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Abstract 

The copper-catalysed alkyne azide cycloaddition (CuAAC) or “click” reaction is a powerful 

bio-orthogonal tool used throughout chemical biology. However, its use in vivo is hindered by 

an abundance of biological functionalities and small molecules such as glutathione (GSH) 

which bind copper. This results in the need for super-stoichiometric amounts of the copper 

catalyst, which in turn exacerbates copper toxicity. Several mitigation strategies such as 

chelating ligands and azides have been developed to reduce copper loading and increase 

reactivity. In contrast, little progress has been made to improve reaction efficiency and lower 

the copper loading by exploring novel alkyne reagents. Aromatic ynamines have previously 

outcompeted traditional alkynes under standard organic synthesis CuAAC reaction conditions. 

The enhanced chemical reactivity of ynamines promises superior reactivity in bioconjugation, 

making it a potential reagent for bio-orthogonal chemistry.  

 

Glutathione, the major antioxidant and nucleophile in cells, reduces the efficiency of the 

CuAAC reaction by sequestering copper and causing side-reactions with alkynes. The impact 

of GSH on the CuAAC reaction at physiologically-relevant concentrations (0.1 – 10 mM) has 

not been explored. This thesis aims to investigate the use of aromatic ynamines as bio-

orthogonal reagents, first by comparing the influence of GSH – both stability and reactivity – 

on CuAAC and bio-orthogonal reactions and then moving into investigating aromatic ynamine 

reactivity in cell lysate. 

 

Common bio-orthogonal reagents, alkynes and ynamines displayed good stability (> 80%) in 

the presence of GSH (10 mM) after 24 h and the reactivity of SPAAC and IEDDA reagents 

remained unaffected. In contrast, GSH dominated CuAAC reactivity and the Cu:GSH ratio 

could be used to tune the reaction from full conversion to complete inhibition over of 24 h. 

Uniquely, GSH could be used to accelerate the ynamine-CuAAC reaction and in combination 

with fluorinated solvents (HFIP or TFE) optimised to reach full conversion within 10 min. 

These conditions were successfully applied to the labelling of cell-penetrating peptides with 

an ynamine-desthiobiotin probe. 

 

The trend of superior ynamine reactivity continued using fluorescent “turn on” azide reagents 

in buffer and cell lysate, where 80% conversions were reached after 2 h with as little as 1 µM 

Cu(OAc)2 and over 80% conversion in <15 min with 30 µM copper in cell lysate. Conventional 

alkynes remained unreactive under these conditions. 
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After these promising results the ynamine is poised for in vivo bioconjugation, which will be 

explored in the future. 

 

Scheme. Reaction of an aromatic ynamine with an azide to form a triazole. 
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1.1 Native Enzymatic and Chemical Ligation 

1.1.1 Green Fluorescent Protein 

The discovery of green fluorescent protein (GFP) was a major revolution in cell imaging and 

allowed, for the first time, imaging and tracking of certain protein functions in living cells.1,2 

The usefulness of GFP led to its widespread adoption and utilization. However, the GFP 

reporter strategy is limited to proteins and cannot be expanded to other biomolecules such as 

lipids or carbohydrates. Moreover, the large size of the GFP domain could interfere with the 

targeted protein’s structure and function.3,4 

 

Figure 1.1. Crystal structure of GFP (PDB code: 1GFL).5 

 

The development of GFP highlighted the need to overcome its limitations. Researchers then 

focused on developing chemical tools to introduce covalent modifications in biomolecules 

within living systems. Numerous methods have been developed allowing the ligation and 

labelling of proteins, lipids, and nucleic acids; a process called bioconjugation.6–10 The 

following will introduce common concepts and reactions that have been developed to perform 

bioconjugation. 
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1.1.2 Native Enzymatic Ligation 

Several classes of enzymes have been used to carry out ligation of native functional groups; 

among them are peptidases, transglutaminases, oxidoreductases, and ligases.11 

Sortase A is a Gram-positive bacterial transpeptidase which catalyses the reaction between an 

internal protein sequence (LPXTG) and the N-terminus of an oligoglycine peptide, anchoring 

the protein to the cell surface (Scheme 1.1).12 The enzyme cleaves the threonine-glycine bond 

forming a peptide-enzyme conjugate (1.2) which can undergo aminolysis with the N-Terminus 

of oligoglycine.13 In this manner molecular probes (e.g., peptides, biotin or fluorophores) 

featuring an oligoglycine tail can be conjugated to target proteins engineered with the LPXTG 

sequence.14 

 

Scheme 1.1. Labelling of a target protein with an oligoglycine probe using Sortase A. 

 

Transglutaminases (TG) are enzymes which catalyse the formations of isopeptide bonds 

between glutamine and lysine residues to crosslink proteins.15 In 2006, the Ting lab used a 

combination of guinea pig liver transglutaminase and a fusion cell membrane protein to label 

the cell surface of HeLa cells with either biotin cadaverine or Alexa 568 cadaverine (Scheme 

1.2).16 Specific labelling was achieved by an amino acid sequence called Q-tag which directs 

the transglutaminase. The use of transglutaminases is generally restricted to cell surface 

labelling due to competing endogenous TGs and the high Ca2+ concentration needed for TG to 

function. 
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Scheme 1.2. Cell surface labelling by transglutaminase. 

 

Formylglycine generating enzyme (FGE) is a oxidoreductase which converts cysteines into a 

formylglycine residue (1.5) and is guided by the five amino acid motif CXPXR.17 By 

incorporating this motif into a protein of interest, the generated aldehydes were selectively 

labelled with14 aminooxy or hydrazine probes (e.g., 1.6) (Scheme 1.3).8 Bertozzi et al. 

demonstrated that recombinant antibodies and cell surface proteins could be tagged 

successfully with either aminoxy or hydrazide probes.18 

 

Scheme 1.3. Transformation of cysteine to formylglycine and subsequent labelling with biotin hydrazide. 

 

Biotin ligase (BirA) is a ligase from E. coli, which selectively attaches biotin to a lysine residue 

(Scheme 1.4A) and is directed by a 15 amino acid sequence called acceptor peptide.19 The 

high affinity of biotin for avidin proteins can be exploited for labelling and subsequent 
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purification or isolation of the target peptides by pull down assays. The original narrow 

substrate scope (due the specificity of E. coli BirA) was expanded by screening other 

organisms’ biotin ligases and extended to alkyne or azide modified biotin analogues 1.10 and 

1.11 (Scheme 1.4B).20 

 

Scheme 1.4. (A) Biotin ligase used to conjugate biotin to a lysine residue. (B) Improved substrate scope by using 

a yeast biotin ligase. 

 

Human O6-alkylguanine-DNA alkyl transferase (hAGT) catalyses the transfer of an alkyl 

residue attached to the O6 position of guanine to a cysteine in the active site of hAGT.15 

Through genetic engineering, hAGT was modified to exhibit higher affinity for benzyl guanine 

substrates, the so called SNAP-tag can be theoretically13 fused to any protein of interest21 and 

labelled with modified benzyl guanine substrates (Scheme 1.5). The major disadvantage of the 

SNAP-tag fusion protein is the large size of the tag relative to the target protein which could 

cause the natural function of the protein might be disturbed.15 Among others, SNAP tag has 

been used to study protein function22, protein half life23 and protein complexes.24 
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Scheme 1.5. Tagging of a target protein via the SNAP-tag methodology. 

 

Most enzymatic methods for protein labelling presented above rely on genetic modification of 

the target organism to achieve specificity. As such, they all share certain disadvantages. 

Firstly, the need to genetically modify the organism limits the use of these techniques to 

bacteria and yeast, which are readily genetically modified. Secondly, expanding the amino 

acid sequence of a protein will change the structure and might impact function. To overcome 

these limitations, small molecule probes have been developed. 

1.1.3 Bioconjugation using NHS Esters 

Out of the proteinogenic amino acids lysine, cysteine, serine, and tyrosine (Figure 1.2A) can 

act as nucleophiles and lend themselves to modification.25 Due to the substantial number of 

nucleophiles, controlling selectivity is challenging and important. The reactivity of cellular 

nucleophiles depends on their protonation state in vivo. Therefore, pH is one of the biggest 

factors to control selectivity and can be tuned to fit to the nucleophile in question. Additionally, 

the targeted amino acid must be present on the protein surface, otherwise successful 

conjugation is impossible.  

One of the earliest small molecule protein modification reagents to be developed was the N-

hydroxysuccimide (NHS) ester (Figure 1.2B).26 This activated ester was designed to target 

lysine residues on proteins. The reaction works well at pH 7 to 8, which makes it ideal for 

physiological conditions.25 However, since the pKaH of the NH2 of lysine is around 10,27 the 

amino acid is predominantly present in its protonated form at physiological pH thereby 

reducing the nucleophilicity. The rate of NHS ester conjugation increases with higher pH, as 

the lysine protonation equilibrium shifts towards the unprotonated amine. However, the 
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increased reactivity comes at the cost of reduced stability. The half-life of NHS esters at pH 

8.6 is approximately 10 minutes28 compared with 4 hours at physiological pH.29 

 

Figure 1.2. (A) Proteogenic amino acids which can act as nucleophiles. (B) Tagging of lysine residue with 

functionalised NHS-ester probe. 

 

Further, off-target reactivity of up to 25%30 was observed with solvent exposed serines, 

tyrosines and threonines.30,31 The degree of off-target labelling depended on the chemical 

environment, as a proximal histidine residue was shown to increase the reactivity of serine and 

tyrosine considerably through neighbouring group catalysis.31 

 

NHS esters present a convenient way to label proteins. They are straightforward to make and 

easy to deploy. However, this ease of use comes with several drawbacks. The high degree of 

off-target reactivity makes them a poor choice when specificity is required, and their limited 

aqueous stability restricts their use to applications which do not require extended reaction 

times. As such, they are frequently used either for cell lysate experiments or cell surface 

functionalization. 
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1.1.4 Bioconjugation using Maleimides and Bromomaleimides 

Maleimides are comprised of a 5 membered 2,5-dione ring system with a double bond and are 

a popular alternative to NHS esters to label cysteines (Scheme 1.6A). The reactivity of the 

alkene is increased by added ring-strain and adjacent electron withdrawing groups (carbonyls) 

which decrease the LUMO energy when compared with NHS esters and make them excellent 

electrophiles (i.e. Michael-acceptors).32 Due to the soft nature of the maleimide system (diffuse 

charges) the moiety preferentially reacts with other soft nucleophiles such as cysteine.25 The 

rarity of cysteine (~2%)33 lends itself to targeted mutagenesis which can introduce a cysteine 

residue at the positions of interest while still ensuring selective labelling.25 

The main drawback of maleimide labelling is the susceptibility of the thiosuccimide adducts 

(1.20) to thiol exchange (Scheme 1.6B).34 The presence of excess thiols – such as glutathione 

(GSH) – can lead to off target labelling via retro-Michael addition. Through hydrolysis these 

off-target conjugates can be trapped as stable products (1.24). 

The stability of the maleimide conjugate is determined by the substituents on the nitrogen.35 

Thiol conjugates of N-alkyl maleimides (1.20) are resistant to hydrolysis and are prone to thiol 

exchange upon prolonged reaction times or high concentrations of competing thiols. The rate 

of hydrolysis to 1.21 is accelerated by electron withdrawing substituents. This can be 

beneficial to avoid the retro-Michael addition and trap the desired conjugate in the ring opened 

form (1.21). 
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Scheme 1.6. (A) Reaction of maleimide probe with cysteine residue. (B) Maleimides undergoing thiol exchange 

leading to off-target reactions. 

 

In 2009, Tedaldi et al. introduced the bromomaleimide (1.25), which was designed to improve 

on the stability, kinetics, and utility of the maleimide moiety while exploiting the reversibility 

of the reaction (Scheme 1.7A).36 The functionality of the bromomaleimide was extended 

further in 2010.37 The dibromomaleimide (1.28) offers three points of attachments and can 

undergo thiol release from di-thiolmaleimide 1.32 by the addition of excess thiols such as 

glutathione or mercapto-ethanol (Scheme 1.7B). 

Bromopyridizinediones (1.33 and 1.34) were developed a year later, improving hydrolytic 

stability and offering four points of attachment (Scheme 1.7C).38 
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Scheme 1.7. (A) Conjugation of cysteine to a bromomaleimide and subsequent thiol release with TCEP. (B) Di-

functionalisation of dibromomaleimides with two thiols and subsequent release. (C) Bromopyridizinediones offer 

four points of attachment. 

 

Bromomaleimides and bromopyridizinediones have found applications in antibody drug 

conjugates. The ability to insert into disulfide bonds between the light and heavy chain or the 

hinge region (Scheme 1.8) gives these reagents the ability to control the stoichiometry of the 

conjugates which is of utmost importance in ADCs as this affects efficacy, toxicity, and 

pharmacokinetics.39,40 Controlled hydrolysis of the bridging conjugate (1.38 into 1.39) can be 

used to prevent side reactions and increase ADC homogeneity further.41 
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Scheme 1.8. Dibromomaleimides or pyridizines can insert into antibodies and be used to attach a controlled number 

of drug molecules. Hydrolysis of the bromomaleimides furnishes stable conjugates. 

 

Maleimides and NHS esters present a straightforward way of labelling native protein residues. 

In vitro labelling of specific protein residues, broad spectrum protein labelling, cross linking 

proteins in cell lysate and assembly of ADCs are where NHS esters and maleimides shine9,42. 

However, their limited water stability and the abundance of reactive sites in cells make them 

unsuitable for in vivo applications. Therefore, further reactions that are selective in in vivo 

conditions are needed. 
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1.2 Bio-orthogonal Methods and Strategies 

The limitations of enzymatic and bioconjugation via NHS esters and maleimides have 

prompted the development of novel chemical strategies to label biomolecules in vivo. The 

main requirement for these reagents is high stability, reactivity, and stability.8 A variety of 

reagents has been developed and the most common will be introduced in the following section. 

1.2.1 Staudinger Ligation for Bioconjugation 

The reaction of an azide with a phosphine to produce iminophosphoranes was discovered in 

1919 by Herman Staudinger.43 Staudinger described that the reaction occurred “like an 

explosion” and released only nitrogen as a by-product. In 2000, the group of Bertozzi adapted 

the Staudinger reduction for bio-orthogonal tagging methods.44 The reactive 

iminophosphorane 1.42 was trapped with a proximal electrophilic methyl ester to produce a 

5-membered ring intermediate (1.43) which, after hydrolysis, resulted in a new amide bond 

between the two starting materials (Scheme 1.9). In this manner, azidoglycans on the surface 

of Jurkat cells were tagged with a biotin modified phosphine. This report demonstrated the 

first use of non-native chemical moieties in a cellular context and forms the basis of the field 

of bio-orthogonal chemistry. 

 

Scheme 1.9. Labelling of azides with fluorescent probes via the Staudinger ligation. 

 

The rate of the Staudinger ligation varies between 1.9 × 10-3 M-1s-1 and 2.5 × 10-3 M-1s-1 and 

the reaction rate increases with polar solvents (THF<acetone<MeCN<MeOH<DMSO) and 

increased water content.45 Substituents on the ester had negligible influence on the reaction, 

while electron-donating groups on the phenyl groups increased reaction rates concurrent with 

the fact that the nucleophilic attack of the phosphine on azide was rate limiting.45 
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Several modifications to the Staudinger ligation have been developed since its inception. In 

2000 and 2001, Nilsson et al. developed the “traceless” Staudinger ligation (Scheme 

1.10A).46,47 The reaction is termed “traceless” as the final product (1.47) does not contain the 

phosphine oxide. In 2006, the same group investigated the mechanism of the traceless 

Staudinger reaction.48 Through the use of isotopically labelled water (H2
18O) they concluded 

that the reaction proceeds through the formation of the amidophosphonium salt 1.52 and 

subsequent hydrolysis (Scheme 1.10). 

 

Scheme 1.10. (A) Amide bond formation via the traceless Staudinger ligation. (B) Proposed mechanism of the 

traceless Staudinger ligation. 

  

A further evolution of the Staudinger ligation is the light-triggered Staudinger ligation. In this 

approach, the phosphine is caged with a photoactivatable group (e.g., 1.5549 or 1.5650) which 

can be cleaved upon irradiation with light (Figure 1.3A and B). This allows precise control 

over the initiation of the reaction as well as giving spatial resolution. A further advantage is 

that photocaged phosphines are not susceptible to oxidation in vitro and in vivo. A drawback 

of this approach is need for UV-light, which can be cytotoxic. Through increasing the 

conjugation of the anthracene photocaging group (1.58), the wavelength needed for successful 

decaging could be shifted to the visible spectrum (Figure 1.3B).51 
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Figure 1.3. (A) Use of the 4,5-dimethoxy-2-nitrobenzyl photocaging group. (B) Anthracene photocaging group 

shifts activation to higher wavelengths. (C) Visible light-activated Staudinger ligation. 

 

The development of the Staudinger ligation was the genesis of bio-orthogonal chemistry and 

allowed small molecular probes to label cellular organisms.44 However, the reaction has 

several drawbacks and has been superseded by other bio-orthogonal reactions. First, the 

reaction kinetics are slow. Secondly, the phosphine starting material can be oxidised to the 

unreactive oxide. Both issues open the possibility to side reactions and degradation. 

Furthermore, slow kinetics necessitate higher reagent concentrations to achieve satisfactory 

conjugation which can increase toxicity or other off-target issues. Lastly, the reagents used for 

the Staudinger ligation tend to be bulky and hydrophobic. This can disturb natural function, 

cause unspecific binding and lead to solubility problems. Due to these problems, new bio-

orthogonal reactions were actively sought out. 
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1.2.2 Copper Catalysed Azide Alkyne Cycloaddition (CuAAC) 

The 1,3 dipolar cycloaddition between an alkyne and an azide was first described by Huisgen 

in 1963.52 The reaction proceeds rather slowly at room temperature and the rate could be 

increased by heating. This reaction is not regioselective and both the 1,4 (1.61a) and 1,5 

(1.61b) triazole products are formed (Scheme 1.11). 

 

Scheme 1.11. Thermal Huisgen-Cycloaddition. 

 

In 2002 the groups of Meldal53 and Sharpless54 both independently discovered that the reaction 

could be catalysed by the addition of copper salts. Copper catalysis increased the reaction rate 

significantly and led to the exclusive formation of the 1,4 triazole (1.61a) (Scheme 1.12). Cu(I) 

was proposed as the active species and could either be formed in situ by reduction of Cu(II) or 

through the use of Cu(I) salts. It is vital to maintain the copper in its first oxidation state 

throughout the reaction. This is complicated by the fact that dissolved molecular oxygen can 

oxidise Cu(I) to Cu(II) or the metal can disproportionate in solution to form Cu(II) and 

elemental copper. Therefore, the reaction is usually run under inert atmosphere or with an 

excess of reducing agent. The CuAAC reaction fits the described criteria55 for a “click 

reaction”, which require reactions to be modular, wide in scope, high yielding, generate 

minimal side products and be stereospecific. Therefore, the CuAAC reaction is also known as 

the “copper click reaction”.  
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Scheme 1.12. The CuAAC reaction and routes to Cu(II) in solution. 

 

1.2.2.1 Mechanism of the CuAAC Reaction 

The first tentative mechanism was proposed by Sharpless in 2002,54 followed by a series of 

investigations stretching over several years to elucidate the mechanism of the CuAAC reaction 

leading to the current accepted mechanism depicted in Scheme 1.13. The reaction is initiated 

by co-ordination of Cu(I) to the alkyne triple bond (1.62). This lowers the pKa of the acetylide 

proton and facilitates the formation of the π,σ-bis(copper) acetylide complex (1.63). 56,57 The 

azide then co-ordinates to the dinuclear complex (1.65)58 and forms intermediate59,60 1.66 

which then contracts to form the mononuclear copper triazole (1.67).61 Proto-demetallation 

then furnishes the triazole product (1.68) and Cu(I) can re-enter the catalytic cycle. 

The formation of bis-acetylide complex 1.62 is regarded as the rate limiting step57 and is 

determined by the acidity of the alkyne proton (pKa ~25 in water), which can be lowered by 

adjacent electron withdrawing groups. The proto-demetallation can be accelerated by the use 

of copper salts such as Cu(OAc)2 where the acetate is assumed to act as a proton shuttle.62 The 

formation of intermediate 1.67 is assumed to be extremely fast, as no intermediates could be 

isolated. 
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Scheme 1.13. Current accepted mechanism of the CuAAC reaction. 

 

The CuAAC reaction has attracted a lot of attention in the field of bioconjugation due the fast 

reaction kinetics and regiospecificity.63 The reaction requires only small reactive handles such 

as alkynes and azides, which are unlikely to disturb the biological function of a molecule. Both 

moieties are non-natural and generally not reactive with endogenous molecules. All these 

factors make the CuAAC an ideal candidate for bio-orthogonal chemistry. However, the 

reaction has one significant drawback. The need for Cu(I) to catalyse the reaction limits the 

use in vivo due the copper’s cytotoxicity. While copper is an essential trace element in biology, 

its potential to catalyse the formation of reactive oxygen species means that its cellular 

transport and location are tightly controlled by chelation with enzymes and small molecules 

such as glutathione.64 Consequently, free Cu(I) is essentially non-existent in a cellular 

environment.65 To perform in the CuAAC reaction in vivo, large concentrations of copper (> 

100 µM) must be added to the system which significantly affects the viability of living 
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organisms. Researchers have devised several strategies to combat the cytotoxicity of copper 

and enable its use in vivo. 

1.2.2.2 Developments of Ligands for the CuAAC Reaction 

To increase catalytic efficiency and limit toxicity, several CuAAC ligands were developed for 

biological applications. At first, polytriazoleamine ligands such as TBTA (Figure 1.4) were 

shown to accelerate the CuAAC reaction and stabilise Cu(I) in its oxidation state by chelation 

and protection from disproportionation or oxidation through oxygen.66 Multiple variations of 

tripodal amine ligands containing benzimidazole67 and other copper chelating moieties 

(pyridyl, triazolyl)68 were then investigated and THPTA emerged as a more effective and 

soluble ligand.69 The next iteration of ligands led to the discovery of the ligand BTTES.70 This 

ligand enabled effective cell surface labelling without significant toxicity at low Cu(I) 

concentrations (50 µM). Furthermore, fucosides of living zebrafish could be labelled for the 

first time. Encouraged by these results, the same researchers developed an improved variation 

the following year.71 The ligand BTTAA, which features a carboxylic acid moiety instead of 

a sulphate, yielded larger reaction rates in fluorescent assays and showed better or comparable 

labelling of proteins in various cell lysate assays when compared against cyclooctyne DBCO.71 

Furthermore, BTTAA outperformed SPAAC labelling of cell surface glycans and zebrafish 

and also outperformed BTTES in fucoside labelling in zebrafish by approximately 2.5 times.71 
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Figure 1.4. Structure of common CuAAC ligands used for bioconjugation. 

