 58 

 

13C NMR spectrum (100 MHz, CDCl3) of 58 
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19F NMR spectrum (376 MHz, CDCl3) of 58 

 

1H NMR spectrum (400 MHz, CDCl3) of 59 
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13C NMR spectrum (100 MHz, CDCl3) of 61 

 

19F NMR spectrum (376 MHz, CDCl3) of 61 
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1H NMR spectrum (400 MHz, CDCl3) of 62 

 

13C NMR spectrum (100 MHz, CDCl3) of 62 
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19F NMR spectrum (376 MHz, CDCl3) of 62 

 

1H NMR spectrum (400 MHz, CDCl3) of 63 
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13C NMR spectrum (100 MHz, CDCl3) of 66 
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1H NMR spectrum (400 MHz, CDCl3) of 68 

 

13C NMR spectrum (100 MHz, CDCl3) of 68 
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1H NMR spectrum (400 MHz, CDCl3) of 71 

 
13C NMR spectrum (100 MHz, CDCl3) of 71 
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 A42 

1H NMR spectrum (400 MHz, CDCl3) of 72 

 
13C NMR spectrum (100 MHz, CDCl3) of 72 
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1H NMR spectrum (400 MHz, CDCl3) of 78 

 
13C NMR spectrum (100 MHz, CDCl3) of 78 
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1H NMR spectrum (400 MHz, CDCl3) of 79 

 
13C NMR spectrum (100 MHz, CDCl3) of 79 
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1H NMR spectrum (400 MHz, CDCl3) of 80 

 
 
13C NMR spectrum (100 MHz, CDCl3) of 80 
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1H NMR spectrum (400 MHz, CDCl3) of 81 

 
13C NMR spectrum (100 MHz, CDCl3) of 81 
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13C NMR spectrum (100 MHz, CDCl3) of 83 

 
19F NMR spectrum (376 MHz, CDCl3) of 83 
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1H NMR spectrum (400 MHz, CDCl3) of 84 

 
13C NMR spectrum (100 MHz, CDCl3) of 84 
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19F NMR spectrum (376 MHz, CDCl3) of 84 

 
1H NMR spectrum (400 MHz, CDCl3) of 85 
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 A52 

13C NMR spectrum (100 MHz, CDCl3) of 85 

 
19F NMR spectrum (376 MHz, CDCl3) of 85 
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 A53 

1H NMR spectrum (400 MHz, CDCl3) of 86 

 
13C NMR spectrum (100 MHz, CDCl3) of 86 
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 A54 

1H NMR spectrum (400 MHz, CDCl3) of 87 

 
13C NMR spectrum (100 MHz, CDCl3) of 87 
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1H NMR spectrum (400 MHz, CDCl3) of 88 

 
13C NMR spectrum (100 MHz, CDCl3) of 88 
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 A57 

13C NMR spectrum (100 MHz, CDCl3) of 89 

 
19F NMR spectrum (376 MHz, CDCl3) of 89 
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1H NMR spectrum (400 MHz, CDCl3) of 90 

 
13C NMR spectrum (100 MHz, CDCl3) of 90 
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1H NMR spectrum (400 MHz, CDCl3) of 91 
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 A62 

1H NMR spectrum (400 MHz, CDCl3) of 94 

 
13C NMR spectrum (100 MHz, CDCl3) of 94 
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19F NMR spectrum (376 MHz, CDCl3) of 94 

 
1H NMR spectrum (400 MHz, CDCl3) of 95 
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 A64 

13C NMR spectrum (100 MHz, CDCl3) of 95 

19F NMR spectrum (376 MHz, CDCl3) of 95 
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19F NMR spectrum (376 MHz, CDCl3) of 96 

 
1H NMR spectrum (400 MHz, CDCl3) of 98 
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13C NMR spectrum (100 MHz, CDCl3) of 98 

 
1H NMR spectrum (400 MHz, CDCl3) of 100 
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 A68 

13C NMR spectrum (100 MHz, CDCl3) of 100 

 
19F NMR spectrum (376 MHz, CDCl3) of 100 
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 A69 

1H NMR spectrum (400 MHz, CD3OD) of 102 

 
13C NMR spectrum (100 MHz, CD3OD) of 102 
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1H NMR spectrum (400 MHz, CD3OD) of 103 

 
13C NMR spectrum (100 MHz, CD3OD) of 103 
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1H NMR spectrum (400 MHz, CD3OD) of 104 

 
13C NMR spectrum (100 MHz, CD3OD) of 104 
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1H NMR spectrum (400 MHz, CDCl3) of 105 