 

NHC ligands with their strong electron donating properties were envisioned to stabilise Cu(I) 

in an aqueous environment without the need of reducing agents such as NaAsc. But their poor 

water solubility was a hurdle that had to be overcome by Gaulier et al. in 2012.72 They 

modified the mesityl core with choline groups linked by a triazole (1.69) to increase water 

solubility (Figure 1.5) and the iodide counterion was crucial to ensure stability and reactivity 

and buffers containing chloride diminished reactivity. The ligand was then used to 

functionalise short peptides and showed good activity unless chelating amino acids such as 

cysteine or histidine were present. 
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Figure 1.5. Structure of water soluble NHC-ligand. 

 

The use of preformed ligands avoids the use of reducing agents and eliminates possible 

interference side products.73 Therefore, the group of Mascarenas screened the reactivity of 

various preformed copper-ligand complexes in vitro and in vivo.74 While the preformed copper 

complexes performed worse in vitro, compared with the standard protocol (Cu(II) source, 

ligand and sodium ascorbate), they showed better reactivity in vivo activity – the BTTE-Cu(I) 

complex (1.70) in particular (Figure 1.6). It was found that preformed copper complexes were 

superior to elevate the cellular copper concentration. 

 

Figure 1.6. Structure of the preformed ligand. Fluorescent “turn on” CuAAC reaction in vitro and vivo. 

 

1.2.2.3 Organometallic Nanoparticles for CuAAC Bioconjugation 

Protecting Cu(I) in an aqueous environment is key for successful CuAAC bioconjugation. 

Organometallic nanoparticles (OMNP), which are single chain crosslinked polymers 

containing metal centres are designed to mimic metalloenzymes. In a first study such an 
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OMNPs successfully catalysed the CuAAC reaction with ppm levels (5 - 30) of copper 

between various alkynes and azides in water (Figure 1.7).75 Hydrophilic substrates required 

higher catalyst loadings which was attributed to their decreased binding to the polymer surface. 

The same OMNP was also effective in catalysing the CuAAC between 3-azido-7-

hydroxycoumarin (1.74) and p-ethynyl anisole (1.75) in human breast cancer cells at a 

concentration of only 0.5 µM. 

 

Figure 1.7. Structure of OMNP which catalyses reaction between azide 1.74 and alkyne 1.76 in live cells. 

 

The same group then investigated the influence of lipophilicity, charge, size and copper 

loading on catalysis.76 Substrate binding affinity to the short-chain nanoparticle (SCNP) 

largely determined reactivity. An overall positively charged SCNP increased reaction rates for 

negatively charged substrates and vice versa. When the SCNP was zwitterionic, the reaction 

rate did not depend on charge but on lipophilicity. Size did not affect reaction rate significantly 

and medium sized SCNP (4 - 7 nm diameter) were the most reactive. Similarly, higher copper 

loading did not increase reaction rate. 
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1.2.2.4 Copper Chelating Azides for CuAAC Reactions 

In 2009, the group of Zhu discovered that copper chelating azides – such as picolyl azide 1.76 

–  accelerated the CuAAC reaction (Scheme 1.14A).77 Cu(OAc)2 was the only Cu(II) source 

which showed good conversion in aprotic and protic solvents. As none of these reactions 

required reducing agents, the researchers speculated that Cu(I) could either be produced by 

oxidative homocoupling in acetonitrile (creating the diyne 1.78) or from alcohol oxidation in 

protic solvents (Scheme 1.14B). 

 

Scheme 1.14. (A) CuAAC reaction accelerated by chelating azides. (B) Alkyne homocoupling and MeOH 

oxidation to provide Cu(I) sources for CuAAC catalysis. 

 

The potential of chelating azides to achieve high reaction rates under reduced copper loadings 

in bioconjugation was recognised in 2012 by Alice Ting and researchers.78 Screening of 

various picolyl azide derivatives revealed that electron donating groups accelerated the 

chelation assisted CuAAC while electron withdrawing groups reduced reaction rate (Figure 

1.8). The chelation assisted CuAAC could be further enhanced by the addition of ligands such 

as THPTA. Compared to non-chelating azides, the extent of cell surface labelling increased 

by 3 to 25 times when copper chelating azides were used and the surface of modified HEK 

cells could be labelled using only 40 µM copper. 

However, higher concentrations of CuSO4 (2 mM) were needed to label alkyne modified RNA 

inside cells. The use of chelating azides has now enabled the labelling of proteins,79 

oligosaccharides in live cells80 and the EGFR on living cells.81 
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Figure 1.8. Electron-donating groups improve the chelating azide assisted CuAAC. 

 

Taking inspiration from both the ligand and chelating azide accelerated CuAAC reaction, 

Bevilacqua et al. fused both concepts to achieve an even more effective catalyst.82 Their “all 

in one” azide (1.83) (Figure 1.9) achieved conversion of ~65% in 40s at a reactant 

concentration of 17.5 µM (alkyne, azide, ligand 1:1:1). In cell lysate, the conversion was 

reduced to 40%. The in vivo applicability of this azide was demonstrated by labelling 

microtubules inside HuH-7 cells at a concentration of 50 µM of the azide-copper complex. 

 

Figure 1.9. Structure of chelating “all in one” azide. 

 

1.2.2.5 Applications of CuAAC Reactions inside Living Cells 

Despite the many advancements for the CuAAC in bioconjugation, in vivo applications inside 

live cells are still rare. The first example makes use of the classical strategy of employing 

copper ligands to limit cytotoxicity.83 To increase cellular copper uptake, the group of Cai 

attached Tat, a cell penetrating peptide, to a BTTAA derivative (Figure 1.10) to form ligand 

1.84 which doubled the cellular copper concentration in HUVEC and OVCAR5 cells. The 

ligand also protected cells from copper induced apoptosis (60% remaining after 24 h vs <5% 

in the presence of unchelated 100 µM CuSO4). Notably, a NaAsc concentration of larger than 

500 µM also induced cell death. In vivo, the labelling yield when using ligand (1.84) was only 

~0.8%. Targeted depletion of GSH increased the yield to 14%, which signifies the impact the 

cellular thiol can have on the CuAAC reaction. 
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Figure 1.10. Structure of cell penetrating ligand. 

 

A second approach to in vivo CuAAC reactions is heterogenous catalysis. The group of 

Bradley used copper nanoparticles on solid support to perform the CuAAC in vivo.84 The aim 

was to reduce copper toxicity by trapping copper ions in TentaGel® resin beads, thereby 

creating nanoparticles which enhanced biocompatibility. They were able to catalyse the 

fluorogenic CuAAC reaction between 1.74 and 1.85 (Scheme 1.15) in a variety of media (PBS, 

5% FBS and HeLa cell lysate) and obtained comparable conversion to the traditional 

CuSO4/THPTA system. The cell viability of SKOV-3 (ovarian adenocarcinoma) cells was not 

compromised by the nanoparticles (compared with ~20% viability after 24 h with 20 µM 

CuSO4). Due to the size of the particles (~160 µm), the microbeads needed to be implanted 

into the yolk sac of zebrafish to catalyse the fluorogenic reaction between 1.74 and 1.85. No 

significant toxic or developmental effects were observed for the embryo. 

 

Scheme 1.15. Reaction between 1.74 and 1.85 catalyses by copper nanoparticles on solid support. 
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The main drawback of the previous approach was that the particles were too big to enter cells. 

Wang et al. envisioned that metal organic frameworks (MOF) could accomplish the task of 

protecting copper while being able to pass the cell membrane.85 They synthesised MOFs of a 

51 nm diameter and were able to successfully catalyse the fluorogenic CuAAC reaction 

between 1.74 and 1.87 (Scheme 1.16) in water, PBS and cell culture medium. Additionally, 

the MOFs were able to enter cells via endocytosis and when functionalised with a 

triphenylphosphonium (TPP) moiety localised in the mitochondria, where they catalysed the 

click reaction between 1.74 and 1.87 inside MCF-7 cells. They also showed negligible 

cytotoxicity up to a level of 100 µg/mL. They further demonstrated the in situ synthesis of a 

triazole resveratrol analogue which more effectively increased cell apoptosis compared with 

supplementing the cell medium with the drug. 

 

 

Scheme 1.16. Fluorogenic reaction between 1.74 and 1.87 catalysed by Cu-MOFs. 

 

1.2.2.6 The Main Drawbacks of the CuAAC for Bioconjugation: Oxidative 

Damage and Cytotoxicity 

The main drawbacks of the CuAAC for bioconjugation are the cytotoxicity and availability of 

copper. Copper is an essential trace element that is found in every cell of the organism and 

forms the active centres of vital enzymes.86 The cellular concentration of copper depends on 

organisms and cell types. For example, the copper concentration is estimated to be around 70 

µM in yeast cells.87 While these levels are theoretically enough to catalyse the CuAAC 

reaction, virtually no measurable levels of unbound copper are present in cells.88 

The toxicity of free copper is attributed to the production of reactive oxygen species (Figure 

1.11A). Cu(I) can react with dissolved molecular oxygen to form superoxide which can be 

converted to hydroxy radicals.89 These free radicals can also damage DNA through base 
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oxidation or scission of the DNA backbone. The most susceptible nucleobase is guanine 1.89. 

From a variety of degradation pathways the most prominent is shown in Figure 1.11B.90 This 

damage can occur rapidly as measured by qPCR with only 1 in 5000 DNA strands (3.5 kb 

long) remaining intact after 5 minutes of exposure to 50 µM Cu(I).91 Higher concentrations of 

ligand or NaAsc reduced the DNA damage slightly. In contrast, the addition of 10% DMSO 

to the reaction medium had a pronounced effect on DNA stability. After 25 minutes, about 

40% of the DNA remained intact. This was attributed to the ability of DMSO to scavenge 

superoxide and hydroxyl radicals. 

The hydroxyl radicals generated from free Cu(I) can also oxidise the most susceptible amino 

acids such as histidine, cysteine, and methionine (Figure 1.11C).92 Again, oxidative damage 

can be reduced by CuAAC-ligands and is dependent on the surface accessibility of amino acid. 

Other mitigation strategies involve carrying out the reaction under argon or the addition of 

sacrificial cysteine, which has been shown to reduce the oxidative damage to interferon beta-

1b (~ 20 kDA) from around 7% to less than 1%.93 
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Figure 1.11. (A) Production of hydroxyl radicals by Cu(I) redox cycling. (B) Oxidation of guanine. (C) Oxidised 

amino acids histidine, cysteine, and methionine. 

 

For in vivo applications, reduced cell viability is mainly caused by Cu(I), as exposure to 20 – 

100 µM Cu(I) for 4 hours reduced cell survival to 10%. In contrast, Cu(II) showed no 

measurable toxicity under the same conditions.94 Ligands can raise viability to around 75%94,95 

depending on the exact conditions. Copper-complexes with histidine were especially effective 

in reducing toxicity as no drop in viability was observed after exposure to 50 µM Cu(I) for 

three days.89 However, these promising results have not been applied in further applications 

by other groups and histidine has been reported to only be moderately effective at catalysing 
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the CuAAC reaction.96 The solvent and NaAsc concentration vary between the different 

publications, which might explain the different observed reactivity. 

In summary, the ideal for a CuAAC conditions for in vivo application is as follows: [Cu] under 

50 µM,74,78,83,97,98 excess ligand99 and the least amount of reducing agent100 necessary. These 

conditions successfully mitigate toxicity; however, oxidation is still likely to occur under these 

conditions.100,101 To minimise oxidation further, the CuAAC reactions should be performed 

under the exclusion of oxygen.102  

1.2.3 Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC)  

1.2.3.1 First Generation Cyclooctynes 

After the development of the Staudinger reaction for bio-orthogonal chemistry, Bertozzi 

recognised the suitability of the azide moiety as a functional handle for bioconjugation. In 

2004, the Bertozzi group reported the first 1,3 dipolar cycloaddition between an azide and 

cyclooctyne (1.92) for bioconjugation, which was termed the strain-promoted alkyne-azide 

cycloaddition (SPAAC).103 The SPAAC reaction avoids the use of cytotoxic copper and the 

surface of Jurkat cells could be labelled in a dose-dependent and selective manner (Scheme 

1.17). However, labelling was not as efficient when compared to the Staudinger ligation. 

 

Scheme 1.17. Tagging of cell surface glycan via the SPAAC reaction. 
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To improve the kinetics of the cyclooctyne process, several modifications were explored 

(Figure 1.12).104 Removal of the phenyl group in 1.94 served to reduce potential a steric clash, 

while the addition of a fluorine atom in 1.96 lowered the LUMO energy of the alkyne reducing 

the HOMOazide-LUMOalkyne gap. Rate constants were determined in CD3CN and the addition 

of a fluorine atom doubled the rate (4.3 vs 2.4 × 10-3 M-1s-1) while the removal of the phenyl 

group did not increase the rate constant. Further rate enhancements could be achieved by the 

synthesis of 1.97, increasing the rate to 76 × 10-3 M-1s-1.105 

 

Figure 1.12. Structures and second order rate constants of SPAAC analogues. 

 

The improved analogue (1.97) enabled labelling of isolated azido-modified protein 

(dihydrofolate reductase) that was on par with CuAAC labelling under pseudo first-order 

conditions and labelling of azido-modified glycans on Jurkat cells that was 20 times greater 

than that of Staudinger ligation or non-fluorinated cyclooctyne SPAAC. The faster reaction 

kinetics also allowed dynamic imaging of cell surface trafficking in CHO cells. Due to the low 

toxicity and the improved reaction kinetics, Laughlin et al. could utilise 1.97 for in vivo 

labelling of azide modified glycans in zebrafish.106  

1.2.3.2 Second Generation SPAAC Reagents 

Boons and co-workers explored further rate enhancements by increasing ring strain through 

the addition of aromatic rings to the cyclooctyne to form compound 1.98 (Figure 1.13).107 They 

hypothesised that the increased ring strain would increase reaction rate and the ortho 

hydrogens might increase stability by preventing nucleophilic attack through a steric clash. 

Indeed, the measured rate constants for the reaction of 1.98 with benzyl azide were several 

orders of magnitude higher (0.17 or 2.3 M-1s-1 in MeOH or MeCN:H2O = 4:1) than for the 
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original cyclooctyne 1.93 and on par with difluoro-cyclooctyne 1.97. Using a biotin modified 

analogue the azide modified glycans on the surface of Jurkat cells could be imaged through 

fluorescent avidin-FITC staining. However, the solubility of 1.98 was limited to 100 µM in 

their system. 

Taking this concept further, the group of van Delft tried to increase solubility and reaction rate 

by adding a nitrogen into the eight-membered ring (Figure 1.13).108 The rate constant for their 

dibenzocyclooctyne-amine (DBCO) 1.99 was determined to be 0.31 M-1s-1 in CD3OD and 0.36 

M-1s-1 in D2O, which was a slight improvement over 1.98. They demonstrated the biological 

applicability by attaching PEG chains to different enzymes and proteins. 

 

Figure 1.13. Structure and second order rate constants of benzene ring-fused cyclooctynes to increase ring strain 

and reactivity. 

 

The final evolution of this aromatic ring strained system was developed by Bertozzi et al later 

in 2010.109 They aimed to introduce an additional sp2 carbon centre into the eight-membered 

ring to increase ring strain further (Figure 1.13). The resulting compound 1.100 had a rate 

constant of 0.96 M-1s-1 in acetonitrile and labelled the cell surface of Jurkat cells about three 

times more effectively than 1.97 and 1.98. The high reactivity also allowed labelling at low 

concentrations (250 nM) which meant that washing after labelling could be eliminated. 

However, the increased reactivity came at the price of decreased stability. The half-life of 

1.100 in the presence of a 2.5-fold excess (relative to 1.100) of GSH was only 24 h, which is 

considerably less than for other cyclooctynes. 
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Most strained cyclo-alkynes presented so far suffer a lengthy and low yielding synthesis and 

are prone to nonspecific interactions with biomolecules due to high lipophilicity.110 To combat 

these problems, van Delft and co-workers developed the strained alkyne bicyclo[6.1.0]nonyne 

(BCN) (Figure 1.14).111 The alkyne was synthesised in three-steps, yielding endo-BCN (1.101) 

in an overall yield of 61% and exo-BCN (1.102) in 53% yield (reduced separately from ester). 

Endo-BCN had a second order rate constant of 0.29 M-1s-1 while exo-BCN had a rate constant 

of 0.19 M-1s-1 in CD3CN/D2O (1:2). Unlike 1.100, both diastereomers were stable in the 

presence of GSH over a period of 48 hours. 

 

Figure 1.14. Structure and rate constants of endo- and exo-BCN. 

 

1.2.3.3 Solvent Effect on the SPAAC Reaction 

The group of Heemstra analysed the effect of the solvent on the SPAAC reaction.112 For their 

study, they used hydrophilic DBCO (1.103) and hydrophilic azide (1.104)(Figure 1.15), which 

are commonly used in biological applications. The type of buffer (PBS, Tris, HEPES, etc) or 

ionic strength (additional NaCl to buffers, 0 – 500 mM) had negligible effect on the measured 

rate constants (k2 = ~ 1 ± 0.2 M-1s-1) which were also not affected by pH (6.5 – 8). They 

attributed this to the fact that their reagents were hydrophilic, and a more pronounced effect 

would be observed with more hydrophobic reagents. 

 

Figure 1.15. Structure of DBCO 1.103 and azide 1.104 used to investigate effect of solvent on the SPAAC reaction. 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

32 

 

 

In contrast, the concentration (10, 40 and 70%) of the co-solvent (MeOH, MeCN, DMSO, 

NMP, EtOH) profoundly affected reaction rate. As is common for cycloadditions,113–115 the 

rate decreased with higher percentages of co-solvents which was especially pronounced for 

MeCN with rate constants halving going from 10 to 70% co-solvent. This was attributed to 

the loss of stabilising hydrogen bonding from water during the transition state. The only 

exception to this were DMSO and EtOH, where intermediate concentrations (~40%) increased 

rate constants (1.29 vs 1.56 M-1s-1, 10% vs 40% DMSO) up to a maximum of 1.8 M-1s-1 in 50 

- 60% DMSO. 

 

1.2.3.4 Micellular Catalysis for the SPAAC Reaction 

Another approach to increase reaction rates in water is micellular catalysis.116 Micellular 

catalysis works by concentrating the hydrophobic reactants in the micelle centre, increasing 

the effective concentration. Since SPAAC reagents are usually hydrophobic, Grant et al. 

investigated the effectd of ionic and non-ionic surfactants on the SPAAC reaction between 

(1.103) and benzyl azide 1.105.117 The surfactants were employed at double the critical 

micellular concentration (CMC) and non-ionic surfactants (Tween 80 and Triton X-100) 

resulted in a modest (6.4 and 11-fold) increase in reaction rate. Both SDS (anionic) and DTAB 

(cationic) spurred large rate increases (92-fold), and CTAB (cationic) increased the rate 

constant 179-fold to 78 M-1s-1 (Figure 1.16). In contrast, when hydrophilic azide (1.104) was 

used, only small increases in reaction rate were found. Similarly, when a DBCO modified 

DNA strand was labelled with benzyl azide, only a modest increase in rate (~10-fold) was 

observed when CTAB was used as surfactant. This was attributed to the hydrophilicity of DNA 

and shows the limits and problems for this approach for in vitro or in vivo labelling. 
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Figure 1.16. Structures of reagents and surfactants used to investigate micellar catalysis. 

 

The development of the SPAAC allowed the labelling of biomolecules in a transition metal 

free fashion, circumventing possible toxicity issues, However, despite numerous 

developments, the observed rate constants reach limits of ~1 M-1s-1 and further improvements 

are challenging as increasing ring strain leads to higher instability of the SPAAC reagent. 

Further drawbacks include the often-bulky size, lipophilicity, lengthy synthesis, and the 

formation of regio-isomers.  

 

1.2.4 Inverse Electron Demand Diels Alder Reaction 

A significant advance for copper-free click reactions was made in 2008, when the inverse 

electron demand Diels-Alder (IEDDA) reaction was used in a biological context for the first 

time. The hunt for increased reaction kinetics led the researchers of Fox et al. to the reaction 

of tetrazines and trans-cyclooctenes (TCO).118 Based on the work of Sauer et al. in 1990119 

they surmised that the IEDDA would be applicable for biology. The reaction between TCO 

1.106 and tetrazine 1.107 (Scheme 1.18) was successful in cell media (DMEM + 5% FBS) and 

cell lysate, which proved the biocompatibility of the reaction. The rate constant measured in 

MeOH was 1140 M-1s-1 which increased to 2000 M-1s-1 in MeOH/H2O (9:1) and was 

unprecedented for bio-orthogonal reactions. The applicability of the IEDDA was demonstrated 

by tagging thioredoxin (single accessible cysteine residue) with a maleimide-TCO-conjugate 

and reacting the modified protein (15 µM) with a two-fold excess of 1.107. 
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Scheme 1.18. First use of the IEDDA reaction in biological context. 

 

In parallel, Devaraj et al. investigated the reaction between norbornene 1.110 and tetrazine 

1.111 (Scheme 1.19) as a potential substrate pair for bioconjugation.120 They determined rate 

constants of 1.9 M-1s-1 in buffer and of 1.6 M-1s-1 in FBS, which were significantly slower 

when compared to the IEDDA reaction with TCO. Another drawback is that the reaction 

created four isomeric products. 

 

 

Scheme 1.19. Reaction between norbornene 1.110 and tetrazine 1.111 in buffer. 

 

1.2.4.1 Cyclopropenes for IEDDA Reaction 

Further substrates for the IEDDA were investigated by Prescher121 and Devaraj122 in 2012 to 

address the problems of stability, size and lipophilicity of the TCO. Unsubstituted 

cyclopropenes are unstable at room temperature and tend to dimerize easily even if stored in 

the freezer overnight. Therefore, Devaraj investigated cyclopropene derivatives (1.113 and 

1.114) to find a good balance between stability and reactivity (Figure 1.17A).122 Both 

cyclopropenes were stable in aqueous solution and in the presence of 1 mM L-cysteine over a 

period of 24 hours. The influence of the electron withdrawing carboxylic group on the reaction 

rate was significant with a rate constant obtained of 0.137 M-1s-1 at 37 °C versus 1.114 with a 
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rate constant of 13 M-1s-1. In the same year, the group of Prescher also investigated a range of 

potential cyclopropenes (1.115 – 1.118) for bio-orthogonal labelling.121 They observed the 

same trends as Devaraj et al. with cyclopropenes possessing electron-withdrawing carbonyl 

groups being more stable and less reactive than their counterparts (Figure 1.17). 

 

Figure 1.17. (A) Cyclopropenes investigated by the group of Devaraj. (B) Cyclopropenes investigated by the group 

of Prescher. 

 

1.2.4.2 Factors which Influence IEDDA Reactivity 

The IEDDA proceeds in a 4+2 cycloaddition between an electron rich-diene and electron-

deficient dienophile.123 Unlike the Diels Alder reaction, the IEDDA is not reversible due to 

the evolution of nitrogen, making it ideal for bioconjugation. In the IEDDA the LUMO of the 

electron-poor diene reacts with the HOMO of the electron rich dienophile. Therefore, the 

reactivity of the IEDDA reaction can be modulated by decreasing the HOMO-LUMO gap 

(Figure 1.18). 
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Figure 1.18. Figure showing the FMO theory of the IEDDA reaction. 

 

Electron-withdrawing groups (EWG) on the diene lower LUMO energy and electron-donating 

groups (EDG) in the dienophile increase HOMO energy (Figure 1.19A and C). Alkynes are 

generally less reactive than alkenes due to the lower HOMO energy.124 

The second handle to modulate reactivity is to increase diene strain which raises the HOMO 

energy and distorts the geometry closer to the transition state, which lowers the activation 

energy (Figure 1.19B).10  

Apart from electronics and ring strain, stereochemistry also plays a vital role. For example, 

TCO functionalised with electron-donating groups to increase the HOMO energy can be either 

present as the equatorial (1.125) or axial (1.126) isomers (Figure 1.19 D). The axial isomer 

(1.126) is about four times more reactive. 
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Figure 1.19. (A) Reactivity of alkenes and alkynes in the IEDDA reaction. (B) Reactivity of strained alkenes in 

the IEDDA reaction. (C) EWG increase tetrazine reactivity. (D) Axial TCO isomer is more reactive. 

 

Steric effects of tetrazines can also influence the reaction rate of the IEDDA reaction. 

Monosubstituted tetrazines are generally more reactive than their disubstituted counterparts. 

However, the increased reactivity is usually offset by diminished stability. Karver et al. 

synthesised a panel of tetrazines and determined the second order rate constants as well as the 

stability in FBS after 10 h (Figure 1.20).125 Generally, the most reactive tetrazines also 

displayed lowest stabilities. Monosubstituted tetrazines (1.128 and 1.111) were most reactive, 

followed by pyrimidyl-substituted tetrazines (1.129 and 1.131), then pyridyl-substituted 

(1.130 and 1.132) and finally methyl-substituted tetrazines (1.133). Pyrimidyl-substituted 

tetrazines especially suffered from significant instability (only 20 or 40% remaining after 10 

h). One exception was tetrazine 1.128, which displayed the highest reactivity (k2 = 30000 M-

1s-1) and maintained good stability (70%). Another noteworthy point is the poor solubility of 

tetrazines. Especially diaryl substituted tetrazines are frequently insoluble, obstructing their 

use in biology. 
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Figure 1.20. Reactivity and stability of a range of tetrazines. Stability studies performed in FBS over 10 h at 37 

°C. 

 

The high reaction rates also translate to in vivo experiments (Figure 1.21).126 Genetically 

encoded tetrazine 1.134 could be labelled with a the second-order rate constant of 72500 M-

1s-1 which compares to a rate constant of 87000 M-1s-1 in vitro. Due to the high reaction rates 

(t1/2 = 12 -14 sec) real-time monitoring was possible for the first time. 
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Figure 1.21. Labelling of genetically encoded tetrazine with strained TCO leading to comparable reaction rates in 

vitro and in vivo. 

 

1.2.4.3 IEDDA Reaction for ‘Click to Release’ Applications 

Apart from highly efficient fluorescent labelling, the IEDDA reaction has also found use in 

targeted and timed drug release. In 2013, the group of Robillard evaluated a range of tetrazines 

for its ability to release amine-cargo from carbamate modified TCO (1.137) (Figure 1.22A).127 

The cleavage yield depended on the steric size of the tetrazine substituents with smaller 

methyl-substituents (1.138) affording superior release (79% after 4 h in 25% CD3CN at 37°C). 

The axial TCO isomer (1.142) (Figure 1.22B) was more reactive and the rates of release 

increased in an aqueous environment. Good release was also observed in 50% serum (Figure 

1.22 C) and release was also demonstrated in cell culture (A431 tumor cells). 
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Figure 1.22. (A) Mechanism of release, Dox = doxorubicin (a common cancer drug), (B) Axial TCO isomers afford 

better release yields (in 50% serum at 37 °C after 4 h); (C) unhindered tetrazines yield better release; (D) Better 

drug release also correlates with increased drug efficiency. 

  

Further studies investigated the click to release applications of the IEDDA reaction. In 2014, 

the group of Chen applied the IEDDA click reaction to uncage lysine residues in GFP (1.146) 

in vitro (80% after 15 mins) and in luciferase in vivo (>80% after 15 mins).128 Their study 

confirmed the previously observed trends that unhindered tetrazines (1.138) and the axial TCO 

isomer afford better release yields (Figure 1.23A). In a follow-up study in 2016, the same 

group investigated the factors that influence release (Figure 1.23B).129 In agreement with 

earlier results, they found that smaller substituents performed better and that electron-poor 

tetrazines afforded higher cycloaddition yields. Tetrazine 1.149 showed excellent performance 

and was able to decage 90% of TCO-lysine residues in modified GFP and luciferase proteins, 

within 5 minutes. 
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Figure 1.23. (A) Decaging of TCO-lysine incorporated into proteins. (B) Tetrazines must strike a balance between 

electron-rich and electron-poor to allow the cycloaddition and decaging to proceed efficiently.  

 

The group of Weissleder investigated the TCO click to release reaction under physiologically 

relevant conditions in 2018.130 They discovered that pH was an important factor and a pH of 

5 or 6 accelerated the release. Further, they could identify the formation of cyclised product 

1.157 as the cause of low release yields (Figure 1.24A). The formation of this product was 

favoured at higher pH. At lower pH, the tautomerisation to 1.153 and 1.154 proceeded quickly 

and in the case of 1.153 led to fast release. While tautomer 1.154 was not a dead end, it could 

not undergo release of the carbamate and had to tautomerize to 1.153 before release was 

possible. This process was slow and competed with the slow oxidation to product 1.156, which 

formed a reactive dead end. 

Therefore, to achieve efficient release, the formation of 1.154, 1.156 and 1.157 had to be 

prevented or minimised. The group of Weissleder achieved this by employing a carboxylic 

acid functionalised tetrazine to form cycloaddition product 1.158 (Figure 1.24B). Through 

proximal proton transfer, the rate of release could be enhanced considerably (too fast to 

quantify) up to a release of 50%. Then the release rate slowed. The initial fast release was 

attributed to isomer 1.158, while the second slower release was attributed to 1.160, 

highlighting the importance of regioselectivity. Formation of 1.157 could also be reduced by 
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methylating the amide nitrogen of the carbamate (1.161) to block ring formation (Figure 

1.24C). 

 

Figure 1.24. (A) Mechanism of “Click to Release”. (B) Acid assisted accelerated release. (C) Methylated nitrogen 

prevents formation of ’dead-end’ product. 

 

To sum up, the IEDDA achieves unparalleled reaction rates for bio-orthogonal chemistry and 

allows the use of low reagent concentrations while still enabling real-time monitoring. The 

rate of the reaction can be increased by attaching electron-withdrawing groups to the tetrazine 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

43 

 

and thereby lowering the LUMO energy. A balance between reactivity and stability must be 

struck, as biaryl tetrazines are prone to degradation. The HOMO energy of the dienophile 

partner can be either raised through electron-donating groups or by increasing ring strain. The 

two most common dienophiles are the cyclopropene and TCO. Cyclopropenes display good 

reactivity and stability but are outperformed by TCO in terms of reactivity. However, TCO is 

prone to trans-cis isomerisation by intracellular thiols,131 which deactivated the highly strained 

system and abolishes IEDDA reactivity. Furthermore, the IEDDA reaction produces several 

regio-isomers and tetrazines are frequently insoluble which can limit their applications in 

bioconjugation. 

1.3 Incorporation of Unnatural Moieties 

1.3.1 Incorporation of Unnatural Moieties by Native Enzymes 

Bio-orthogonal functional groups must be introduced into the organism of interest, as they are 

typically non-canonical. One approach exploits the promiscuity of the natural cellular 

machinery to incorporate non-canonical amino acids into biomolecules into proteins during 

translation. 

Translation is part of the “Central Dogma of Biology” which was first proposed by Francis 

Crick in 1957 (Figure 1.25).132 It describes the process of converting the information stored in 

DNA through RNA into proteins via transcription and translation. 

 

Figure 1.25. Schematic of the coded protein synthesis going from DNA to RNA and finally to protein via 

transcription and translation. 
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During transcription, the information of the DNA template strand is copied to RNA by the 

enzyme RNA polymerase. Before leaving the nucleus, the RNA is processed by capping the 

5’ end (with guanine) and attaching a 3’ poly-adenosine tail to form pre-messenger RNA (pre-

mRNA). Then non-coding pieces of RNA (introns) are removed from the strand and coding 

pieces of RNA (exons) spliced together to form a mature messenger RNA (mRNA) strand 

which can leave the nucleus.133  

Once in the cytosol, the mRNA is translated into a string of amino acids by the ribosome 

complex. Each amino acid is encoded by a unique three letter sequence of nucleotides, called 

codon. In the ribosome, the amino acids are delivered to the growing peptide chain by transfer 

RNA molecules (tRNA). These singled stranded RNA molecules feature an anti-codon, which 

is complementary to the codon in the mRNA.133 

 

Figure 1.26. Schematic of tRNA. 

 

The amino acids are loaded onto the tRNA by an enzyme called t-RNA aminoacyl synthetase. 

It is the promiscuity of this enzyme, that researchers have exploited to incorporate alkyne 

(HPG)134 or azido-modified (Aha)135 amino acids into nascent proteins (Scheme 1.20). Native 

methionine tRNA-aminoacyl synthetase incorporates these analogues into the tRNA coding 

for methionine. The incorporation efficiency of the non-natural amino acids (nnAAs) is 

reduced when in competition with methionine and incorporation was found to perform best in 

methionine auxotrophic strains of E. coli. Another drawback of this method is the uncontrolled 

incorporation of the unnatural amino acid, which leads to methionine replacement throughout 

the proteome. 
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Scheme 1.20. Incorporation of HPG or Aha via the native methionine tRNA-aminoacyl synthetase/tRNA pair. 

 

Another approach is the incorporation of azides into the sialic acid found on the surface of 

glycoproteins. By supplementing the cellular growth media, the sialic acid precursor N-azido-

acetyl-mannosamine (ManNAz) is taken up, converted into azido-sialic acid (SiaNAz) and 

incorporated into glycans on the cell surface of mammalian cells (Scheme 1.21).44 

 

Scheme 1.21. Incorporation of azide modified mannose into cell surface glycans of cells. 

 

1.3.2 Genetic Code Expansion for the Incorporation of Bio-orthogonal Reagents 

The approaches described in Section 1.3.8 are convenient methods to incorporate bio-

orthogonal functionalities into proteins or cells but lack specificity. Ideally, the incorporation 

of novel amino acids should be directed to a specific, predetermined site in the target protein. 

To achieve this level of precision, several requirements must be met.136 The non-natural amino 

acid should have a unique codon which does not encode for any of the native amino acids. 

Additionally, the non-natural amino acid should use a unique pair of aminoacyl-tRNA 

synthetase and tRNA. To ensure specificity, the nnAA must not be a substrate for a canonical 

tRNA/aminoacyl-synthetase pair and the unique aminoacyl-tRNA must not recognise 
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canonical codons. In short, to meet these conditions an orthogonal translational machinery has 

to be introduced into the cell and a codon has to be reprogrammed to accept the novel amino-

acyl tRNA. 

The initial efforts were focused on E. coli, which is easily genetically manipulated, and the 

amber stop codon (UAG) is only found rarely which makes it an ideal target codon for 

reprogramming. Initial attempts tried developing an orthogonal pair from E. coli but failed to 

achieve the desired specificity.137 The breakthrough came in 2001, when the first orthogonal 

tRNA/synthetase pair from archaea was used in E. coli to selectively incorporate a range of 

nnAAs.138 The advantages of using this tRNA/synthetase pair include that archaea tRNA are 

poor substrates for E. coli aminoacyl-synthetases and their expression is on par with nascent 

pairs. 

Due to directed evolutionary mutagenesis139 it is now possible to incorporate a plethora (150 

+) nnAA into bacteria, eukaryotic cells and whole living organisms.140 These range from 

azides to alkynes and from SPAAC to IEDDA reagents (Figure 1.27).140,141 

 

Figure 1.27. Selection of nnAA that have been incorporated into living organisms. 

 

Nevertheless, certain problems remain. The use of the rare amber stop codon in E. coli 

reassigns a codon but can come at the cost of compromised fitness of the modified bacterial 

mutants. Secondly, while genetic code expansion is practised in several species, E. coli 

remains the dominant platform due to the biotechnological tools available. Incorporation of 

nnAA in eukaryotes is still far from common which restricts the use of this platform, but 

progress is being made and genetic code expansion is now also employed in animals.142,143 

Further progress in this area involves the use of multiple orthogonal tRNA/synthetase pairs to 

incorporate more than one nnAA into organisms.144,145 

Finally, the problem of codon assignment is being tackled. Recently, it was possible to free up 

three codons by the deletion of two serine synonymous codons and one stop codon.146 This 

was made possible by advances in genetical engineering which allowed the replacement of 

large parts of the E. coli genetic code.147 In this manner, the three codons could be reassigned 
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to three nnAA and as a proof of work, the group was able to synthesise several variants of 

ubiquitin containing several different nnAAs. 

This work points the way for future improvements in genetic code expansion. Whole genome 

editing as well as ribosomal editing148 (to improve incorporation efficiency) could open new 

ways to create bespoke modified proteins or even biopolymers in living systems. 

 

1.4 Aromatic Ynamines as Unique Bio-orthogonal Reagents  

The triple bond of conventional ynamines (1.167) is polarised due to the ability of the nitrogen 

to donate an electron pair into the triple bond, activating it for protonation and subsequent 

nucleophilic attack of water. Unfortunately, this makes ynamines inherently susceptible 

towards degradation (Scheme 1.22).149 

 

Scheme 1.22. Hydrolysis of an ynamine. 

 

In contrast, Burley et al.  showed in 2010 that aromatic ynamines (e.g., 1.171) were more 

stable towards hydrolysis and also highly reactive in CuAAC reactions.150. The nitrogen’s 

ability to donate electron density into the triple bond is reduced by the delocalisation of its 

lone pair in the aromatic ring. 

 

Scheme 1.23. Resonance forms of the aromatic ynamine. Stability towards hydrolysis is increased due to 

delocalisation of nitrogen lone pair into aromatic ring. 
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1.4.1 Sequential Bio-orthogonal Labelling using Ynamines 

In 2016, Hatit et al. showed that 1.171 exhibited good reactivity with a wide range of azides 

(Scheme 1.24A) without the need for a reducing agent such as sodium ascorbate.151 In contrast, 

a conventional alkyne, N-phenylhept-6-ynamide (1.173), did not react in MeCN under the 

same conditions and reached lower conversion in MeOH than the ynamine 1.171 (Scheme 

1.24B). The reactivity of the alkyne (1.173) could be increased by the addition of NaAsc and 

the ligand TBTA. 

 

Scheme 1.24. (A) Aromatic ynamine 1.171 displays good azide scope and reactivity in the absence of reducing 

agent. (B) Conventional alkyne 1.173 only reactive in MeOH and DMSO in the absence of reducing agents. 

 

The difference in reactivity was then exploited in the bifunctional system (1.175) to first react 

the N-ethynyl moiety with azide 1.176 and then the aliphatic alkyne with a second azide 1.177 

to form 1.178 (Scheme 1.25). By changing the addition order of the azides the other regio-

isomer (1.179) could be formed selectively. The key to this strategy was the addition of NaAsc 
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and AMTC (CuAAC ligand) to accelerate the click reaction of the aliphatic alkyne with the 

second azide. 

 

Scheme 1.25. Sequential CuAAC reaction of alkyne 1.178 with azide 1.176 and azide 1.177 in MeOH/H2O (16 

h). 

 

In 2017, this method was extended to achieve orthogonality in a system with two alkynes.152 

In competition experiments, the aromatic ynamine reacted first in the presence of a variety of 

alkynes and in the absence of reducing agents. It was envisioned that by using TIPS-protected 

ynamine 1.180 the selectivity could be controlled by in situ deprotection (Scheme 1.26). The 

solvent choice was crucial for selectivity as ynamine triazole 1.184 could only be obtained 

selectively using TBAF in MeCN. Triazole 1.183 could be selectively obtained using AMTC 

and NaAsc in DMSO/H2O mixture. 
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Scheme 1.26. Reaction scheme for orthogonal click reaction. Conditions (A): alkyne-selective, Cu(OAc)2 (5 mol 

%), NaAsc (10 mol %), AMTC (10 mol %), DMSO/H2O (1:1), rt, 16 h. Conditions (B): ynamine selective, 

Cu(OAc)2 (5 mol %), TBAF (1.1 equiv), MeCN, rt, 16 h. 

 

After further development, it proved possible to achieve full control over the desired product 

formation from a four-component reaction mixture (Scheme 1.27). Azide selectivity was 

achieved by usage of a chelating azide (picolyl azide 1.76) with which alkynes reacted 

preferentially over benzyl azide. By employing the conditions described above, it was possible 

to selectively react either 1.180 or 1.185 with 1.105 or 1.76. 

 

Scheme 1.27. Reaction scheme for sequential click reactions. Conditions (A): alkyne-selective, Cu(OAc)2 (5 mol 

%), NaAsc (10 mol %), AMTC (10 mol %), DMSO/H2O (1:1), rt, 16 h. Conditions (B): ynamine selective, 

Cu(OAc)2 (5 mol %), TBAF (1.1 equiv), MeCN, rt, 16 h. 
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1.4.2 Mechanistic Investigations of the Ynamine-CuAAC 

To discover the cause of the chemoselectivity, a series of NMR competition experiments was 

performed between ynamine 1.190 and a set of alkynes (1.191 – 1.195) (Figure 1.28).153 The 

ynamine outperformed the selection of alkynes in competition experiments. However, when 

the rates of the reactions were determined in isolation, 1.191 displayed a significantly faster 

rate than ynamine 1.190. 

 

Figure 1.28. Substrate scope for the competition experiment. 

 

Further NMR experiments revealed that the rate of the reaction was zero order dependant on 

the alkyne and second order dependant on the azide. This is in contrast to other alkynes, which 

are usually second order in copper concentration when the transition metal is present in 

catalytic amounts.154 Furthermore, kinetic data suggested that the copper acetylide formation 

was rapid when compared to other alkynes which is usually regarded as the rate determining 

step. It was hypothesised that this shift could be a direct consequence of the co-ordination of 

copper to the N3 of the benzimidazole ring (Scheme 1.28). Indeed, control experiments 

showed that indole 1.196 lost in competition experiments to 1.190. Copper co-ordination could 

not be monitored due to rapid C-H insertion but control experiments with other Lewis acids 

such as Sc(OTf)3 also showed a decrease in pKa of the acetylide proton. Notably, Cu(I) did not 

coordinate to N3, potentially explaining why the click reaction with the ynamine performed 

so well in the absence of a reductant. From this series of experiments, it was postulated that 

the competitive performance of the ynamine 1.190 stems from a shift in the RDS.153 
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Scheme 1.28. Origin of chemo-selectivity. Cu(II) co-ordination to N3 and activates the triple bond for Cu(I) 

insertion. Rate determining step shifts to the azide insertion. 

 

1.1 Glutathione 

Glutathione (GSH) is a tripeptide made from glutamic acid (γ-glutamyl linkage), cysteine and 

glycine (Figure 1.29). It is one of the most abundant peptides in many organisms and is present 

in cells in concentrations ranging from 0.1 mM to 10 mM while the extracellular concentration 

is significantly lower.155 

 

Figure 1.29. Structure of GSH. 

 

GSH is involved in many cellular processes such as antioxidant processes, detoxification, 

redox signalling, regulation of immune response and cellular proliferation and also post-

translational protein modification.156–158 Reviewing all GSH functions is beyond the scope of 

this introduction, therefore, this part will focus on two aspects which are likely to have impact 

on bio-orthogonal reagents: copper binding and nucleophilic attack on bio-orthogonal 

reagents. 
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1.1.1 Glutathione and Copper Redox Chemistry 

In cells, GSH binds copper readily. In fact, when 67Cu was added to cells, more than 60 % was 

recovered as a Cu-GSH complex.159 Furthermore, GSH readily reduces Cu(II) to Cu(I)160,161 

to form a very stable complex.162 For a long time, it was thought that this complex prevented 

Cu(I) from producing superoxide radicals. However, it was shown that sub stoichiometric 

amounts of GSH actually could accelerate DNA cleavage163 (Scheme 1.29). This was further 

investigated by Spear and Aust in 1995, who found that GSH-Cu ratios exceeding a 3:1 ratio 

prevented oxidative damage, while lower ratios induced DNA damage.164 The ability to break 

DNA strands is usually attributed to hydroxyl radical and not superoxide or hydrogen 

peroxide. 

 

Scheme 1.29. Generation of hydroxyl radicals in the presence of GSH and Cu(II) which can lead to DNA damage. 

 

As DNA damage was prevented by a higher GSH-Cu ratio, it was assumed that superoxide 

formation was suppressed. However, Speisky and co-workers showed that, in fact, superoxide 

was continuously created even at high ratios of GSH-Cu.160 In later investigations, they 

discovered that, while superoxide is continuously produced, GSH is not consumed, so they 

concluded that the reaction was reversible.165 Only when superoxide was removed with 

TEMPO or by auto-dismutation at elevated temperatures did the GSH concentration decline, 

and they detected the formation of a Cu(II)-GSSG complex (Scheme 1.30). This complex can 

be reduced back to Cu(I)-GSSG (1 equiv of GSH added) or to a Cu(I)-[GSH]2 complex (> 2 

equiv of GSH added).166  
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Scheme 1.30. Formation of Cu-GSH complex upon addition of GSH. This complex can generate superoxide but 

reaction is reversible. The removal of superoxide drives consumption of complex to Cu(II)-GSSG. 

 

From this series of studies it can be concluded that the nature of Cu(II)-GSH chemistry is 

highly dependent on the reaction stoichiometries and conditions. Two scenarios can be 

imagined. In one scenario the GSH concentration far exceeds the Cu(II) concentration (> 

3:1)(Scheme 1.31A). In this case, Cu(II) will be reduced using 3 equivalents of GSH to form 

a Cu(I)-GSH2 complex and 0.5 equivalents of GSSG. This complex can produce superoxide, 

but the reaction is reversible if superoxide is not consumed in a secondary reaction. If 

superoxide is consumed, then oxidation of the Cu(I)-GSH2 complex will occur and a Cu(II)-

GSSG complex will be formed. This complex is exceptionally stable and cannot be reduced 

by conventional reductants such as NaAsc.165 Only GSH can reduce this complex and therefore 

in a large excess of GSH, Cu(I) will be present in the system and little GSSG produced. 

In a scenario where GSH is only in small excess to Cu(II) (≤ 3:1), the Cu(I)-GSH2 complex 

will again be formed and GSSG produced (Scheme 1.31B). However, this time, consumption 

of superoxide leads to the continuous oxidation of the Cu(I)-GSH2 complex to form Cu(II), 

GSSG and hydrogen peroxide. Once the stoichiometry of GSH drops below double that of 

copper (2:1), hydroxyl radicals will be formed. The production seems to be contingent on the 

presence of hydrogen peroxide and Cu(II) as the addition of catalase reduced hydroxyl radical 

production.167 
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Scheme 1.31. Scenario 1: Cu(I)-[GSH]2 is the major copper species; Scenario 2: Cu(II)-GSSG is continuously 

produced. 