 
13C NMR spectrum (100 MHz, CDCl3) of 105 
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1H NMR spectrum (400 MHz, CD3OD) of 106 

 
13C NMR spectrum (100 MHz, CD3OD) of 106 
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1H NMR spectrum (400 MHz, CD3OD) of 107 

 
13C NMR spectrum (100 MHz, CD3OD) of 107 
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19F NMR spectrum (376 MHz, CDCl3) of 108 

 
1H NMR spectrum (400 MHz, CD3OD) of 109 

 
  

AH648_s2_works_Fluorine-1-1.jdf

Chemical Shift (ppm)100 80 60 40 20 0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 -220 -240 -260

1.
00

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

59
.7

1
59

.7
1

AH634_s3_dried_MeOH_PROTON-3.jdf

Chemical Shift (ppm)8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0

6.
00

3.
19

2.
96

1.
04

1.
09

2.
80

2.
12

0.
98

1.
03

2.
85

1.
09

0.
92

0.
94

METHANOL-d4

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24

8.
24 8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

8.
20

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77

7.
77 7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
75

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
48

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39

7.
39 7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

7.
34

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
68

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
66

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
64

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
44

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
42

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
41

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

4.
40

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80

3.
80 3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

78
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

64
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

34
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

33
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

31
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

13
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

12
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

10
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08
3.

08

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
61

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
59

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
58

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57

1.
57 1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

56
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

55
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
1.

54
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93
0.

93 0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91

0.
91 0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90

0.
90 0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

0.
88

H
N

O

N
H O

OMe

OH
NAc

FO2S

108

H
N

O

N
H O

OMe

109

OH
NAc

FO2S



 A77 

13C NMR spectrum (100 MHz, CD3OD) of 109 

 
19F NMR spectrum (376 MHz, CD3OD) of 109 
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 A78 

1H NMR spectrum (400 MHz, CDCl3) of 111 

 
13C NMR spectrum (100 MHz, CDCl3) of 111 
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19F NMR spectrum (376 MHz, CDCl3) of 111 

 
1H NMR spectrum (400 MHz, CD3OD) of 112 
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13C NMR spectrum (100 MHz, CD3OD) of 112 

 
19F NMR spectrum (376 MHz, CD3OD) of 112 
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1H NMR spectrum (400 MHz, CD3OD) of 113 

 
13C NMR spectrum (100 MHz, CD3OD) of 113 
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19F NMR spectrum (376 MHz, CD3OD) of 113 

 
1H NMR spectrum (400 MHz, CD3OD) of 114 
 

 
  

19F NMR (376 MHz, Solvent) δ ppm 59.7 (s, 1 F)
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13C NMR spectrum (100 MHz, CD3OD) of 114 
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1H NMR spectrum (400 MHz, CDCl3) of 117 

 
13C NMR spectrum (100 MHz, CDCl3) of 117 
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1H NMR spectrum (400 MHz, CD3OD) of 120 

13C NMR spectrum (100 MHz, CD3OD) of 120 
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1H NMR spectrum (400 MHz, CDCl3) of 122 

 
13C NMR spectrum (100 MHz, CDCl3) of 122 
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1H NMR spectrum (400 MHz, CDCl3) of 123 

 
13C NMR spectrum (100 MHz, CDCl3) of 123 
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 A88 

19F NMR spectrum (376 MHz, CDCl3) of 123 

 
1H NMR spectrum (400 MHz, CD3OD) of 124 
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13C NMR spectrum (100 MHz, CDCl3) of 126 

 
19F NMR spectrum (376 MHz, CDCl3) of 126 
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1H NMR spectrum (400 MHz, CDCl3) of 127 

 
13C NMR spectrum (100 MHz, CDCl3) of 127 
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1H NMR spectrum (400 MHz, CDCl3) of 128 

 
13C NMR spectrum (100 MHz, CDCl3) of 128 

 
  

AH675_s2_PROTON-3.jdf

ppm9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0

6.
00

4.
38

2.
94

1.
26

1.
24

3.
31

1.
08

1.
22

1.
22

1.
06

1.
10

4.
06

3.
95

2.
20

1.
12

TMS

CHLOROFORM-d

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50

7.
50 7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46

7.
46 7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36

7.
36 7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
35

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
29

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
16

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
14

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

7.
12

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
92

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
88

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61

6.
61 6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

6.
59

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
99

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

5.
97

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90

4.
90 4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89

4.
89 4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
88

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
87

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
86

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
85

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27

4.
27 4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
26

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
25

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

4.
24

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
72

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22

3.
22 3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21

3.
21 3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
19

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17

3.
17 3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
09

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
07

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
05

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

3.
03

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
34

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05

2.
05 2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
03

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
01

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

2.
00

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
99

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
98

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97

1.
97 1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

1.
96

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83

0.
83
0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81

0.
81 0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
80

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
79

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

0.
00

AH675_s1_CARBON-3.jdf

ppm192 184 176 168 160 152 144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24 16 8 0