 

The nature of the exact complex formed by GSH and Cu(I) was subject to multiple 

investigations and debates. While a 1:1 or 2:1 stoichiometry was often indicated, the exact 

structure remained elusive and dependant on analytical techniques.168,169 For example, using 

NMR and x-ray absorption, Corazza et al. determined a 1.2 stoichiometry where 3 sulphur 

atoms co-ordinate to one copper  forming a polycluster.170 Measurements of thiol consumption 

after Cu(II) addition indicated either a 1:1 complex167 (absence of oxygen) or a 1:2 

complex167,171 (presence of oxygen). 

Morgan et al. set out to investigate copper-GSH complex formation under physiologically 

relevant conditions.161 Previously, they had developed a set of potent copper ligands, with 

binding constants ranging from femto- to attomolar levels. These ligands allowed them to 

monitor Cu-GSH complex formation by UV. Through back titration and curve fitting they 

elucidated the presence of a tetranuclear Cu-GSH cluster with adamantane geometry (Figure 

1.30). This cluster also showed similar phosphorescent properties as previously reported of 

Cu4S6 clusters172, further confirming their theory. Additionally, they were able to calculate a 

Cu-GSH binding affinity of logβ46 = 85 which effectively means that GSH can limit the copper 

concentration to femtomolar levels in cellular environments, which is considerably lower than 

previously reported.168 In combination with the previous results, the acute toxicity of a copper-

GSH complex in vivo is likely minimal. GSH is present in large excess over copper in a cellular 

environment and if oxidised to GSSG can be continuously regenerated. As seen above, the 
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ability of Cu-GSH complexes to produce hydroxyl radicals, and therefore toxicity, is minimal 

at large Cu:GSH ratios. 

 

Figure 1.30. Structure of Cu-GSH cluster (PDB Code = TPHCUB).161,173 

 

1.1.2 GSH as a Nucleophile to Deactivate Bio-orthogonal Reagents 

Apart from co-ordinating copper, GSH can also react with electrophilic compounds. In fact, 

GSH is regularly used to simulate in vivo stability of novel compounds or drugs.174,175 In the 

case of bio-orthogonal reactions, GSH can act as a nucleophile towards the alkyne in a thiol-

yne type of reaction. Van Geel et al. investigated a range of common SPAAC for off-target 

reactivity with  cysteines on the protein surface (Figure 1.31).176 Indeed, when the strained 

alkynes were incubated in cell lysate devoid of an azide functionality, significant off-target 

protein labelling was observed (1.201). The off-target labelling could be reduced by the 

addition of iodoacetamide (1.203) indicating that most side reactions were due to reactive 

thiols. This trend was confirmed on recombinant heat shock displaying a surface cysteine and 

azide moiety. While SPAAC reaction was the major product, some cysteine labelling was also 

observed which could be reduced by the preincubation with iodoacetamide. DBCO and BCN 

showed higher degrees of off-target reactivity, consistent with their increased SPAAC 

reactivity. 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

57 

 

 

Figure 1.31. Structures of alkyne investigated. Alkyne-thiol adducts and reduction of thiol-addition 

by covalent capping. 

 

Zhang et al. exploited the tendency of DBCO (1.206) to react with thiols and turned the 

strained alkyne into a targeted thiol tagging reagent. The amino acid sequence (LCYPWVY) 

accelerated the thiol reaction up to 220-fold and enabled the targeted cysteine conjugation 

(1.208) in the presence of other thiols with various functional groups.177 
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Scheme 1.32. Sequence specific labelling of cysteines with DBCO. 

 

GSH can also affect the IEDDA reagents. Thiols can isomerise TCO from the reactive trans 

to the inactive cis isomer (1.210) with an approximate half-life of 3 h.131 Similar to DBCO, the 

cyclopropene moiety (1.211) has also been exploited as a covalent warhead to inhibit 

glutathione S-transferase (GSTO1).178 

 

Scheme 1.33. (A) Isomerisation of TCO by thiols. (B) Electrophilic cyclopropene warhead reacts with active site 

cysteine. 

 

1.2 Hypothesis 

The main issue of the CuAAC reaction for bioconjugation and bio-orthogonal chemistry is the 

cytotoxicity of copper. Reducing copper concentration in vitro and in vivo to counteract the 

toxicity invariably results in reduced reaction rates. Researchers have developed copper-
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chelating azides and ligands to increase the CuAAC reactivity at low copper 

concentrations.66,71,78 In contrast, little progress has been made on the alkyne side. The 

aromatic ynamine was shown to be more reactive than traditional alkynes, which would be 

beneficial for bioconjugation.151–153 The main hypothesis is that the aromatic ynamine would 

be uniquely reactive and undergo bioconjugation at reduced copper loadings. 

 

Figure 1.32. Aromatic ynamines have the potential for a new bio-orthogonal reagent. 

 

Additionally, the impact of GSH on either CuAAC or copper-free click reactions has not been 

investigated extensively.109,111,179–181 It is hypothesised that GSH will impact the CuAAC 

significantly through copper co-ordination and of also degrade bio-orthogonal reagents. As 

such, GSH could be a useful tool to compare the performance bio-orthogonal reagents. 

 

Figure 1.33. GSH can be used to evaluate and compare the performance of bio-orthogonal reagents. 

 

1.3 Thesis Aims 

The specific aims of this thesis are to: 

(i) Explore ynamine reactivity and susceptibility to side-reactions with GSH. 

(ii) Compare ynamine reactivity in the presence of GSH to a range of alkynes and 

other classes of bio-orthogonal reactions. 

(iii) Develop conditions for a fast ynamine-CuAAC reaction in the presence of GSH 

and apply them to biomolecules 

(iv) Determine and optimise the application of ynamine-CuAAC reactions in cell 

lysate. 

 

In detail, the second chapter will explore the susceptibility of aromatic ynamines and alkynes 

towards reactivity with GSH at the highest physiological GSH concentration (10 mM). The 
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influence of redox active metal ions such as copper will also be examined. The chapter will 

end with examining the influence of high GSH concentrations on the CuAAC reaction. 

The third chapter will explore the influence of GSH on the CuAAC reaction in detail, 

specifically at Cu:GSH ratios of less than 1:3. 

The fourth chapter will use the optimised conditions for the Ynamine-CuAAC reaction in the 

presence of GSH to ligate functionalised ynamines to cell penetrating peptides and explore the 

synthesis of an ynamine modified synthetic oligonucleotide. 

The final chapter will optimise the reaction between an aromatic ynamine and a “turn on” 

fluorescent azide to first in buffer and then in cell lysate. These conditions will serve as a basis 

for future in vivo experiment. 
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 Chapter 2 

 

 

Influence of Glutathione on Alkyne 

Stability and Reactivity in Copper-

Catalysed Alkyne-Azide 

[3+2]Cycloadditions 
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2.1 Introduction 

2.1.1 Requirements of Bio-orthogonal Reagents 

Bio-orthogonal reactions use reagent pairs that selectively react with each other in cellular 

environments. These reagents have unique requirements that set them apart from standard 

reactions used in synthetic organic chemistry.6,182 These reagents must be stable under 

physiological conditions, selectively react with each other, display reasonably fast reaction 

kinetics, and be non-toxic when used in live cells. Each attribute comes with a cost (i.e., high 

reactivity decreases stability under physiological conditions) and to achieve the ideal bio-

orthogonal reaction set, all these attributes must be balanced appropriately.183 

The archetype of bio-orthogonal reagents is the alkyne and azide combination (Scheme 2.1). 

Both moieties are predominantly absent in biological organisms, do not readily cross-react 

with native functional groups (thiols, amines, hydroxyl groups, carbonyls, etc.), are stable 

under cellular conditions (pH ranges and resistant to hydrolysis), and form non-reversible 

adducts.184 A further advantage of the alkyne/azide pair are their small sizes. In comparison to 

the traditional fluorescent reporter system (GFP), the small molecules minimally perturb the 

function of a biomolecule they are incorporated into due to their small size.  

Designing new reagents that meet these requirements and withstand cellular conditions is 

challenging. The development and optimization of existing classes of bio-orthogonal reagents 

have commonly been derived from traditional organic chemistry reactions and have been 

tailored for use in more complex environments (aqueous buffer and cellular components) and 

finally into in vivo situations.44,103 

A typical workflow for bio-orthogonal optimization focuses on stability under physiological 

conditions, chemoselectivity and reaction kinetics.99 Poor stability/selectivity can lead to side 

reactions and off-target effects which can compromise applications, such as fluorescent 

tagging, by increasing the background signal.185 Keeping the reagent concentration low can 

minimise these issues and requires fast reaction kinetics (i.e. large rate constants)186 to still 

ensure efficient conjugation. 
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Scheme 2.1. Schematic of the ideal bio-orthogonal reagent. 

 

2.1.2 Glutathione as a Source of Side-reactivity with Bio-orthogonal Reagents 

Glutathione (GSH) is an abundant tripeptide which regulates redox processes in a cell and is 

used to detoxify exogenous compounds.156 Present in millimolar concentrations, exploring the 

susceptibility of bio-orthogonal reagents to reactions with GSH is therefore a key step in their 

application as tagging tools in biological systems (Figure 2.1).109,111,187–190 The concentration 

of GSH can fluctuate by two orders of magnitude (0.1 - 10 mM), and GSH can form addition 

adducts either through nucleophilic (e.g., Michael) additions (alkynes)176 or isomerisation131 

(strained alkenes) thereby deactivating them. 

In the case of the CuAAC reaction, GSH is known to reduce the formation triazole products 

in vitro179 and has been identified as the cause of reduced conversion in vivo.83 The cause of 

this inference is attributed to copper co-ordination by GSH (KD ~ 9 × 10−12 M−1).168 

Experiments that evaluate novel copper ligands in the presence of GSH support this hypothesis 

as increased conversions are achieved using these ligands.191,192 Notably, TBTA (a common 

CuAAC ligand) is not effective in shielding Cu(I) from GSH and negligible conversion in the 

presence of the thiol is observed, on par with the absence of any ligand. 
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Figure 2.1. Structure of GSH. 

 

Biological thiols such as cysteine121,122 or GSH176 have been used to evaluate the stability of 

novel bio-orthogonal reagents. However, comparing these studies is difficult as a wide range 

of conditions is used. The thiol concentration varies from 1 equiv189 to large excesses (5 – 10 

mM)187,193 and bio-orthogonal reagent concentration is either high (2 mM)109 or sometimes not 

reported.187,190 As solvent systems, buffer or water (either deuterated or not) are commonly 

used and the co-solvent also varies.109,176,187,193 Some studies even use DMSO as a co-

solvent,188,194 which should be avoided as DMSO was known to oxidise GSH.195  

To really evaluate and compare the stability of bio-orthogonal reagents, a workflow using a 

standardised set of conditions is needed, which is currently lacking. Ideally, this assay would 

use the highest physiological concentration of GSH (10 mM), employ low reagent 

concentrations, use a single buffer, and avoid DMSO as a co-solvent. 

2.2 Hypothesis to be tested in this Chapter 

Previous work has shown that ynamines (e.g., 2.1, Figure 2.2), are more reactive in CuAAC 

reactions relative to conventional alkynes.153 As such,  ynamines have significant potential for 

use as a novel bio-orthogonal reagent. 

 

Figure 2.2. Structure of aromatic ynamine 2.1. This ynamine (2.1) was shown to outcompete a range of 

conventional alkynes through a shift in the rate determining step from the acetylide formation to azide insertion.153 

 

To date, the stability of ynamines to physiological conditions has not been evaluated. The 

development of a high-throughput in vitro assay using GSH to evaluate the suitability of 

ynamines as novel bio-orthogonal reagents and compare them to other alkynes as well as 

copper-free bio-orthogonal reactions such as the SPAAC or IEDDA reaction (Scheme 2.2) 

would be a valuable tool. 
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Scheme 2.2. Schematic of workflow in for studies contained within Chapter 2. First, bio-orthogonal reagents will 

be synthesised and then their stability and reactivity in the presence of GSH compared in an in vitro assay. 

 

2.3 Aims of Chapter 2 

The specific aims of this chapter are: 

(i) Develop a high-throughput assay to determine the reactivities of alkyne reagents 

with GSH. 

(ii) Probe stabilities of alkynes and biorthogonal reagents at biologically relevant 

GSH concentrations. 

(iii) Determine the effects of GSH on a range of bio-orthogonal reactions (e.g., 

CuAAC, ynamine-CuAAC, SPAAC and IEDDA) under physiological conditions. 
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2.4 Results & Discussion 

2.4.1 Synthesis of Aromatic Ynamines 

Ynamine 2.1 was chosen as the model substrate to test stability and the CuAAC reactivity with 

benzyl azide (2.2) in the presence of GSH (Scheme 2.3).  

 

Scheme 2.3. Scheme of the model reaction used at the start of the investigation. 

 

Ynamine 2.1 was synthesised via an Ullman-type coupling between a benzimidazole 

(commercial) and a bromo-alkyne. The bromo-alkyne (2.6) was prepared via a silver-catalysed 

bromination of TIPS-alkyne 2.4 (Scheme 2.4).196 The reaction proceeded smoothly, and the 

product could be isolated in a 96% yield. 

 

Scheme 2.4. Synthesis of 2.6. Conditions: 2.4 (1 equiv), NBS (1.1 equiv), AgNO3 (0.1 equiv), rt, overnight. 

 

Ynamine 2.8 was synthesised from 5,6-dimethylbenzimidazole (2.7) and bromo-alkyne 2.6 

(Scheme 2.5).197 The standard procedure employed microwave heating but due to the amounts 

of material required (> 1 g), the use of a microwave was not possible, and the reaction was 

heated to 110 °C for two days. The product 2.8 was obtained in good yield (80%). 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

67 

 

 

Scheme 2.5. Synthesis of 2.8. Conditions: 2.7 (1 equiv), 2.6 (1.1 equiv), CuI (0.05 equiv), PEG400 (0.1 equiv), 

Cs2CO3 (1.2 equiv), 110 °C, argon, 2 days. 

 

Finally, removal of the TIPS group with polymer-immobilised fluoride afforded 2.1 in 94% 

yield (Scheme 2.6).  

 

Scheme 2.6. Synthesis of 2.1. Conditions: 2.8 (1 equiv), fluoride on polymer (1 equiv), rt, overnight. 

 

2.4.2 Synthesis of Alkynes and Bio-orthogonal Reagents 

Previous work has demonstrated that ynamines (e.g., 2.1) display enhanced reaction kinetics 

relative to conventional alkynes.153 As reactivity and stability are usually inversely correlated 

it was expected that the ynamine stability would decrease when compared to other non-

activated alkynes.198 To explore this hypothesis, three further alkynes (2.9 – 2.11) spanning a 

range of reactivities were synthesised (Figure 2.3).151,153 Alkyne reactivity has been shown to 

increase when an electron withdrawing group is placed adjacent to the triple bond due to 

lowering the alkyne LUMO energy.199 Furthermore, all alkynes needed to contain a 

chromophore, so they could be analysed by HPLC. 

 

Figure 2.3. Representative alkynes to profile CuAAC reactivity and stability under physiological conditions. 

The SPAAC and IEDDA reactions are popular copper-free alternatives to the CuAAC reaction 

for bio-orthogonal labelling. These reactions do not require copper for catalysis and have 
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become the tool of choice for in vivo labelling.10,200 While the SPAAC and IEDDA substrate 

reactivities have been investigated, their metabolic stabilities have not been explored 

extensively. Although several publications have used GSH to test stabilities of SPAAC or 

IEDDA reagents, the results do not always agree and seem to depend on the conditions 

used.109,111,188,190 As such, to draw proper comparisons between CuAAC and SPAAC/IEDDA 

reagents in this study, it was decided to synthesise or purchase a selection of common strain 

promoted cycloaddition reagents (Figure 2.4) and test stabilities under comparable conditions. 

Cyclooctynes 2.12 and 2.13 were chosen as common representatives for the SPAAC reaction. 

Tetrazine 2.14 has been shown to be highly reactive with TCOs and the stability in FBS at 37 

°C after 10 h is reported,201 which would enable comparisons with the stability in the presence 

of GSH in this study. Cyclopropene 2.15 was chosen as a reaction partner for tetrazine 2.14. 

 

Figure 2.4. Structures of SPAAC or IEDDA reagents selected for this study. 

 

2.4.2.1 Synthesis of Alkyne Series for Bio-orthogonal Profiling  

Alkyne 2.10 was prepared from a coupling reaction of hept-6-ynoic acid with aniline using 

DCC in 92% yield (Scheme 2.7). 

 

Scheme 2.7. Synthesis of 2.10. Conditions: 2.16 (1 equiv), DCC (1 equiv), DMAP (0.1 equiv), aniline (1.1 

equiv), rt, 4 h. 

 

Compound 2.11 was obtained in 61% yield via etherification from phenol (2.17) and propargyl 

bromide 2.18 (Scheme 2.8). 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

69 

 

 

Scheme 2.8. Synthesis of 2.11. Conditions: 2.17 (1 equiv), 2.18 (1 equiv), K2CO3 (1 equiv), reflux, overnight. 

 

Compound 2.9 was synthesised using the same procedure as for compound 2.10 (Scheme 2.7). 

However, the reaction gave a significantly lower yield of 14% (Scheme 2.9A). The low 

coupling efficiency might be due to the electron rich carboxylic acid and the sterically hindered 

amine. The reaction was repeated using oxalyl chloride to first generate the acid chloride and 

then subsequently coupled to phenylpiperazine (Scheme 2.9B). This improved the yield 

marginally to 18%. The chloride addition product could also be isolated as a major side 

product. The 1H-NMR spectrum showed a vinylic coupling constant of 13 Hz, which indicates 

either the Z- or E-isomer (2.20a or 2.20b, Scheme 2.9C). 

 

Scheme 2.9. (A) Initial synthesis of 2.9. Conditions: 2.19 (1 equiv), DCC (1 equiv), DMAP (0.1 equiv), aniline 

(1.1 equiv), rt, overnight; (B) Improved synthesis of 2.9. Conditions: 2.19 (1 equiv), oxalyl chloride (1.2 equiv), 

1-phenylpiperazine (1.2 equiv), DIPEA (5 equiv), rt, 1.5 h; (C) Structure of side product (2.20a or 2.20b) isolated 

during improved synthesis (B). 

 

2.4.2.2 Synthesis of Bio-orthogonal Reagents 

Burk et al. published an improved, large-scale synthesis of cyclooctyne 2.24 (Scheme 2.12).202 

The first step to form 2.22 gave significantly lower yields (28% vs 95%) than previously 

reported (Scheme 2.10).202 When the reactions were carried out in a round bottom flask a thick 
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suspension formed which could not be mixed efficiently with a magnetic stirring bar. 

Overhead stirring might alleviate this problem if the reaction is repeated. 

 

Scheme 2.10. Synthesis of 2.22. Conditions: 2.21 (1 equiv), tBuOK (2.5 equiv), bromoform (1.5 equiv), −10 to 

20 °C, 2 days. 

 

The electrocyclic ring opening of 2.22 and subsequent reaction with methyl glycolate yielded 

2.23 in excellent yield of 96% (Scheme 2.11).202 

 

Scheme 2.11. Synthesis of 2.23. Conditions: 2.22 (1 equiv), methyl glycolate (9 equiv), AgClO4 (2 equiv), rt, 3 h. 

 

Vinyl bromide 2.23 was then converted to the cyclooctyne through base mediated elimination 

(Scheme 2.12).202 This step yielded the product 2.24 in 50%, although full consumption of the 

starting material was observed. 

 

Scheme 2.12. Synthesis of 2.24. Conditions: 2.23 (1 equiv), NaOMe (6.8 equiv), rt, overnight. 

 

With sufficient crude material in hand, 2.24 could be coupled with aniline to synthesize a 

compound that would be UV active and facilitate analysis in the HPLC assay (Scheme 2.13). 

The amide coupling was performed using EDC.HCl and a catalytic amount of DMAP to afford 

2.13 in a 52% yield. The lower yield was due to some co-elution with an unknown side-product 

during column chromatography, but some pure product could be obtained.  
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Scheme 2.13. Synthesis of 2.13. Conditions: 2.24 (1 equiv), EDC.HCl (1.1 equiv), DMAP (0.05 equiv), aniline 

(1.5 equiv), 0 °C to rt, overnight. 

 

Recently, an improved synthesis of mono-substituted tetrazines was published that avoided 

the use of pure hydrazine hydrate, which is a considerable safety hazard and very difficult to 

source.203 Instead, the synthesis used elemental sulphur as an activating agent, DCM as a 

carbon source and aqueous hydrazine hydrate (64% wt). The synthesis proceeded as expected 

(Scheme 2.14), however, purification of 2.14 proved to be challenging. The tetrazine was 

insoluble in all solvents tested (toluene, DCM, ethyl acetate, methanol, ethanol, isopropanol, 

water, etc.) apart from DMSO and only moderately soluble in DMF. After column purification 

2.14 was obtained in only 7% yield and considerable amounts of product were likely lost on 

the column as the compound exhibited considerably streaking. In the future, recrystallisation 

might be a better purification strategy. 

 

Scheme 2.14. Synthesis of 2.14. Conditions: 2.25 (1 equiv), sulphur (2 equiv), DCM (2 equiv), hydrazine hydrate 

(8 equiv), 50 °C, 24 h. 

 

The protected cyclopropene 2.28 was formed via a cycloaddition catalysed by rhodium acetate 

(Scheme 2.15A).204 The resulting crude product was directly used in the next step in which the 

alkene and ester were simultaneously deprotected to give 2.29 (Scheme 2.15B). After an 

aqueous work up, the crude acid was used directly in the next step and coupled to aniline by 

formation of the acid chloride194 with oxalyl chloride and subsequent reaction with an excess 

of aniline.  After purification, the product 2.15 was isolated in 32% yield over 3 steps (Scheme 

2.15C). 
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Scheme 2.15. (A) Synthesis of 2.28. Conditions: 2.26 (1 equiv), 2.27 (3 equiv), Rh(OAc)2 (0.1 equiv), rt, 1 hour. 

(B) Synthesis of 2.29. Conditions: 2.28, 10% KOH in MeOH (1:1), rt, overnight. (C) Synthesis of 2.15. 

Conditions: 2.29 (1 equiv), oxalyl chloride (1 equiv), aniline (2.5 equiv), rt, 2 h. 

 

2.4.3 Development and Optimisation of a HPLC Assay to Determine the Stability 

of Bio-orthogonal Reagents 

Reagent stability or reaction progress is routinely monitored by either NMR spectroscopy or 

HPLC. The advantage of NMR is that additional structural data can be gathered alongside time 

course data. Drawbacks are the reliance on deuterated solvents (which can influence reaction 

kinetics205) and the need for high reagent concentrations (in the mM range). Most bio-

orthogonal chemistry is carried out at micromolar concentrations and ideally in vitro studies 

should mimic these concentrations. In contrast, HPLC offers greater flexibility in terms of 

solvent choices, concentration ranges and availability at the cost of structural information. It 

was anticipated that HPLC would meet the needs of the investigation better and was adopted 

as the analytical method of choice. 

Several publications used HPLC to investigate the stability of small molecules in the presence 

of GSH and were chosen as a starting point for the development of the HPLC assay.174,175,206 
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An appealing feature of the published HPLC assay was the fact that reactions were run in an 

HPLC vial, left in the autosampler, and sampled continuously over a specified period. This 

eliminated the need for manual sampling of the reaction mixture, increased throughput, 

removed sampling inconsistencies, enabled more frequent and consistent timepoints and 

ultimately lead to increased reproducibility.  

The assay was further optimised by developing a fast HPLC method (10 min) – utilising a 

short, small particle size (2.6 µm) core-shell column – maximising the capabilities of the 

HPLC instrument (~144 samples/24 h). A typical chromatogram is shown in Figure 2.5. 
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Figure 2.5. Example of a typical UV-trace obtained. Only elution gradient shown (up to 6 min). No further 

compounds eluted after 6 min. 

 

Consideration was given as to whether to employ an internal standard for quantification or an 

external calibration curve. An internal standard is commonly used to correct for sampling 

error. Sampling errors can be introduced during sample transfer (i.e., taking aliquots from a 

reaction mixture or performing a sample work-up) or by the autosampler of the HPLC system. 

As no sample transfer occurred in the developed protocol (reaction was carried out directly in 

the HPLC vials) and the sampling error of the Shimadzu HPLC systems was extremely low 

(SD = <1% after reaching full conversion, as observed in Figure 2.16C; see Experimental for 

details) it was decided that an internal standard would not offer any benefits over an external 

calibration curve. Furthermore, an internal standard itself can be the source of errors, as errors 

during IS addition can propagate into quantification errors.207 

Therefore, external calibration was deemed appropriate and a calibrations curves were 

constructed for ynamine 2.1 corresponding triazole 2.3 (Figure 2.6). Each calibration curve 

was measured in triplicate and an excellent linear relationship (R2 >99%) was obtained in each 

case. 
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Figure 2.6. (A) Calibration curve for ynamine 2.1. (B) Calibration curve for triazole 2.3. Each calibration curve 

was measured in triplicate. The averaged peak area for each concentration was used to construct the calibration 

curves. Error bars represent the standard deviation. 

 

Conversions for the other substrates were calculated by absolute peak areas by dividing the 

peak area of the starting material or product by the sum of the peak area of starting material 

and product. Deviations from this protocol are clarified in the corresponding experimental 

sections.  

Calculating conversions in this way relied on several assumptions to obtain valid results. First, 

it was assumed that the starting material was quantitatively converted to product, and no side 

reactions occurred. In the experiments performed, no significant amount of side products was 

observed in the HPLC chromatograms. Therefore, the first assumption was deemed 

appropriate. 

The second assumption of this approach relied on the fact that the detector response of the 

starting material and product was similar at the monitored wavelength. If this was not the case, 

then calculated conversions would not be accurate, as a stronger UV response of either 

substrate would skew the ratio. For quantitative measurements, this would be a problem. 

However, the aim of this HPLC assay was to compare the relative reaction kinetics of bio-

orthogonal reactions and constructing calibration curves for the large number of compounds 

of this study would be time consuming. Calculating conversion by peak area preserved the 

qualitative aspect and therefore was deemed appropriate to fulfil the intentions of this study. 

However, the results obtained are not suitable for a quantitative analysis. 

The standard reagent concentrations were chosen to be 200 µM as this gave a good HPLC UV-

detector response while keeping the concentration as low as possible. Unless otherwise noted, 

reactions were carried out in triplicate and the standard deviation plotted either as error bars 

for bar charts or as shaded bands for line graphs. 
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2.4.4 Ynamine Stability in the Presence of Glutathione 

Stability was an important prerequisite for a bio-orthogonal reagent. If ynamine reactivity with 

GSH is high, then side reactions could reduce the versatility in biological applications or give 

unreliable results (e.g., increased background fluorescence).185,208 The goal of this first section 

was to investigate the susceptibility of  ynamine 2.1 to react with GSH. 

 

2.4.4.1 Influence of Buffer Conditions on Ynamine Stability 

The first parameter investigated was the reaction medium. The media chosen were sodium 

phosphate buffers (PB) (0.1 M and 0.2 M), commercial Dulbecco’s phosphate buffered saline 

(DPBS; 1X and 10X DPBS, equates to 0.01 M and 0.1 M) and water serving as a control. The 

buffers differ in their salt composition (Experimental Table 2.2); the phosphate buffers only 

contain sodium and phosphate ions whereas the DPBS buffers contains potassium, sodium 

chloride, magnesium, and calcium as well. The phosphate buffer is commonly employed in 

biology whereas the DPBS adds additional salts which are commonly found in cells. All 

buffers were adjusted to pH 7.4 before use. Unless otherwise stated, this pH was used 

throughout the thesis. 

The stability of the ynamine 2.1 was monitored in the different buffer systems over 24 h in the 

presence of 10 mM GSH (Figure 2.7). About 80% of ynamine 2.1 remained intact in water 

and 1X DPBS and about 75% in 10X DPBS after 24 h. In contrast, only ~15% and ~10% of 

ynamine 2.1 remained in 0.1 M and 0.2 M phosphate buffer, respectively. 
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Figure 2.7. Stability of ynamine (2.1) in the presence of GSH (10 mM) after 24 h in different buffer systems. 

Conditions: 2.1 (200 µM), GSH (10 mM), 10% MeOH in aqueous buffer (for composition of each buffer see 

Experimental Table 2.2), rt, 24 h. Buffer pH = 7.4. Error bars represent the standard deviation calculated from three 

experiments. 

 

The difference in stability is not caused by buffer concentration or ionic strength, as there was 

negligible difference between either 1X DPBS and 10X DPBS or 0.1 M and 0.2 M phosphate 

buffer. When the concentrations of the buffers match (10X DPBS and 0.1 M phosphate buffer) 

a drastic difference in stability was observed. Therefore, the difference was likely caused by 

buffer composition. The DPBS buffer contains both magnesium and calcium (albeit low, ~0.5 

and ~0.7 mM in 1X DPBS) which could interact with GSH and reduce its reactivity. On the 

basis of these results, 1X DPBS was used in further experiments.  

 

Two new species were observed in the HPLC chromatogram, which were assumed to be the 

degradation products.  After a scale up reaction, compounds 2.30 and 2.31 (Table 2.1) were 

isolated. The 1H-NMR spectrum of 2.30 showed an AB-type coupling of 7.6 Hz, which is 

diagnostic for Z-alkenes whereas a coupling constant of 2.4 Hz for 2.31 was indicative of the 

geminal isomer (Figure 2.8). 
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Figure 2.8. (A) J-coupling and NOSEY interactions of isomer 2.30. (B) J-coupling of isomer 2.31. 

 

In the studied buffers, a slight preference towards isomer 2.30 (ratio = 6:4) was observed 

(Table 2.1), except for 1X DPBS where 2.30 was heavily favoured (ratio = 4:1). 
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Table 2.1. Ratios and conversion of degradation products (2.30 and 2.31) in the different buffers. 

 

Entry Buffer Ratio (2.30:2.31) 
Conversion (%) 

2.30/2.31 

1 Water ~ 6:4 6/4 

2 1X DPBS ~ 4:1 9/2 

3 10X DPBS ~ 1:1 4/4 

4 0.2 M PB ~ 6:4 43/31 

5 0.1 M PB ~ 6:4 48/38 
Conditions: 2.1 (200 µM), GSH (10 mM), 10% MeOH in aqueous buffer (pH 7.4), rt, 24 h. 

 

The two degradation products are likely produced through different mechanisms (Scheme 

2.16A). Compound 2.31 is the classical Markovnikov product resulting from nucleophilic 

attack of the GSH thiol group at the ynamine C, whereas 2.30 is likely formed via an anti-

Markovnikov addition at Cβ (Scheme 2.16). 

If an electron withdrawing group is present adjacent to the triple bond, 2.30 could also be 

formed through nucleophilic addition as observed with phosphorus(V) alkynes (Scheme 

2.16C).209 For the ynamine 2.1, stabilisation of the negative charge by the adjacent 

benzimidazole could be conceivable (2.36, Scheme 2.16D).  
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Scheme 2.16. (A) Possible pathways to degradation products 2.30 and 2.31. (B) Proposed mechanism of either 

radical or nucleophilic degradation of 2.1 by GSH. GSH radicals could be formed through the presence of copper. 

(C) Literature example of formation of the anti-Markovnikov Z-isomer via nucleophilic addition.209 (D) Potential 

mechanism for formation of 2.30 via nucleophilic addition instead of radical degradation. 

 

If this is indeed the case, then increasing the pH should increase the propensity of the thiolate 

(2.37) form of GSH (Figure 2.9)210 and lead to increased degradation. 
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Figure 2.9. Thiolate form of GSH (2.37) present at pH 7 – 8 (1 – 10%). Percentage increases at higher pH.211  

 

2.4.4.2 Influence of pH on the Susceptibility of Ynamines to Glutathione Addition 

The pH dependence of the reactivity of ynamine 2.1 with GSH over 24 h was explored by 

adjusting the pH of a 1X DPBS solution to either 4, 7 and 11 with HCl or NaOH (Figure 2.10). 

The pH of these solutions had a negligible effect on the stability of 2.1. This implied that the 

protonation state of the thiol did not play a key role in the degradation mechanism, which 

suggested a radical-mediated degradation pathway. However, the pH was not measured after 

the reaction and the buffering capacity of the system at pH 4 was likely limited. Therefore, 

more investigation might be needed to confirm these results. 
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Figure 2.10. Influence of pH on the stability of ynamine 2.1 in the presence of GSH (10 mM) after 24 h. Conditions: 

2.1 (200 µM), GSH (10 mM), 10% MeOH in 1X DPBS, rt, 24 h. Error bars represent the standard deviation 

calculated from three experiments. 

2.4.4.3 The Effect of Copper and Glutathione Concentration on Ynamine 

Reactivity 

The concentrations of the Cu(II) source and GSH were then investigated. A final concentration 

of 350 µM of Cu(OAc)2 was used in the reaction relative to 200 µM for ynamine 2.1. The 
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concentration of GSH was varied (1, 2, 5 and 10 mM) and the experiments performed both in 

the presence and absence of a Cu(II) source (Figure 2.11A and B). 

In the absence of a Cu(II) source, the amount of 2.30 and 2.31 formed generally correlated 

with GSH concentrations (Figure 2.11A). At 1 and 2 mM GSH, about 10% of 2.30 and 2.31 

were formed in a ratio of 6:4. This increased to ~20% at 10 mM GSH and the ratio shifted 

towards 2.30 as the major degradation product. Peculiarly, at 5 mM GSH, less 2.30 (2%) and 

2.31 (1%) were formed. Although this experiment was performed in triplicate it would be 

useful to repeat this experiment to confirm the findings. 

The presence of Cu(OAc)2 resulted in the exclusive formation of 2.30 and the amount 

correlated with the GSH concentration. At 1 – 2 mM GSH, about 3% of 2.30 was formed 

which increased to 25% (5 mM GSH) and 27% (10 mM). Closer inspection of the reaction 

time-course revealed that no further 2.30 was produced after 4 h in the presence of 1 – 2 mM 

GSH whereas 2.30 was continuously produced at higher GSH concentrations. 
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Figure 2.11. (A) Influence of a range of GSH concentrations (1, 2, 5 and 10 mM) on ynamine 2.1 stability after 24 

h. Conditions: 2.1 (200 µM), GSH (1, 2, 5 or 10 mM), 10% MeOH in 1X DPBS, rt, 24 h. (B) Influence of Cu(OAc)2 

(350 µM) addition on ynamine 2.1 reactivity with GSH (1, 2, 5 and 10 mM). Conditions: 2.1 (200 µM), Cu(OAc)2 

(350 µM), GSH (1, 2, 5 or 10 mM), 10% MeOH in 1X DPBS, rt, 24 h. Buffer pH = 7.4. Error bars represent the 

standard deviation calculated from three experiments. (C) Waterfall plot of stacked chromatograms showing 

continuous production of GSSG and 2.30 in the presence of Cu(OAc)2 (350 µM). Conditions: 2.1 (200 µM), 

Cu(OAc)2 (350 µM), GSH (1, 2, 5 or 10 mM), 10% MeOH in 1X DPBS, rt, 24 h. Buffer pH = 7.4. 

 

Previous work had shown that mixing GSH with Cu(II) resulted in the formation of a Cu(I)-

GSH complex and GSSG were produced (Scheme 2.17).160 The Cu(I)-complex (2.38) can 

react with oxygen continuously to produce superoxide. This reaction is reversible unless 

superoxide is consumed (i.e., auto-dismutation) and a Cu(II)-GSSG (2.40) complex is 

produced.165 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

83 

 

At high excesses of GSH, the Cu(II)-GSSG complex can be reduced back to the Cu(I)-GSH 

(2.38) complex by GSH.166 Therefore, as long as superoxide is removed, GSH is continuously 

consumed to form GSSG. Once fully consumed, this cycle stops and no reduced GSH is 

present in the system. 

 

Scheme 2.17. Summary of GSH and copper redox chemistry.165,166 

 

This is what is observed in experiments shown in Figure 2.11B (1 and 2 mM GSH), where the 

formation of GSSG plateaus after 4 h (see Experimental Figure 2.19) and coincides with no 

further formation of 2.30. In contrast, at high concentration of GSH (5 and 10 mM), GSSG is 

continuously formed over 24 h and presumably GSH radicals are also continuously formed 

which can react with ynamine 2.1 to form 2.30.166 

 

Finally, to explore if the reactivity of 2.1 could be due to a radical-based mechanism, the 

reaction with 5 mM GSH and Cu(OAc)2 (350 µM) was repeated in the presence of the radical 

scavenger TEMPO (3.5 mM) (Figure 2.11B). Unexpectedly, the addition of TEMPO did not 

significantly reduce the amount of 2.30 formed (from ~25% to 20%). Contrary to previous 

experiments (pH and addition of copper) this would speak against a radial mechanism. 

However, TEMPO is also known to react with superoxide,165 which is produced by GSH in 

the presence of copper. Further experiments are needed to conclusively confirm whether a 

radical-mediated mechanism is in place. 
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In summary, ynamine 2.1 reacts with GSH to form the addition products 2.30 and 2.31, with 

the amount of these products influenced by the nature of the buffer system and the presence 

of a Cu(II) source. 

2.4.5 Susceptibility of Common Bio-orthogonal Reagents to Reactivity with 

Glutathione 

First, the stability of the alkynes (2.1, 2.9 – 2.11) was monitored in the presence of GSH (10 

mM) in 1X DPBS over 24 h (Figure 2.12). The concentration of 10 mM GSH was chosen to 

simulate the highest physiological concentration that could be encountered by these reagents. 

The results for ynamine 2.1 are added to the figure for comparison. 

All alkynes displayed good stability after 24 h (> 80%). Alkyne 2.10 did not react with GSH 

and the propiolic alkyne 2.9 was also stable with around 93% remaining. Only ~80% of 

propargylic alkyne 2.11 remained after 24 h but the result displayed a large standard deviation. 

No new peaks were detected in the HPLC chromatogram therefore it is possible that the 

decrease in peak area was not due to degradation but precipitation. 

Out of all the alkynes tested, GSH degraded the ynamine 2.1 the most (excluding 2.11, where 

degradation was uncertain), which could indicate reduced in vivo stability. However, the 

amount ynamine 2.1 remaining after 24 h is still comparable to the other alkynes. 
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Figure 2.12. Stability of alkynes (2.1, 2.9 – 2.11) in the presence of GSH (10 mM) after 24 h. Conditions: 2.1, 2.9 

– 2.11 (200 µM), GSH (10 mM), 10% MeOH in 1X DPBS, rt, 24 h. Buffer pH = 7.4 Error bars represent the 

standard deviation calculated from three experiments. 

 

The same experiment was repeated with bio-orthogonal reagents (2.12 – 2.15), which all 

displayed good stability in the presence of GSH (Figure 2.13). Especially DBCO 2.12 and 

cyclopropene 2.15 (91% and 93%) did not react much with GSH and cyclooctyne 2.13 and 

tetrazine 2.14 were slightly less stable (87% and 85%). 
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Figure 2.13. Stability of biorthogonal reagents (2.12 – 2.15) in the presence of GSH (10 mM) after 24 h. 

Conditions: 2.12 – 2.15 (200 µM), GSH (10 mM), 10% MeOH in 1X DPBS, rt, 24 h. Buffer pH = 7.4. Error bars 

represent the standard deviation calculated from three experiments. 

 

Cyclopropenes have been reported to be unreactive towards thiols (i.e., 1 equiv of cysteine). 

121,122 This matches with the excellent stability towards GSH observed for cyclopropene 2.15, 

although GSH was present in a 50-fold excess.  The result for tetrazine 2.14 is also comparable 

to the stability reported in FBS where ~75% remained after 10 h at 37 °C.201 

Unexpectedly, DBCO 2.12 was very stable towards GSH, although it had previously been 

reported as thiol reactive,176 but potentially stability can differ depending on reaction 

conditions or the local micro-environment (i.e. adjacent amino acids in protein) could 

influence stability.177 

2.4.6 Influence of Glutathione on the CuAAC Reaction 

To increase the scope of the investigation of the CuAAC reaction in the presence of GSH, it 

was decided to expand the azide substrates from benzyl azide (2.2) to also include azido-

ethanol (2.41) and picolyl azide (2.42) (Figure 2.14). This scope covers a range of chemical 

properties - hydrophobic, hydrophilic, and copper chelating - which should highlight any 

changes in reactivity. 
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Figure 2.14. Structures of expanded azide scope. 

 

Triazole products were first synthesised as reference compounds to determine retention times 

the HPLC assay. The CuAAC reactions with ynamine 2.1 were carried out according to the 

standard procedure used in the group (10% Cu(OAc)2 in MeOH) (Scheme 2.18A). No NaAsc 

was added as the ynamine is known to react without it.151 The yields obtained were moderate 

(40 – 73%) for click reactions. 

Next, the reactions with propiolic alkyne 2.9 were carried out using the same procedure, as 

they were also shown to be reactive in the absence of NaAsc (Scheme 2.18A).153  

The rest of the triazoles (except 2.44a) were synthesised with the addition of 1 equivalent of 

NaAsc and yields ranged from 20% to 67%, which again are low for CuAAC reactions 

(Scheme 2.18B). 
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Scheme 2.18. (A) Synthesis of 2.3a – c and 2.43a – c. Conditions: 2.1 or 2.9 (1 equiv), 2.3, 2.41 or 2.42 (1.1 equiv), 

Cu(OAc)2 (0.1 equiv), rt, overnight. (B) Synthesis of 2.44a – c and 2.45a – c. Conditions: 2.10 or 2.11 (1 equiv), 

2.3, 2.41 or 2.42 (1.1 equiv), Cu(OAc)2 (0.1 equiv), NaAsc (1 equiv), rt, overnight. 
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Due to the low yields, the influence of Cu-chelating ligands on triazole formation was 

explored.  The addition of THPTA improved the yield of 2.45a from 20% to 67% and triazole 

2.44a was obtained in 94% yield (Scheme 2.19A). A cheaper alternative ligand for THPTA is 

AMTC, which is easily synthesised.212 The reaction to form 2.43b was repeated with the 

addition of AMTC and the yield increased from 32% to 67%. 

 

Scheme 2.19. (A) Improved synthesis of 2.44a and 2.45a using THPTA. Conditions: 2.10 or 2.11 (1 equiv), 2.2 

(1.1 equiv), Cu(OAc)2 (0.05 equiv), THPTA (0.1 equiv) NaAsc (0.1 equiv). (B) Improved synthesis of 2.43b 

using AMTC. Conditions: 2.9 (1 equiv), 2.41 (1.1 equiv), Cu(OAc)2 (0.05 equiv), AMTC (0.1 equiv), NaAsc (0.1 

equiv), rt, overnight. 

 

Next, conditions were explored to optimize the formation of triazole 2.3 in the presence of a 

Cu(II) source and GSH (Figure 2.15). Conditions such as GSH concentration (1 – 6.5 mM), 

copper sources (CuI and Cu(OAc)2), copper concentration (200 – 400 µM) and benzyl azide 
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2.2 concentration (200 – 800 µM) were explored (Experimental Table 2.3). High GSH 

concentrations inhibited the reaction completely, but conversion was observed at 1 mM GSH. 

By increasing copper (to 350 µM) and azide concentration (to 500 µM) the reaction was 

optimised to reach full conversion within 2 h (Figure 2.15). 
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Figure 2.15. Reaction profile for the optimised reaction of 2.1 with benzyl azide (2.2) in the presence of a Cu(II) 

source and GSH (1 mM). Conditions: 2.1 (200 µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), GSH (1 mM), 10% MeOH 

in 1X DPBS, rt, 2 h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three 

experiments. 

 

With the optimised conditions in hand, the reactivity of the synthesised alkyne panel (2.1, 2.9 

– 2.11) with the different azides (2.2, 2.41 and 2.42) was analysed. 

 

However, when alkynes 2.9 – 2.11 were incubated with benzyl azide (2.2) using the optimal 

conditions, no conversion for alkynes 2.9 and 2.10 was observed after 24 h (Experimental 

Table 2.4). This could be caused by the absence of a reductant as the CuAAC reaction is 

exclusively catalysed by Cu(I). 

The optimised conditions do not include such a reductant with the assumption that GSH acts 

as a reductant. In control experiments (in the absence of GSH), no conversion was observed 

for alkynes 2.9 – 2.11 (after 24 h) unless 1 mM NaAsc was added (Experimental Table 2.5). 

This afforded full conversion for alkynes 2.9 – 2.11 in under 8 h (Experimental Table 2.6). 
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Therefore, the following experiments were repeated using the optimal condition and 1 mM 

NaAsc. 

 

Under these conditions, the overall alkyne reactivity followed the trend: 2.1 > 2.9 > 2.11 > 

2.10 and the overall azide reactivity followed the trend: picolyl azide (2.42) > benzyl azide 

(2.2) > azido-ethanol (2.41) (Figure 2.16A-C). The conversion for ynamine 2.1 decreased over 

time and a precipitate formed during the reaction in the HPLC vials, which was assumed to be 

triazole product 2.3. This precipitate also formed when triazole 2.3 (200 µM) was prepared in 

a HPLC vial separately, strengthening this hypothesis. 

In detail, 2.1 was more reactive than the other alkynes, reaching full conversion in under 5 h 

(except for the reaction with azido-ethanol). In comparison, none of the other alkynes reached 

full conversion with benzyl azide or azido-ethanol in 24 h. 

In terms of azide reactivity, full conversion for all alkynes in under 14 h is only observed with 

picolyl azide 2.42 (Figure 2.16C). This effect was especially pronounced for the aliphatic 

alkyne (2.9), going from <20% conversion (with benzyl azide 2.2, Figure 2.16A) after 24 h to 

100% (with picolyl azide 2.42, Figure 2.16C) in under 15 h. 
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Figure 2.16. (A) Alkyne reactivity (2.1, 2.9 – 2.11) with benzyl azide (2.2) in the presence of GSH (1 mM). 