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26

17
1.
26 17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
1.
01

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

17
0.
18

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
7.
35

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

14
5.
50

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
7.
07

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
6.
96

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
2.
51

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

13
0.
29

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
40

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
9.
33

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
7.
73

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
2.
17

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

12
1.
43

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

58
.9
7

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.8
5

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

52
.5
3

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

37
.6
4

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

30
.6
1

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

23
.1
4

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5

19
.1
5 18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

18
.3
7

OMe

OH
N

O
N
H

Ac

S
O O
O

128

OMe

OH
N

O
N
H

Ac

S
O O
O

128



 A94 

1H NMR spectrum (400 MHz, CDCl3) of 129 

 
13C NMR spectrum (100 MHz, CDCl3) of 129 
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1H NMR spectrum (400 MHz, CDCl3) of 132 

 
13C NMR spectrum (100 MHz, CDCl3) of 132 
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1H NMR spectrum (400 MHz, CDCl3) of 133 

 
13C NMR spectrum (100 MHz, CDCl3) of 133 
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1H NMR spectrum (400 MHz, CDCl3) of 147 

 
13C NMR spectrum (100 MHz, CDCl3) of 147 
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1H NMR spectrum (400 MHz, CDCl3) of 148 

 
13C NMR spectrum (100 MHz, CDCl3) of 148 
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1H NMR spectrum (400 MHz, CDCl3) of 151 

 
13C NMR spectrum (100 MHz, CDCl3) of 151 
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19F NMR spectrum (376 MHz, CD3CN) of 152 

 
HRMS spectrum of 152 
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217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797217.1797

199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693199.1693
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180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786180.9786
180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021180.1021

154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226154.1226
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145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223145.1223
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1H NMR spectrum (400 MHz, CD3CN) of 154 

 
19F NMR spectrum (376 MHz, CD3CN) of 154 
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HRMS spectrum of 154 

 
19F NMR spectrum (376 MHz, CD3CN) of 154’ 

 
 
 

28 Sep 2022

m/z56054052050048046044042040038036034032030028026024022020018016014012010080

495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907495.1907
447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468447.3468

445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204445.1204

420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193420.3193

419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152419.3152

371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154371.3154
366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090366.1090

365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055365.1055

360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500360.1500

358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412358.2412

331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025331.0025
330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100330.2100

329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052329.0052
327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085327.0085

304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486304.2486

287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219287.2219

271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271271.2271
262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818262.9818

255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320255.2320
252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972252.9972

227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643227.1643
215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642215.1642

199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691199.1691
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145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222145.1222
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1H NMR spectrum (400 MHz, CD3CN) of 156 

 
19F NMR spectrum (376 MHz, CD3CN) of 156 
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HRMS spectrum of 156 

 
1H NMR spectrum (400 MHz, CD3CN) of 157 

 
  

28 Sep 2022

m/z700650600550500450400350300250200150

697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472697.2472

667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421667.6421

666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396666.6396

638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087638.6087

636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925636.5925

588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101588.2101

566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282566.2282

447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465447.3465

445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201

419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157419.3157

400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782400.3782
358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410358.2410

344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257344.2257

331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023

329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055

327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083

304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483304.2483

287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217

252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973252.9973

251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004251.0004
244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908244.1908

227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641

215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640215.1640

199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692

193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658193.2658
185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536185.1536

180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783
150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264150.0264

149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231

145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221
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19F NMR spectrum (376 MHz, CD3CN) of 157 

 
HRMS spectrum of 157 
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28 Sep 2022

m/z650600550500450400350300250200150100

616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417616.2417

611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861611.2861

594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599594.2599

517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003517.2003

447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466447.3466
445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201445.1201

419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158419.3158

371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159371.3159
338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677338.9677

331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023331.0023

329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055329.0055
327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083327.0083

304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484304.2484

287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217287.2217

262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817262.9817

227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641227.1641

215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641215.1641

199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692199.1692

180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783180.9783

149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231149.0231

145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221145.1221

129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271129.1271
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