Conditions: 2.1, 2.9 – 2.11 (200 µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), GSH (1 mM), NaAsc (1 mM), 10% 

MeOH in 1X DPBS, rt, 24 h. *Conversion decreased due to precipitation of 2.3. (B) Alkyne reactivity (2.1, 2.9 – 

2.11) with azido-ethanol (2.41) in the presence of GSH (1 mM). Conditions: 2.1, 2.9 – 2.11 (200 µM), Cu(OAc)2 

(350 µM), 2.41 (500 µM), GSH (1 mM), NaAsc (1 mM), 10% MeOH in 1X DPBS, rt, 24 h. (C) Alkyne reactivity 

(2.1, 2.9 – 2.11) with picolyl azide (2.42) in the presence of GSH (1 mM). Conditions: 2.1, 2.9 – 2.11 (200 µM), 

Cu(OAc)2 (350 µM), 2.41 (500 µM), GSH (1 mM), NaAsc (1 mM), 10% MeOH in 1X DPBS, rt, 24 h. Buffer pH 

= 7.4. Shaded areas represent the standard deviation calculated from three experiments. 
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The observed alkyne reactivity follows the expected pattern of propiolic > propargylic > 

aliphatic which matches with literature reports153,198 and the copper chelating effect of picolyl 

azide (2.42)78 minimised the reactivity difference across the alkyne series. For the ynamine 

2.1, the difference between benzyl azide (2.2) and picolyl azide (2.42) was only minimal. This 

highlights the already high reactivity of the ynamine, which is only increased slightly by 

copper chelating azides such as 2.42. 

The reactivity for all alkynes was the lowest with azido-ethanol (2.41), which is readily soluble 

in water. The difference in reactivity might be explained by the “on-water” effect, which was 

observed for multiple cycloadditions.213–215 It is thought that aggregation of hydrophobic 

molecules in aqueous environments increases the effective local concentration which then 

increases reaction speed.216,217 The observation that azido-ethanol (2.41) is the least reactive 

azide could be explained by this effect. 

 

In summary, the addition of GSH lengthened reaction times for all alkynes (2.1, 2.9 – 2.11) 

with benzyl azide to reach full conversion in under 6 h to more than 24 h (in case of 2.9 – 

2.11). Ynamine 2.1 was least affected by the addition of GSH and retained superior reactivity 

compared with other alkynes which were also unreactive unless NaAsc was added. Picolyl 

azide (2.42) markedly increased reaction rates while the water-soluble azido-ethanol led to 

slower reaction rates. 

2.4.7 Influence of Glutathione on SPAAC/IEDDA Cycloadditions 

Reagents 2.12 and 2.13 (200 µM each) were reacted with benzyl azide 2.2 (500 µM) (Figure 

2.17A), whereas cyclopropene 2.15 (200 µM) was reacted with tetrazine 2.14 (500 µM) 

(Figure 2.17B) first in the absence and then in the presence of GSH (1 mM).The addition of 1 

mM GSH did not affect the SPAAC and IEDDA cycloadditions (Figure 2.17C and D). DBCO 

2.12 reached full conversion in under 2 h in both experiments, cyclopropene 2.15 ~95% after 

24 h, while cyclooctyne 2.13 reached a maximum conversion of ~80% (conversion decreased 

due to precipitation). 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

94 

 

 

0 5 10 15 20

0

20

40

60

80

100

C
o

n
v

e
rs

io
n

 (
%

)

Time (h)

 2.46a/b  2.47a/b  2.48

C) 

0 5 10 15 20

0

20

40

60

80

100

C
o

n
v

e
rs

io
n

 (
%

)

Time (h)

 2.46a/b  2.47a/b  2.48

D)

 

Figure 2.17. (A) Scheme for reaction of 2.12 and 2.13 with benzyl azide (2.2) in the presence and absence of GSH 

(1 mM). (B) Scheme for reaction of 2.15 with tetrazine (2.14) in the presence and absence of GSH (1 mM). (C) 

Reaction profiles for reactions A – B in the absence of GSH. Conditions: 2.12 or 2.13 (200 µM), 2.2 (500 µM), 

GSH (±1 mM), 10% MeOH in 1X DPBS, rt, 24 h.  (D) Reaction profiles for reactions A – B in the presence of 

GSH (1 mM). Conditions: 2.15 (200 µM), 2.14 (500 µM), GSH (±1 mM), 10% MeOH in 1X DPBS, rt, 24 h. 

*Conversion of 2.15 to 2.48 calculated based on consumption of starting material, as multiple IEDDA products 

were formed. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 
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These experiments highlight the significant differences in reactivities among copper-free click 

reagents. For the SPAAC reaction, DBCO 2.12 outclasses cyclooctyne 2.12 in terms of 

reaction rate. Driven by commercial availability and superior reactivity, DBCO has become 

the reagent of choice for SPAAC reactions.200,218 Similar observations apply to cyclopropene 

2.15. Full conversion was not reached in 24 h, whereas reactions with other IEDDA reagents 

(i.e., TCO or BCN) with tetrazines are known to reach full conversion within minutes.126,219  
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2.5 Summary of Chapter 2 

An HPLC assay was developed to investigate the influence of biologically relevant GSH 

concentrations of common bio-orthogonal reagents, with particular focus on exploring the 

reactivity of ynamine 2.1. All reagents displayed good stability (> 75%) after 24 h in the 

presence of the highest physiologically relevant GSH concentration (10 mM). The 

susceptibility of 2.1 to form GSH adducts was influenced by the type of buffer and the presence 

of a Cu(II) source. It is proposed that the Z-alkene GSH adduct (2.30) could be formed by a 

radical-mediated reaction whereas the geminal isomer (2.31) could be formed through a 

nucleophilic addition. However, further experiments will be carried out in the future to confirm 

this hypothesis. 

Whilst high concentrations of GSH (> 1 mM) inhibited the CuAAC reaction of ynamine 2.1 

with benzyl azide (2.2), full conversion was achieved in under 4 h at a GSH concentration of 

1 mM. When the CuAAC reactivity of other alkynes (2.9 – 2.11) with several azides (2.2, 2.40 

and 2.41) was compared under the same conditions, it revealed ynamine reactivity was 

superior under all circumstances.  

Unlike CuAAC reagents, the reactivity of SPAAC or IEDDA was unaffected by the presence 

of GSH, which highlights their advantage for in vivo bioconjugation. However, the solubilities 

of copper-free click reagents in aqueous media can be poor, which hampers biological 

applications. Furthermore, both SPAAC and IEDDA produce ranges of products and not a 

single isomer as the CuAAC reaction. SPAAC reagents also tend to be bulky, expensive, and 

difficult to synthesise. The ynamine was shown to be more reactive than conventional alkynes 

in the presence of GSH and on par with copper-free reagents. 
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2.6 Experimental 

2.6.1 General Experimental Techniques and Procedures 

2.6.1.1 Reagents and Solvents 

All reagents and solvents were used as supplied from commercial sources without further 

purification unless otherwise stated. Thin layer chromatography (TLC) was carried out using 

Merck silica plates coated with fluorescent indicator UV254. TLC plates were analysed under 

254 nm UV light or developed using potassium permanganate solution. 

2.6.1.2 Column Chromatography 

Normal-phase flash chromatography was carried out using ZEOprep 60 HYD 40-63 μm silica 

gel. 

2.6.1.3 NMR Spectroscopy 

NMR spectroscopy was carried out using either a Bruker 400 UltraShield™  B-ACS 60 

spectrometer, Bruker AV500 spectrometer at 500 MHz (1H) and 126 Hz (13C) or Bruker 

AV600 spectrometer at 156 Hz (13C). All chemical shifts () in CDCl3 were referenced at 7.26 

(1H) and 77.06 ppm (13C), in DMSO-d6 at 2.50 (1H) and 39.52 (13C), in D2O at 4.79 ppm (1H) 

and in CD3OD at 3.31 (1H) and 49.0 ppm (13C) and reported in parts per million (ppm). 

Coupling constants are quoted in hertz (Hz). Abbreviations for splitting patterns are s (singlet), 

br. s (broad singlet), d (doublet), dd (doublet of doublets), ddd (doublet of doublets of 

doublets), t (triplet), td (triplet of doublets), app. t (apparent triplet), q (quartet) and m 

(multiplet). All NMR data were processed using Mestrenova 11.0 software. Proton and carbon 

chemical shifts were assigned using proton (1H), carbon (13C), Heteronuclear Single Quantum 

Coherence (HSQC), Heteronuclear Multiple-Bond Correlation Spectroscopy (HMBC), 

Correlation Spectroscopy (COSY) and Nuclear Overhauser Effect Spectroscopy (NOESY) 

whenever possible (see Appendix for assigned protons/carbons). 

2.6.1.4 High Resolution Mass Spectrometry 

High-resolution mass spectra were recorded on an LTQ Orbitrap XL 1 mass spectrometer at 

the EPSRC UK National Mass Spectrometry Facility (Swansea), a Thermo Exactive Orbitrap 

mass spectrometer at the University of St Andrews and a Bruker Micro TOF II at the university 

of Edinburgh. 
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2.6.1.5 IR Spectroscopy 

IR data were collected on either an Agilent or Shimadzu FTIR spectrometer and the data 

processed using the proprietary software. Only major absorbances were reported. 

2.6.2 Liquid Chromatography-Mass Spectrometry (LC-MS) and Ultra-

Performance-Mass-Spectrometry (UPLC-MS) 

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent 

Quadrupole mass detector on an Agilent Poroshell 120 C18 column (75 mm × 4.6 mm, 2.7 

µm). UPLC-MS was carried out on an AVANT UPLC with an Advion Expression CMS L 

attached for mass detection on a Phenomenex Kinetex C18 column (30 mm × 2.1 mm, 2.7 

µm). Electrospray ionization (ESI) was used in all cases. 

2.6.3 Synthetic Procedures 

(bromoethynyl)triisopropylsilane (2.6)196 

 

A mixture of N-bromosuccinimide (7.52 g, 42.2 mmol), TIPS acetylene (7.7 g, 41.6 mmol) 

and silver nitrate (650 mg, 3.82 mmol) in acetone (37 ml) was covered in foil and stirred 

overnight at room temperature. The reaction mixture was filtered through a celite pad and 

concentrated under vacuum to give a yellow oil. The residue was dissolved in petroleum ether 

and filtered through silica and eluted with petroleum ether. The solvents were removed under 

vacuum and the desired product was obtained as a clear liquid (10.49 g, 96%). 

1H NMR (500 MHz, CDCl3) δ 1.11 – 1.06 (m, 21H). 

13C NMR (126 MHz, CDCl3) δ 83.5, 61.8, 18.5, 11.4. 

NMR spectra in accordance with literature values.220 

 

5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole (2.8)197 

 

5,6-Dimethyl-1H-benzo[d]imidazole (100 mg, 0.68 mmol), caesium carbonate (266 mg, 0.82 

mmol), copper iodide (6.5 mg, 3.4 µmol) and PEG 400 (27 mg, 6.8 µmol) were dissolved in 

dry dioxane (2.2 mL). The mixture was degassed under vacuum three times (20 min, 10 min, 

5 min) and (bromoethynyl)triisopropylsilane (195 mg, 0.75 mmol) was added. The reaction 
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mixture was heated to reflux (110 °C) for 40 h under an argon atmosphere. The reaction was 

allowed to reach room temperature and the diluted with diethyl ether (20 mL). The mixture 

was washed with sat. EDTA solution (pH 3, 20 mL) and brine (20 mL) and then dried over 

Na2SO4. The organic phase was concentrated under vacuum and purified by flash column 

chromatography (0 – 10% ethyl acetate in petroleum ether) to give the desired compound as a 

colourless oil (176 mg, 80%). 

1H NMR (500 MHz, CDCl3) δ 7.97 (s, 1H), 7.55 (s, 1H), 7.29 (s, 1H), 2.41 (s, 3H), 2.38 (s, 

3H), 1.19 – 1.14 (m, 21H). 

13C NMR (126 MHz, CDCl3) δ 143.0, 140.3, 134.2, 133.0, 133.0, 120.8, 111.2, 90.6, 72.4, 

20.6, 20.3, 18.7, 11.3. 

NMR spectra in accordance with literature values.153 

 

1-ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (2.1)197 

 

5,6-Dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole (4.0 g, 12.5 mmol) was 

dissolved in acetonitrile (62 mL), fluoride on polymer (415 mg, 12.5 mmol) was added and 

the reaction was stirred at room temperature overnight. Then the reaction mixture was filtered, 

and the filtrate was concentrated under vacuum. The residue was purified by flash column 

chromatography (0 – 20% ethyl acetate in petroleum ether) and the desired product was 

obtained as a white solid (1.99 g, 94%). 

1H NMR (500 MHz, CDCl3) δ 7.98 (s, 1H), 7.56 (s, 1H), 7.35 (s, 1H), 3.26 (s, 1H), 2.41 (s, 

3H), 2.38 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 144.0, 143.6, 143.1, 128.2, 114.4, 111.3, 105.7, 90.6, 72.4, 

18.7, 11.3. 

IR (𝜈max): 3195 (sp C-H), 3107 (ar. C-H), 2148 (C≡C), 1492 (ar. C=C), 1460 (ar. C=C) cm-1. 

NMR spectra in accordance with literature values.197 

 

N5-((R)-1-((carboxymethyl)amino)-3-(((Z)-2-(5,6-dimethyl-1H-benzo[d]imidazol-1-

yl)vinyl)thio)-1-oxopropan-2-yl)-L-glutamine (2.30) and N5-((R)-1-((carboxymethyl)amino)-

3-((1-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)vinyl)thio)-1-oxopropan-2-yl)-L-glutamine 

(2.31) 
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1-Ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (20 mg, 0.12 mmol) and glutathione (370 mg, 

1.2 mmol) were dissolved in a mixture of acetonitrile and 0.2 M sodium phosphate buffer. The 

reaction was stirred at room temperature for 2 weeks. Then water and diethyl ether were added, 

and phases separated. The aqueous layer was washed again with diethyl ether, then water was 

evaporated under vacuum, and the residue purified by semi-preparative HPLC to yield 2.30 (6 

mg, 10%) and 2.31 (1 mg, 2%) as a white solid. 

Compound 2.30: 1H NMR (500 MHz, D2O) δ 9.24 (s, 1H), 7.63 (s, 1H), 7.52 (s, 1H), 7.19 (d, 

J = 7.6 Hz, 1H), 6.98 (d, J = 7.6 Hz, 1H), 4.66 (dd, J = 8.3, 5.5 Hz, 1H), 3.94 (s, 2H), 3.79 (t, 

J = 6.5 Hz, 1H), 3.43 (dd, J = 14.5, 5.5 Hz, 1H), 3.23 (dd, J = 14.5, 8.3 Hz, 1H), 2.47 – 2.41 

(m, 8H), 2.03 (dd, J = 14.3, 7.3 Hz, 2H). 

13C NMR (151 MHz, D2O) δ 174.4, 173.1, 171.7, 138.0, 137.7, 129.0, 118.1, 114.2, 113.0, 

112.4, 53.5, 41.4, 35.3, 31.3, 25.9, 19.7, 19.5. (2 quat. C not observed). 

HR-MS (ESI): C21H26N5O6S (M-H)− calculated 476.1609, found 476.1611. 

 

Compound 2.31: 1H NMR (500 MHz, D2O) δ 9.39 (s, 1H), 7.85 (s, 1H), 7.70 (s, 1H), 6.14 (d, 

J = 2.4 Hz, 1H), 6.07 (d, J = 2.4 Hz, 1H), 4.61 – 4.54 (m, 1H), 3.92 (s, 2H), 3.83 (d, J = 6.5 

Hz, 1H), 3.16 (dd, J = 14.7, 5.5 Hz, 1H), 2.99 (dd, J = 14.7, 8.1 Hz, 1H), 2.53 – 2.44 (m, 9H), 

2.22 – 2.08 (m, 2H). 

 

1-(4-phenylpiperazin-1-yl)prop-2-yn-1-one (2.9) 

 

Propiolic acid (500 mg, 7.14 mmol) was dissolved in MTBE (10 mL) under an argon 

atmosphere and oxalyl chloride (1.09 g, 8.57 mmol) was added dropwise followed by 2 drops 

of DMF. The reaction was left stirring for 1.5 hours and then added dropwise to a mixture of 

1-phenylpiperazine (1.39 g, 8.57 mmol) and DIPEA (4.61 g, 35.7 mmol) in MTBE (5 mL). 
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The reaction was stirred for 1.5 hours and then quenched with sat. NaHCO3 (30 mL). The 

phases were separated, and the aqueous phase was extracted with ethyl acetate (20 mL), the 

organic phases combined and washed with water (2 × 30 mL) and brine (30 mL) and then 

dried over Na2SO4. The solvents were removed under vacuum and the residue purified by 

column chromatography (25 – 30% ethyl acetate in petroleum ether) to give the desired 

product as a brown solid (271 mg, 18%). 

1H NMR (500 MHz, CDCl3) δ 7.29 (dd, J = 8.7, 7.2 Hz, 2H), 6.97 – 6.89 (m, 3H), 3.93 (app. 

t, J = 5.0 Hz, 2H), 3.81 (app. t, J = 5.0 Hz, 2H), 3.22 (app. t, J = 5.2 Hz, 2H), 3.17 (app. t, J = 

5.2 Hz, 2H), 3.15 (s, 1H). 

13C NMR (126 MHz, CDCl3) δ 151.8, 150.8, 129.3, 120.9, 117.0, 79.5, 75.3, 50.0, 49.3, 46.9, 

41.4. 

IR (𝜈max): 3205 (ar C-H), 2917 (C-H), 2103 (C≡C), 1622 (C=O) cm-1. 

HR-MS (ESI): C13H14N2OH+ calculated 215.1179, found 215.1179. 

Side product (2.20a or 2.20b): 

1H NMR (500 MHz, CDCl3) δ 7.32 (d, J = 12.9 Hz, 1H), 7.31 – 7.27 (m, 2H), 6.96 – 6.89 (m, 

3H), 6.73 (d, J = 12.9 Hz, 1H), 3.83 (s, 2H), 3.69 (s, 2H), 3.20 (t, J = 5.1 Hz, 4H). 

13C NMR (126 MHz, CDCl3) δ 162.7, 150.7, 135.6, 129.3, 123.4, 120.8, 116.8, 49.9, 49.4, 

45.8, 41.9. 

 

N-phenylhept-6-ynamide (2.10)221 

 

Hept-6-ynoic acid (200 mg, 1.58 mmol), aniline (162 mg, 1.74 mmol) and 4-

dimethylaminopyridine (20 mg, 0.16 mmol) were dissolved in dichloromethane (10 mL). DCC 

(326 mg, 1.58 mmol) was dissolved in dichloromethane (10 mL) and slowly added to the 

stirred solution. After 4 h the suspension was cooled in an ice bath and filtered. The filtrate 

was collected and washed with 5 % wt HCl (2 × 20 mL), saturated NaHCO3 (20 mL) and brine 

(20 mL), then dried over anhydrous Na2SO4. The solvent was removed under vacuum and the 

residue purified by column chromatography (0 – 20% ethyl acetate in petroleum ether) to give 

the desired compound as a white solid (292 mg, 92%). 

1H NMR (500 MHz, CDCl3) δ 7.51 (d, J = 7.9 Hz, 2H), 7.36 – 7.27 (m, 3H), 7.10 (t, J = 7.4 

Hz, 1H), 2.39 (t, J = 7.5 Hz, 2H), 2.28 – 2.20 (m, 2H), 1.97 (t, J = 2.6 Hz, 1H), 1.91 – 1.80 

(m, 2H), 1.67 – 1.57 (m, 2H). 
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13C NMR (126 MHz, CDCl3) δ 170.9, 137.9, 129.0, 124.3, 119.8, 84.0, 68.7, 37.1, 27.8, 24.6, 

18.2. 

IR (𝜈max): 3271 (sp C-H), 2951 (C-H), 2163 (C≡C), 1657 (C=O) cm-1. 

NMR spectra in accordance with literature values.222 

 

 (prop-2-yn-1-yloxy)benzene (2.11)223 

 

Phenol (500 mg, 5.31 mmol), propargyl bromide (790 mg, 5.31 mmol) and potassium 

carbonate (734 mg, 5.31 mmol) were dissolved in acetone and stirred overnight under reflux. 

The solution was filtered, and the solvent evaporated under vacuum. A 1H-NMR spectrum of 

crude product still showed phenol, so the crude product was dissolved in diethyl ether and 

washed with 5% wt NaOH (20 mL), brine (20 mL) and then dried over anhydrous Na2SO4. 

The solvent was evaporated under vacuum, and the desired compound was obtained as a 

yellow liquid without the need for further purification (426 mg, 61%). 

1H NMR (500 MHz, CDCl3) δ 7.35 – 7.27 (m, 2H), 7.04 – 6.95 (m, 3H), 4.70 (d, J = 2.4 Hz, 

2H), 2.52 (t, J = 2.4 Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 157.6, 129.5, 121.6, 114.9, 78.6, 75.4, 55.8. 

IR (𝜈max): 3291 (sp C-H), 2080 (C≡C), 1600 (C=C) cm-1. 

NMR spectra in accordance with literature values.224 

 

8,8-dibromobicyclo[5.1.0]octane (2.22)202 

 

Cycloheptane (3 g, 31 mmol) and potassium tert-butoxide (8.7 g, 77.5 mmol) were dissolved 

in petroleum ether 40 – 60 °C (10 mL). The resulting suspension was cooled to −10 °C and 

bromoform (11.8 g, 46.5 mmol) in petroleum ether 40 – 60 °C (5 mL) was added dropwise 

over 1 hour. Upon completion of the addition, the temperature was slowly raised to 20 °C and 

the reaction was left to stir for 2 days. The organic phase was washed with aq. 5 % HCl (2 × 

50 mL), then brine (50 mL) and dried over anhydrous Na2SO4. The solvent was removed under 

vacuum and the residue purified by column chromatography (100% petroleum ether) to afford 

the desired compound as a colourless oil (2.28 g, 28%). 

1H NMR (500 MHz, CDCl3) δ 2.30 – 2.21 (m, 2H), 1.95 – 1.84 (m, 1H), 1.87 – 1.77 (m, 2H), 

1.76 – 1.65 (m, 2H), 1.45 – 1.30 (m, 2H), 1.26 – 1.10 (m, 3H). 
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13C NMR (126 MHz, CDCl3) δ 40.7, 34.7, 32.3, 28.9, 28.0. 

NMR spectra in accordance with literature values.202 

 

methyl 2-((2-bromocyclohept-2-en-1-yl)oxy)acetate (2.23)202 

 

8,8-dibromobicyclo[5.1.0]octane (2.28 g, 8.5 mmol) was dissolved in DCM (20 mL). Methyl 

glycolate (6.89 g, 76.5 mmol) was added and the reaction flask was covered in tin foil. Then 

silver perchlorate (3.52 g, 17 mmol) was added in one portion and the reaction was stirred for 

3 hours. The reaction was quenched with saturated sodium hydrogen carbonate solution (50 

mL) and brine (50 mL). The precipitated solid was filtered off and washed with MTBE (then 

discarded). The combined filtrate was separated, and the organic phase was washed with water 

(2 × 50 mL) and then dried over anhydrous Na2SO4. The solvents were removed under vacuum 

to give crude product as a brown oil (2.15g, 96% mass recovery) and was used directly in the 

next step. 

 

2-(cyclooct-2-yn-1-yloxy)acetic acid (2.24)202 

 

Crude methyl 2-((2-bromocyclohept-2-en-1-yl)oxy)acetate (8.5 mmol, assumed) was 

dissolved in DMSO (12 mL) and sodium methoxide (30 % in methanol, 10.4 g, 57.8 mmol) 

was added. The suspension was stirred overnight, then water (50 mL) and DCM (50 mL) were 

added. The phases were separated, and the aqueous layer was washed with DCM (2 × 50 mL). 

The aqueous layer was acidified and then extracted with MTBE (2 × 50 mL). The organic 

phases were combined and washed with water (2 × 50 mL), brine (50 mL) and then dried over 

anhydrous Na2SO4. The solvents were removed under vacuum to obtain the crude product as 

a beige solid (786 mg, 50%). 

1H NMR (500 MHz, CDCl3) δ 4.42 – 4.35 (m, 1H), 4.24 (d, J = 16.7 Hz, 1H), 4.09 (d, J = 

16.7 Hz, 1H), 2.32 – 2.23 (m, 1H), 2.22 – 2.11 (m, 2H), 2.09 – 2.00 (m, 1H), 1.98 – 1.75 (m, 

3H), 1.70 – 1.62 (m, 2H), 1.55 – 1.41 (m, 1H). NMR sample was left in deuterated chloroform 

for several hours before measuring, therefore the COOH proton is not observed due to 

deuterium exchange. 

13C NMR (126 MHz, CDCl3) δ 172.9, 102.3, 90.8, 73.2, 65.7, 42.2, 34.2, 29.6, 26.2, 20.7. 

NMR spectra in accordance with literature values.202 
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2-(cyclooct-2-yn-1-yloxy)-N-phenylacetamide (2.13) 

 

Crude 2-(cyclooct-2-yn-1-yloxy)acetic acid (500 mg, 2.74 mmol), DMAP (67 mg, 0.5 mmol) 

and EDC.HCl (579 mg, 3 mmol) were dissolved in DCM (2 mL) and cooled to 0 °C. Then 

aniline (383 mg, 4.1 mmol) was added dropwise, and the reaction stirred overnight. Ethyl 

acetate (20 mL) and saturated sodium hydrogen carbonate (20 mL) were added. The phases 

were separated, and the organic phase washed with brine (20 mL) and the dried over Na2SO4. 

The solvents were removed under vacuum to obtain crude product as a yellow solid which was 

purified by column chromatography (10 – 20% ethyl acetate in petroleum ether) to obtain the 

product as a yellow solid (365 mg, 52%). 

1H NMR (500 MHz, CDCl3) δ 8.23 (br. s, 1H), 7.59 – 7.53 (m, 2H), 7.37 – 7.27 (m, 2H), 7.12 

(tt, J = 7.5, 1.2 Hz, 1H), 4.36 – 4.27 (m, 1H), 4.16 (d, J = 15.2 Hz, 1H), 4.01 (d, J = 15.2 Hz, 

1H), 2.34 – 2.22 (m, 1H), 2.26 – 2.13 (m, 2H), 2.14 – 2.01 (m, 1H), 2.02 – 1.89 (m, 1H), 1.94 

– 1.78 (m, 2H), 1.78 – 1.58 (m, 2H), 1.59 – 1.45 (m, 1H). 

13C NMR (126 MHz, CDCl3) δ 167.7, 137.3, 129.1, 124.6, 120.0, 102.3, 91.0, 73.6, 68.6, 42.4, 

34.4, 29.7, 26.4, 20.8. 

IR (𝜈max): 3376 (N-H), 3057 (ar. C-H), 2933 (C-H), 2208 (very weak, C≡C), 1695 (C=O) cm-

1. 

HR-MS (ESI): C16H19NO2H+ calculated 258.1489, found 258.1487. 

 

4-(1,2,4,5-tetrazin-3-yl)benzoic acid (2.14)203 

 

4-cyanobenzoic acid (294 mg, 2 mmol), DCM (340 mg, 4 mmol) and sulfur (128 mg, 4 mmol) 

were suspended in ethanol (2 mL). Hydrazine hydrate (64% solution, 512.8 mg, 16 mmol) was 

added slowly and the reaction heated to 50 °C for 24 hours. Then DCM and sodium nitrite (1.4 

g) in water (20 mL) were added, followed by the slow and careful addition of acetic acid (7.5 

ml). After the completion of the addition, ethyl acetate (40 mL) and water (40 mL) were added, 

the layers separated, and the aqueous phase extracted with ethyl acetate (4 × 20 mL) until 

colourless. The organic phases were combined and washed with brine (40 mL), then dried over 

anhydrous Na2SO4. The solvents were removed under vacuum and the resulting pink solid 
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purified by column chromatography (5 – 10% methanol in DCM) to give the desired 

compound as a pink solid (30 mg, 7%). 

1H NMR (500 MHz, DMSO) δ 13.36 (br. s, 1H), 10.66 (s, 1H), 8.65 – 8.59 (m, 2H), 8.25 – 

8.19 (m, 2H). 

13C NMR (101 MHz, DMSO) δ 166.7, 165.1, 158.2, 135.7, 134.4, 130.2, 128.0. 

IR (𝜈max): 2816 (very broad, COOH), 1676 (C=O) cm-1. 

NMR spectra in accordance with literature values.203 

 

2-methyl-N-phenylcycloprop-2-ene-1-carboxamide (2.15) 

 

trimethyl(prop-1-yn-1-yl)silane (673 mg, 6 mmol) and Rh(OAc)2 (88 mg, 0.2 mmol) were 

dissolved in DCM (10 mL) and ethyl diazoacetate (13% in DCM, 250 mg, 2  mmol) was added 

slowly over 1 hour. After the addition, the reaction was stirred for an additional hour, then 

filtered through Celite® (eluted with DCM) and the solvent was removed under vacuum to 

give a brown oil. The residue was then passed through a silica column (5% ethyl acetate in 

petroleum ether) to give impure a mixture of products. This mixture was then dissolved in 

methanol (10 mL),10% KOH (10 mL) was added and the reaction stirred overnight. Then 

water (20 mL) was added, and the aqueous layer was washed once with ethyl acetate (30 mL, 

discarded) and then acidified with 5% HCl, followed by extraction with ethyl acetate (2 × 50 

mL). The organic layers were combined, washed with brine (40 mL) and then dried over 

anhydrous Na2SO4. The solvents were removed under vacuum and the residue was dissolved 

in MTBE (10 mL) and put under an argon atmosphere. Oxalyl chloride (254 mg, 2 mmol) was 

added dropwise, followed by 3 drops of DMF. The mixture was stirred for 1 hour, then aniline 

(931 mg, 10 mmol) was added slowly. The reaction was stirred for another 1 hour, then MTBE 

(10 mL) was added, and the mixture washed with 5% HCl (3 × 20 mL), saturated NaHCO3 

(20 mL), brine (20 mL) and then dried over anhydrous Na2SO4. The solvents were removed 

under vacuum and the residue was purified by column chromatography (20 – 40% ethyl acetate 

in petroleum ether) to give the desired product as a beige solid (110 mg, 32%). 

1H NMR (500 MHz, CDCl3) δ 7.52 (d, J = 8.0 Hz, 2H), 7.30 (app. t, J = 8.0 Hz, 2H), 7.20 (br. 

s, 1H), 7.07 (t, J = 7.4 Hz, 1H), 6.51 (s, 1H), 2.22 (s, 3H), 2.14 (s, 1H). 

13C NMR (126 MHz, CDCl3) δ 174.3, 138.2, 128.9, 123.8, 119.4, 114.1, 96.1, 23.6, 10.8. 

IR (𝜈max): 3288 (N-H), 1650 (C=O), 1438 (C=C) cm-1. 
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HR-MS (ESI): C11H11NOH+ calculated 174.0913, found 174.0910. 

 

2-azidoethan-1-ol (2.41) 

 

Bromoethanol (6.2 g, 50 mmol) was dissolved in water (20 mL) and sodium azide (3.9 g, 60 

mmol) was added. The reaction was heated to 50 ° C for 21 hours and then cooled to rt. Sodium 

chloride was added to saturate the aqueous solution which was then extracted with diethyl 

ether (3 × 50 mL). The combined organic phases were washed with brine (50 mL) and the 

solvent was removed under a stream of air to give the desired compound as a colourless oil 

(3.1 g, 72%). 

1H NMR (500 MHz, CDCl3) δ 3.82 – 3.75 (m, 2H), 3.45 (t, J = 5.0 Hz, 2H), 1.74 (t, J = 5.9 

Hz, 1H). 

13C NMR (126 MHz, CDCl3) δ 61.6, 53.6. 

IR (𝜈max): 3361 (broad, O-H), 2097 (N3) cm-1. 

NMR spectra in accordance with literature values.225 

 

1-(1-benzyl-1H-1,2,3-triazol-4-yl)-5,6-dimethyl-1H-benzo[d]imidazole (2.3a) 

 

1-ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (200 mg, 1.17 mmol), Cu(OAc)2•H2O (24 mg, 

0.12 mmol) and benzyl azide (160 mg, 1.20 mmol) were dissolved in methanol (2 mL). The 

reaction was stirred at room temperature for 24 h, then ethyl acetate was added. The mixture 

was washed with sat. EDTA (pH 3, 2 × 30 mL), followed by brine (30 mL) and then dried over 

anhydrous Na2SO4. The solvents were removed under vacuum and the residue was purified by 

column chromatography (80% ethyl acetate in petroleum ether) to give the desired compound 

as a light yellow solid (230 mg, 64%). 

1H NMR (500 MHz, DMSO) δ 8.80 (s, 1H), 8.52 (s, 1H), 7.66 (s, 1H), 7.53 (s, 1H), 7.45 – 

7.40 (m, 4H), 7.40 – 7.34 (m, 1H), 5.73 (s, 2H), 2.36 (s, 3H), 2.33 (s, 3H). 

13C NMR (126 MHz, DMSO) δ 142.1, 141.9, 141.1, 135.5, 132.7, 131.3, 130.7, 128.9, 128.3, 

128.0, 119.9, 115.7, 111.7, 53.8, 20.1, 19.8. 

IR (𝜈max): 3090 (ar C-H), 2958 (C-H), 1584 (C=C), 1495 (C=C), 1459 (C=C) cm-1. 
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HR-MS (ESI): C18H17N5H+ calculated 304.1557, found 304.1558. 

 

2-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-imidazol-1-yl)ethan-1-ol (2.3b) 

 

1-ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (20 mg, 0.12 mmol) was dissolved in MeOH 

(2 mL). Then Cu(OAc)2•H2O (2 mg, 0.01 mmol) was added, followed by 2-azidoethan-1-ol 

(12 mg, 0.14 mmol) and the reaction was stirred at room temperature overnight. Sat. EDTA 

solution (pH 3, 20 mL) and ethyl acetate (20 mL) were added, and the phases were separated. 

The aqueous phase was extracted with ethyl acetate (20 mL) and then the combined organic 

layers were washed with brine (30 mL) and dried over anhydrous Na2SO4. The solvents were 

removed under vacuum and the residue was purified by column chromatography (3 – 10% 

MeOH in DCM) to give the desired compound as a white solid (12 mg, 40%). 

1H NMR (500 MHz, DMSO) δ 8.69 (s, 1H), 8.52 (s, 1H), 7.66 (s, 1H), 7.54 (s, 1H), 5.13 (t, J 

= 5.4 Hz, 1H), 4.52 (t, J = 5.4 Hz, 2H), 3.88 (q, J = 5.4 Hz, 2H), 2.37 (s, 3H), 2.35 (s, 3H). 

13C NMR (126 MHz, DMSO) δ 142.4, 142.1, 141.6, 133.1, 131.8, 131.2, 120.4, 116.6, 112.2, 

60.2, 53.7, 20.6, 20.3. 

IR (𝜈max): 3218 (broad O-H), 3088 (ar. C-H), 2926 (C-H), 1600 (C=C) cm-1. 

HR-MS (ESI): C13H15N5OH+ calculated 258.1349, found 258.1340. 

 

5,6-dimethyl-1-(1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole (2.3c) 

 

1-ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (20 mg, 0.12 mmol) was dissolved in MeOH 

(2 mL). Then Cu(OAc)2•H2O (2 mg, 0.01 mmol) was added, followed by picolyl azide (12 

mg, 0.14 mmol) and the reaction was stirred at room temperature overnight. Sat. EDTA 

solution (pH 3, 20 mL) and ethyl acetate (10 mL) were added, and the phases were separated. 

The aqueous phase was extracted with ethyl acetate (20 mL) and then the combined organic 

layers were washed with brine (30 mL) and dried over anhydrous Na2SO4. The solvent was 
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removed under vacuum and the residue was purified by column chromatography (5 - 10% 

MeOH in DCM) to give the desired product as a brown oil (26 mg, 73%). 

1H NMR (500 MHz, DMSO) δ 8.84 (s, 1H), 8.70 (s, 1H), 8.61 – 8.55 (m, 1H), 7.88 (td, J = 

7.7, 1.8 Hz, 1H), 7.70 (s, 1H), 7.56 (s, 1H), 7.44 (d, J = 7.6 Hz, 1H), 7.40 (ddd, J = 7.6, 4.8, 

1.1 Hz, 1H), 5.85 (s, 2H), 2.37 (s, 3H), 2.35 (s, 3H). 

13C NMR (126 MHz, DMSO) δ 154.4, 149.5, 141.8, 141.1, 140.6, 137.5, 133.1, 131.9, 130.5, 

123.5, 122.4, 119.4, 116.7, 111.9, 55.2, 20.1, 19.8. 

IR (𝜈max): 3107 (ar. C-H), 2923 (C-H), 1587 (C=C) cm-1. 

HR-MS (ESI): C17H16N6H+ calculated 305.1509, found 305.1508. 

 

(1-benzyl-1H-1,2,3-triazol-4-yl)(4-phenylpiperazin-1-yl)methanone (2.43a) 

 

1-(4-phenylpiperazin-1-yl)prop-2-yn-1-one (20 mg, 93 µmol), Cu(OAc)2•H2O (1.8 mg, 9 

µmol) and benzyl azide (13.6 mg, 102 µmol) were dissolved in methanol (2 mL). The reaction 

was stirred at room temperature for 24 h, then ethyl acetate (20 mL) was added. The mixture 

was washed with sat. EDTA (pH 3, 2 × 20 mL) solution, followed by brine (20 mL) and then 

dried over anhydrous Na2SO4. The solvent was removed under vacuum and the residue was 

purified by column chromatography (50% ethyl acetate in petroleum ether with 1% 

triethylamine) to give the desired compound as a beige solid (18 mg, 56%). 

1H NMR (500 MHz, CDCl3) δ 8.03 (s, 1H), 7.41 – 7.33 (m, 3H), 7.32 – 7.23 (m, 4H), 6.97 (d, 

J = 8.0 Hz, 2H), 6.90 (t, J = 7.3 Hz, 1H), 5.53 (s, 2H), 4.49 (s, 2H), 3.95 – 3.89 (m, 2H), 3.29 

– 3.22 (m, 4H). 

13C NMR (126 MHz, CDCl3) δ 159.7, 150.7, 144.6, 133.8, 129.3, 129.3, 129.1, 128.4, 128.4, 

120.7, 116.8, 54.4, 50.2, 49.7, 46.4, 42.6. 

IR (𝜈max): 3120 (ar C-H), 2802 (C-H), 1603 (C=C) cm-1. 

HR-MS (ESI): C20H21N5OH+ calculated 348.1819, found 348.1822. 

 

(1-(2-hydroxyethyl)-1H-1,2,3-triazol-4-yl)(4-phenylpiperazin-1-yl)methanone (2.43b) 
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1-(4-phenylpiperazin-1-yl)prop-2-yn-1-one (40 mg, 0.19 mmol) and 2-azidoethanol (18 mg, 

0.21 mmol) were dissolved in MeOH (2 mL). Then Cu(OAc)2•H2O (2 mg, 0.01 mmol) was 

added and AMTC (4.2 mg, 0.02 mmol) and NaAsc (3.7 mg, 0.02 mmol) were dissolved in the 

minimum amount of water and then added dropwise. The reaction was stirred at room 

temperature for 2 hours and then sat. EDTA solution (pH 3, 20 mL) and ethyl acetate (20 mL) 

were added, and the phases were separated. The aqueous phase was extracted with ethyl 

acetate (20 mL) and then the combined organic layers were washed with brine (30 mL) and 

dried over anhydrous Na2SO4. The solvents were removed under vacuum and the residue was 

purified by column chromatography (60% ethanol/ethyl acetate (1:3) in petroleum ether) to 

give the desired compound as a brown solid (38 mg, 67%). 

1H NMR (500 MHz, CDCl3) δ 8.27 (s, 1H), 7.32 – 7.25 (m, 2H), 6.95 (d, J = 8.2 Hz, 2H), 

6.90 (t, J = 7.3 Hz, 1H), 4.53 (app. t, J = 4.9 Hz, 2H), 4.45 (app. t, J = 5.1 Hz, 2H), 4.06 (app. 

t, J = 5.1 Hz, 2H), 3.91 (app, t, J = 5.2 Hz, 2H), 3.27 (app, t, J = 5.1 Hz, 4H). 

13C NMR (126 MHz, CDCl3) δ 160.0, 150.9, 143.8, 129.5, 129.3, 120.5, 116.6, 60.9, 52.8, 

50.0, 49.4, 46.6, 42.7. 

IR (𝜈max): 3408 (broad, O-H), 3117 (ar. C-H), 2923 (C-H), 1619 (C=O) cm-1. 

HR-MS (ESI): C15H19N5O2H+ calculated 302.1612, found 302.1606. 

 

 (4-phenylpiperazin-1-yl)(1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-yl)methanone (2.43c) 

 

1-(4-phenylpiperazin-1-yl)prop-2-yn-1-one (40 mg, 0.19 mmol) was dissolved in MeOH (2 

mL). Then Cu(OAc)2•H2O (4 mg, 0.02 mmol) was added, followed by picolyl azide (28 mg, 

0.21 mmol) and the reaction was stirred at room temperature overnight. Sat. EDTA solution 

(pH 3, 20 mL) and ethyl acetate (20 mL) were added, and the phases were separated. The 

aqueous phase was extracted with ethyl acetate (20 mL) and then the combined organic layers 

were washed with brine (20 mL) and dried over anhydrous Na2SO4. The solvent was removed 

under vacuum and the residue was purified by column chromatography (60% ethanol/ethyl 

acetate (1:3) in petroleum ether) to give the desired compound as a brown solid (9 mg, 13%). 
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1H NMR (500 MHz, CDCl3) δ 8.63 – 8.58 (m, 1H), 8.26 (s, 1H), 7.70 (td, J = 7.7, 1.8 Hz, 

1H), 7.32 – 7.21 (m, 4H), 6.96 (d, J = 8.1 Hz, 2H), 6.90 (t, J = 7.3 Hz, 1H), 5.68 (s, 2H), 4.48 

(app, t, J = 5.0 Hz, 2H), 3.94 (app. t, J = 5.1 Hz, 2H), 3.27 (app. t, J = 5.3 Hz, 4H). 

13C NMR (126 MHz, CDCl3) δ 159.7, 153.6, 150.9, 150.0, 144.6, 137.4, 129.3, 129.0, 123.7, 

122.6, 120.6, 116.7, 55.7, 50.2, 49.6, 46.5, 42.6. 

IR (𝜈max): 3123 (ar. C-H), 2793 (C-H), 1609 (C=O) cm-1. 

HR-MS (ESI): C19H20N6OH+ calculated 349.1771, found 349.1769. 

 

5-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-phenylpentanamide (2.44a) 

 

N-phenylhept-6-ynamide (20 mg, 99 µmol), Cu(OAc)2•H2O (1 mg, 5 µmol), benzyl azide (15 

mg, 110 µmol) and THPTA (5 mg, 10 µmol) were dissolved in methanol (2 mL). Sodium 

ascorbate (2 mg, 10 µmol) was dissolved in the minimum amount of water and the solution 

was added dropwise to the reaction which was stirred at room temperature for 24 h, then 

dichloromethane (20 mL) was added. The mixture was washed with sat. EDTA (pH 3, 2 × 20 

mL) solution, followed by brine (20 mL) and then dried over anhydrous Na2SO4. The solvent 

was removed under vacuum and the residue was purified by column chromatography (80% 

ethyl acetate in petroleum ether) to give the desired compound as a white solid (31 mg, 94%). 

1H NMR (500 MHz, CDCl3) δ 7.84 (s, 1H), 7.58 (d, J = 8.0 Hz, 2H), 7.40 – 7.34 (m, 2H), 

7.30 (t, J = 7.9 Hz, 2H), 7.29 – 7.23 (m, 4H), 7.08 (t, J = 7.4 Hz, 1H), 5.49 (s, 2H), 2.77 (app. 

t, J = 6.6 Hz, 2H), 2.41 (app. t, J = 6.9 Hz, 2H), 1.80 – 1.74 (m, 4H). 

13C NMR (126 MHz, CDCl3) δ 171.3, 147.7, 138.3, 134.4, 129.2, 129.0, 128.9, 128.2, 124.0, 

121.3, 119.8, 54.5, 37.0, 28.4, 24.8, 24.7. 

IR (𝜈max): 3297 (N-H), 3112 (ar. C-H), 3066 (C-H), 2936 (C-H), 1654 (C=C), 1603 (C=O) cm-

1. 

HR-MS (ESI): C20H22N4OH+ calculated 335.1866, found 335.1869. 

 

5-(1-(2-hydroxyethyl)-1H-1,2,3-triazol-4-yl)-N-phenylpentanamide (2.44b) 
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N-phenylhept-6-ynamide (40 mg, 0.2 mmol) was dissolve in MeOH (2 mL). Cu(OAc)2•H2O 

(4 mg, 0.02 mmol) was added, followed by 2-azidoethan-1-ol (19 mg, 0.22 mmol) and sodium 

ascorbate (39 mg, 0.2 mmol), then the reaction was stirred at room temperature overnight. Sat. 

EDTA solution (pH 3, 20 mL) and ethyl acetate (20 mL) were added, and the phases were 

separated. The aqueous phase was extracted with ethyl acetate (2 × 20 mL) and then the 

combined organic layers were washed with brine and dried over anhydrous Na2SO4. The 

solvent was removed under vacuum and the residue was purified by column chromatography 

(60% ethanol/ethyl acetate (1:3) in petroleum ether) to give the desired compound as a clear 

oil (24 mg, 42%). 

1H NMR (500 MHz, DMSO) δ 9.85 (s, 1H), 7.80 (s, 1H), 7.58 (d, J = 7.9 Hz, 2H), 7.27 (app. 

t, J = 7.7 Hz, 2H), 7.01 (t, J = 7.4 Hz, 1H), 4.98 (br. s, 1H), 4.33 (app t, J = 5.5 Hz, 2H), 3.75 

(app. t, J = 5.5 Hz, 2H), 2.67 – 2.60 (m, 2H), 2.37 – 2.30 (m, 2H), 1.66 – 1.61 (m, 4H). 

13C NMR (126 MHz, DMSO) δ 171.6, 146.8, 139.8, 129.1, 123.4, 122.6, 119.5, 60.4, 52.4, 

36.6, 29.1, 25.3, 25.2. 

IR (𝜈max): 3268 (N-H), 3063 (ar. C-H), 2933 (C-H), 1651 (C=O) cm-1, O-H observed but not 

reported, overlaps with N-H. 

HR-MS (ESI): C15H20N4O2H+ calculated 289.1659, found 289.1651. 

 

N-phenyl-5-(1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-yl)pentanamide (2.44c) 

 

N-phenylhept-6-ynamide (40 mg, 0.2 mmol) was dissolve in MeOH (2 mL). Cu(OAc)2•H2O 

(4 mg, 0.02 mmol) was added, followed by picolyl azide (29 mg, 0.22 mmol) and sodium 

ascorbate (39 mg, 0.2 mmol), then reaction was stirred at room temperature overnight. Sat. 

EDTA solution (pH 3, 20 mL) and ethyl acetate (20 mL) were added, and the phases were 

separated. The aqueous phase was extracted with ethyl acetate (20 mL) and then the combined 

organic layers were washed with brine and dried over anhydrous Na2SO4. The solvent was 

removed under vacuum and the residue was purified by column chromatography (70% 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

112 

 

ethanol/ethyl acetate (1:3) in petroleum ether) to give the desired compound as a clear oil 

which crystallized upon cooling (39 mg, 67%). 

1H NMR (500 MHz, DMSO) δ 9.85 (s, 1H), 8.56 – 8.51 (m, 1H), 7.92 (s, 1H), 7.80 (td, J = 

7.7, 1.8 Hz, 1H), 7.57 (d, J = 7.7 Hz, 2H), 7.37 – 7.30 (m, 1H), 7.31 – 7.22 (m, 2H), 7.20 (d, 

J = 7.9 Hz, 1H), 7.01 (t, J = 7.4 Hz, 1H), 5.64 (s, 2H), 2.69 – 2.62 (m, 2H), 2.37 – 2.29 (m, 

2H), 1.68 – 1.59 (m, 4H). 

13C NMR (126 MHz, DMSO) δ 171.6, 155.8, 149.8, 147.3, 139.8, 137.8, 129.1, 123.6, 123.4, 

123.1, 122.5, 119.5, 54.8, 36.6, 29.1, 25.3, 25.2. 

IR (𝜈max): 3275 (N-H), 3136 (ar. C-H), 2955 (C-H), 1691 (C=O) cm-1. 

HR-MS (ESI): C19H21N5OH+ calculated 336.1819, found 336.1812. 

 

1-benzyl-4-(phenoxymethyl)-1H-1,2,3-triazole (2.45a) 

 

(prop-2-yn-1-yloxy)benzene (20 mg, 151 µmol), Cu(OAc)2•H2O (1.6 mg, 8 µmol), benzyl 

azide (22 mg, 166 µmol) and THPTA (8 mg, 15 µmol) were dissolved in methanol (2 mL). 

Sodium ascorbate (3 mg, 15 µmol) was dissolved in the minimum amount of water and added 

dropwise to the reaction which was stirred at room temperature for 24 h, then dichloromethane 

(20 mL) was added. The mixture was washed with sat. EDTA solution (pH 3, 2 × 20 mL), 

followed by brine (20 mL) and then dried over anhydrous Na2SO4. The solvent was removed 

under vacuum and the residue purified by column chromatography (30% ethyl acetate in 

petroleum ether) to give the desired compound as a white solid (25 mg, 62%). 

1H NMR (500 MHz, CDCl3) δ 7.53 (s, 1H), 7.42 – 7.32 (m, 3H), 7.32 – 7.24 (m, 4H), 7.00 – 

6.93 (m, 3H), 5.53 (s, 2H), 5.19 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 158.2, 144.7, 134.4, 129.6, 129.2, 128.9, 128.2, 122.6, 121.3, 

114.8, 62.1, 54.4. 

IR (𝜈max): 3133 (ar. C-H), 2924 (C-H), 1600 (C=C), 1486 (CH2) cm-1 

HR-MS (ESI): C16H15N3OH+ calculated 266.1288, found 266.1291. 

 

2-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)ethan-1-ol (2.45b) 
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(prop-2-yn-1-yloxy)benzene (40 mg, 0.3 mmol) was dissolved in MeOH (2 mL). 

Cu(OAc)2•H2O (6 mg, 0.03 mmol) was added, followed by 2-azidoethan-1-ol (29 mg, 0.3 

mmol) and sodium ascorbate (60 mg, 0.3 mmol), then reaction was stirred at room temperature 

overnight. Sat. EDTA solution (pH 3, 20 mL) and diethyl ether (20 mL) were added, and the 

phases were separated. The aqueous phase was extracted with diethyl ether (20 mL) and then 

the combined organic layers were washed with brine (30 mL) and dried over anhydrous 

Na2SO4. The solvents were removed under vacuum and the residue was purified by column 

chromatography (80% ethyl acetate in petroleum ether) to give the desired product as a clear 

oil (13 mg, 20%). 

1H NMR (500 MHz, CDCl3) δ 7.73 (s, 1H), 7.32 – 7.26 (m, 2H), 7.00 – 6.96 (m, 3H), 5.19 (s, 

2H), 4.48 (app. t, J = 5.0 Hz, 2H), 4.07 (app. t, J = 5.1 Hz, 2H), 2.23 (br. s, 1H). 

13C NMR (126 MHz, CDCl3) δ 158.2, 144.1, 129.6, 123.9, 121.3, 114.8, 61.9, 61.1, 52.7. 

IR (𝜈max): 3283 (O-H), 3146 (ar. C-H), 2974 (C-H), 1599 (C=C), 1495 (C=C), 1212 (C-O) cm-

1. 

HR-MS (ESI): C11H13N3O2H+ calculated 220.1081, found 220.1076. 

 

2-((4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine (2.45c) 

 

(prop-2-yn-1-yloxy)benzene (40 mg, 0.3 mmol) was dissolved in MeOH (2 mL). 

Cu(OAc)2•H2O (6 mg, 0.03 mmol) was added, followed by picolyl azide (45 mg, 0.3 mmol) 

and sodium ascorbate (60 mg, 0.3 mmol), then reaction was stirred at room temperature 

overnight. Sat. EDTA solution (pH 3, 20 mL) and diethyl ether (20 mL) were added, and the 

phases were separated. The aqueous phase was extracted with diethyl ether (20 mL) and then 

the combined organic layers were washed with brine (30 mL) and dried over anhydrous 

Na2SO4. The solvents were removed under vacuum and the residue purified by column 

chromatography (70% ethyl acetate in petroleum ether) to give the desired compound as a 

clear oil (41 mg, 51%). 

1H NMR (500 MHz, CDCl3) δ 8.62 – 8.57 (m, 1H), 7.79 (s, 1H), 7.69 (td, J = 7.7, 1.8 Hz, 

1H), 7.31 – 7.26 (m, 3H), 7.20 (d, J = 7.8 Hz, 1H), 7.00 – 6.93 (m, 3H), 5.66 (s, 2H), 5.22 (s, 

2H). 

13C NMR (126 MHz, CDCl3) δ 158.2, 154.3, 149.8, 144.7, 137.4, 129.5, 123.5, 123.3, 122.5, 

121.3, 114.8, 62.1, 55.7. 
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IR (𝜈max): 3132 (ar. C-H), 2926 (C-H), 1603 (C=C) cm-1 

HR-MS (ESI): C15H14N4O1H+ calculated 267.1240, found 267.1253. 
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2.6.4 HPLC Assay 

2.6.4.1 Procedure 

Stock solutions of reagents were prepared each day. Reagents (~1 – 20 mg) were measured 

out on a microbalance. 

Stock solutions: 

[Alkyne] = 6 mM in organic solvent (i.e., MeOH) 

[Azide] = 30 mM in organic solvent (i.e., MeOH) 

[GSH] = 30 mM in 1X DPBS 

[Cu(OAc)2] = 10 mM in H2O 

[NaAsc] = 30 mM in 1X DPBS 

Appropriate amounts of the stock solutions were added to reach specified concentrations to an 

HPLC vial and made up with MeOH and 1X DPBS buffer to a final volume of 1.5 mL. The 

addition order was as follows: MeOH, alkyne, benzyl azide, buffer, GSH, Cu(OAc)2. The vials 

were then placed in the autosampler (not capable of temperature control) and sampled for the 

specified time. 

2.6.4.2 Instrument, Method and Quantification 

HPLC was carried out on a Shimadzu Prominence LC system.  

Typical HPLC conditions are described below: 

Column Specifications: Phenomenex Kinetex C18, 50 × 4.6 mm, 2.6 µm 

Column Temperature: 40 °C 

Mobile Phase A: 0.1 % v/v TFA in water 

Mobile Phase B: 0.1 % v/v TFA in MeCN 

Flow rate 1.5 mL/min 

Injection Volume: 10 µL 

Gradient Profile: 

Time (min) B%  

0 – 5 5 – 60 

5 – 5.1 60 – 95 

5.1 – 7.2 95 

7.2 – 7.3 95 – 5 

7.3 – 9.5 5 

 

UV detection signal was recorded at 254 nm. Conversions for the ynamine (2.1) and the 

corresponding triazole (2.3), were calculated using calibration curves (Figure 2.18). 
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Figure 2.18. Each calibration curve was measured in triplicate. The averaged peak area for each concentration was 

used to construct the calibration curves. (A) Calibration curve for ynamine 2.1. (B) Calibration curve for triazole 

2.3. 

 

To determine the remaining percentage of reagents (2.9 – 2.15) in Figure 2.12 and Figure 2.13 

the peak area at t = 24 h was divided by the peak area at t = 0 h. 

To determine the conversion in Figure 2.16A and B, peak area of the product was divided by 

the peak area of the starting material and the product at each timepoint. For conversions in 

Figure 2.16C, the peak area of the product at each timepoint was divided by the average peak 

area after reaching full conversion (for 2.3c average peak area of t = 4 – 24 h, for 2.43c average 

peak area of t = 6 – 24 h, for 2.44c average  peak area of t = 14 – 24 h, for 2.45c average peak 

area of t = 10 – 24 h). 

To determine the conversion in Figure 2.17, the combined peak areas of the regio-isomer 

products (i.e., 2.47a/b or 2.48a/b) were divided by the sum of the peak area of the starting 

material (i.e., 2.12 or 2.13) and products (i.e., 2.47a/b or 2.48a/b). For 2.48, the conversion 

was calculated by starting material (2.15) consumption. 

 

Variability of Autosampler: 

To analyse the variability of the autosampler injections, the data in Figure 2.16C was analysed. 

As all reactions reached full conversion any changes in peak area after reaching full conversion 

should only be caused by the inaccuracy of the HPLC system. 

Therefore, the standard deviation of the obtained peak areas after reaching full conversion 

(2.3c = 4 – 24 h, 2.43c = 6 – 24 h, 2.44c = 16 – 24 h, 2.45c = 10 – 24 h) was calculated for 

each individual experiment and then average for each set of triplicate experiments. This 

resulted in an average standard deviation of 1.5% (2.3c), 0.2% (2.43c), 1.3% (2.44c) and 0.7% 
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(2.45c), giving an overall standard deviation of 0.9%. This deviation is a good estimate of the 

accuracy of the autosampler.  

2.6.4.3 Buffer Composition 

Table 2.2. Buffer composition and salt concentration of 0.1 M phosphate buffer and 10X DPBS; 10X = 0.1 M. Salt 

concentration doubles for 0.2 M phosphate buffer and reduces 10-fold for 1X DPBS. The pH for each buffer was 

adjusted to 7.4. 

0.1 M Phosphate Buffer Salt Concentration (g/L) 

NaH2PO4 2.3 

Na2HPO4 11.5 

  

10X DPBS  

Na2HPO4 11.5 

KH2PO4 2.0 

NaCl 80 

KCl 2.0 

MgCl2.6H2O 1.0 

CaCl2.2H2O 1.3 
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2.6.4.4 Additional HPLC Data 

Table 2.3. Reaction optimisation of ynamine 2.1 with benzyl azide 2.2. 

Entry 
[GSH] 

(mM) 

Copper 

source/[Cu] 

(µM) 

[2.2] 

(µM) 

Ligand 

(200 

µM) 

Co-

solvent 

(10% in 

1X DPBS) 

Conversion 

after 24 h 

(%) 

1 6.5 Cu(CF3SO3)2/200 200  MeCN 
Not 

detected 

2 6.5 Cu(OAc)2/200 200  MeCN 
Not 

detected 

3 6.5 Cu(OAc)2/200 200 THPTA MeCN 
Not 

detected 

4 6.5 Cu(OAc)2/200 400  MeCN <1 

5 6.5 Cu(OAc)2/400 200  MeCN 6 

6 6.5 Cu(OAc)2/400 400  MeCN <1 

7 1 CuI/200 200 THPTA MeCN 41 (20h) 

8 6.5 Cu(OAc)2/200 200  MeOH 2 

9 1 Cu(OAc)2/200 200  MeOH 42 (8h) 

10 2 Cu(OAc)2/200 200  MeOH 6 

11 1 Cu(OAc)2/400 200  MeOH 49 (2h) 

12 1 Cu(OAc)2/200 400  MeOH 72 (8h) 

13 1 Cu(OAc)2/350 800  MeOH 99 (4h) 

Conversion calculated by peak area; Single experiments; Standard Conditions: ynamine (2.1) (200 µM), copper 

source (200 µM), benzyl azide (2.2) (200 µM), GSH (6.5 mM), 10% co-solvent in 1X DPBS, rt, 24 h. 

 

Table 2.4. Reaction of alkynes 2.1, 2.9 – 2.11 with benzyl azide 2.2 in the presence of GSH (no added NaAsc). 

Entry Alkyne (200 µM) Conversion (%) Time (h) 

1 2.1 89 4 

2 2.9 4 24 

3 2.10 0 24 

4 2.11 65 4 
Conversion calculated by peak area; Single experiments; Conditions: alkynes (2.1, 2.9 – 2.11) (200 µM), Cu(OAc)2 

(350 µM), benzyl azide (2.2) (500 µM), GSH (1 mM), 10% MeOH in 1X DPBS, rt, 24 h. 
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Table 2.5. Reaction of alkynes 2.1, 2.9 – 2.11 with benzyl azide 2.1 without added GSH or NaAsc. 

Entry Alkyne (200 µM) 
Conversion after 

24h (%) 

1 2.1 63  

2 2.9 5  

3 2.10 0  

4 2.11 0  
Conversion calculated by peak area; Single experiments; Conditions: alkynes (2.1, 2.9 – 2.11) (200 µM), Cu(OAc)2 

(350 µM), benzyl azide (2.2) (500 µM), 10% MeOH in 1X DPBS, rt, 24 h. 

 

Table 2.6. Reaction of alkynes 2.1, 2.9 – 2.11 with benzyl azide 2.1 with added NaAsc (no GSH). 

Entry Alkyne (200 µM) Conversion (%) Time (h) 

1 2.1 97  8 

2 2.9 100  4 

3 2.10 100  8 

4 2.11 100  4 
Conversion calculated by peak area; Single experiments; Conditions: alkynes (2.1, 2.9 – 2.11) (200 µM), Cu(OAc)2 

(350 µM), benzyl azide (2.2) (500 µM), NaAsc (1 mM), 10% MeOH in 1X DPBS, rt, 24 h. 
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Figure 2.19. Formation of GSSG during the experiment testing the influence of Cu(OAc)2 (350 µM) addition on 

ynamine 2.1 reactivity with GSH (1, 2, 5 and 10 mM). Conditions: 2.1 (200 µM), Cu(OAc)2 (350 µM), GSH (1, 2, 

5 or 10 mM), 10% MeOH in 1X DPBS, rt, 24 h. Buffer pH = 7.4. Shaded areas represent the standard deviation 

calculated from three experiments.F 
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3.1 Introduction 

As described in the previous chapter, GSH inhibited and reduced the conversion of the 

ynamine-CuAAC reaction. High GSH concentrations (≥ 6.5 mM) inhibited the reaction over 

a 24 h period. This chapter will explore the mechanistic determinants of how GSH influences 

the reaction kinetics. 

3.1.1 The Glutathione and Copper Interplay 

In cells, GSH acts as a redox buffer and prevents the build-up of transition metals which can 

facilitate the formation of reactive oxygen species (ROS).226 Apart from reducing the amount 

of ROS formed, GSH is also involved in cellular copper trafficking.64 As such, this tripeptide 

has evolved a high affinity for copper (KD ~ 9 × 10−12 M−1)64, especially Cu(I).161 Beyond Cu-

co-ordination, GSH also reduces Cu(II) to Cu(I), producing GSSG.171 Although GSSG does 

not readily bind Cu(I), it is a good ligand for Cu(II).165 Thus, there is a fine interplay between 

the oxidation state of Cu species with GSH. Speisky and co-workers proposed that for every 

equivalent of Cu(II) present, three equivalents of GSH are consumed, producing a Cu(I)-GSH 

complex and half a mole of GSSG.165Depending on the ratio of Cu(II) to GSH, partial or 

complete reduction of Cu(II) to Cu(I) results, creating GSSG, which in turn chelates Cu(II) 

(Scheme 3.1).  

Perhaps the best insight into the consequences of such a system has been determined by 

experiments looking at copper induced oxidative damage to DNA.163,227 Ratios of >1:3 

(Cu(II):GSH) prevented oxidative damage to DNA whereas smaller ratios accelerated the 

formation of oxidative DNA lesions.164 In terms of the CuAAC reaction, this could translate 

into successful catalysis at ratios lower than 1:3. 
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Scheme 3.1. Overview of the redox buffering of Cu with GSH. Cu(I) is co-ordinated by the thiol in GSH, whereas 

GSSG likely chelates Cu(II) via carboxylates and amines.228  

 

3.2 Hypothesis to be tested in this Chapter 

The work reported in Chapter 2 focused on high GSH concentrations to mimic the CuAAC 

reaction under cellular conditions. However, GSH can both reduce and bind copper and 

therefore might act as both an accelerator as well as an inhibitor. The Cu:GSH ratio likely 

determines which role dominates. The working hypothesis to be tested in this chapter is that 

the Cu:GSH ratio determines the kinetics of ynamine-based CuAAC reaction. Additional 

factors, such as buffer, ligands and co-solvents might also influence the ynamine-CuAAC 

reaction in the presence of GSH (Scheme 3.2). To test the influences of these factors, the 

HPLC assay developed in Chapter 2 will be used and all reactions carried out in triplicate 

unless noted otherwise. 
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Scheme 3.2. Model reaction between ynamine 2.1 and benzyl azide (2.2) which will be used to explore the effect 

of Cu:GSH ratios as well as ligands and solvents on the reaction. 

 

3.3 Aims of Chapter 3 

The specific aims of this chapter are: 

(i) Determine the influence of GSH on the reaction kinetics of the ynamine-CuAAC. 

(ii) Investigate the influence of co-solvents on the reactivities of ynamine and alkyne 

substrates in the CuAAC reaction.  
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3.4 Results & Discussion 

3.4.1 Influence of Increasing Glutathione Concentrations on the Ynamine-

CuAAC Reaction 

To illustrate the impact of the GSH concentration on the CuAAC between ynamine 2.1 and 

benzyl azide (2.2), a series of experiments varying the GSH concentration (1 – 4 mM) was 

conducted while keeping copper and azide concentration constant. An increase from 1 mM to 

2 mM GSH delayed reaction onset by 8 h (Figure 3.1). A further 1 mM (i.e., from 2 mM to 

3mM) delayed reaction initiation by a further 8 h. Finally, 4 mM GSH resulted in the initiation 

of the reaction after 22 h. Maximum conversion (2 mM = 60%, 3 mM = 40%, 4 mM = 3%) 

decreased due to the formation of side product 2.30. After reaching maximum conversion the 

triazole concentration decreased over time due to precipitation.  
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Figure 3.1. Effect of increasing GSH concentrations (1 – 4 mM) on the reaction of ynamine 2.1 with benzyl azide 

(2.2). Conditions: 2.1 (200 µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), GSH (1 – 4 mM), 10% MeOH in 1X DPBS, 

rt, 24 h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 
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The length of the induction period correlates with GSH concentration. An induction period for 

the CuAAC was also observed previously by Bertrand and co-workers who linked the 

induction period to formation the copper acetylide 3.6 (Scheme 3.3A).57 Slow deprotonation 

of the alkyne 3.5 causes the induction period which can be accelerated either by basic copper 

counter-anions or base addition.62 This step is also rate-determining. In contrast, the ynamine-

CuAAC shifts the RDS to the azide insertion, presumably facilitated by co-ordination of Cu(II) 

to the N3 of 2.1 (Scheme 3.3B).153 However, little Cu(II) remains at high concentrations of 

GSH and the deprotonation to form 3.7 likely becomes rate-limiting causing prolonged 

induction periods (Scheme 3.3C). 

 

Scheme 3.3. A) Copper acetylide formation is the RDS of the conventional CuAAC reaction.57 B) Cu(II) co-

ordination to the ynamine  2.1 accelerates copper insertion. C) GSH reduces Cu(I) to Cu(II) and ynamine 2.1 is not 

activated leading to a slow reaction. 
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3.4.2 Comparison of the Ynamine-CuAAC in the Presence and Absence of 

Glutathione 

The reaction between ynamine 2.1 and benzyl azide (2.2) was first performed in the absence 

of GSH and compared with the reaction in the presence of GSH. In the absence of GSH, 

triazole 2.3 was produced steadily and reached 35% conversion after 4 h (Figure 3.2A). In 

contrast, the reaction reached full conversion within 2 h in the presence of 1 mM GSH (Figure 

3.2B). 
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Figure 3.2. (A) Reaction of ynamine 2.1 with benzyl azide (2.2). Conditions: 2.1 (200 µM), Cu(OAc)2 (350 µM), 

2.2 (500 µM), 10% MeOH in 1X DPBS, rt, 4 h. (B) Reaction of ynamine 2.1 with benzyl azide (2.2) in the presence 

of GSH (1 mM). Conditions: 2.1 (200 µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), GSH (1 mM), 10% MeOH in 1X 

DPBS, rt, 2 h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 

 

Although 1.75 equivalents of Cu(OAc)2 were used, the reaction was sluggish in the absence 

of GSH. Without the addition of a reducing agent, Cu(I) can only be generated through the 

Glaser/Hay coupling (Scheme 3.4) or potentially through alcohol oxidation (only for primary 

and secondary alcohols).229 As the reaction was run under predominantly aqueous conditions, 

the Cu(II) reduction to Cu(I) is expected to be minimal leading to slow reaction rates; diyne 

3.8 could also not be detected by HPLC. 
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Scheme 3.4. Diyne 3.8 and Cu(I) formation by the Glaser/Hay coupling of ynamine 2.1 with a Cu(II) source. 

 

The increased reaction rate in the presence of GSH could be explained by the fast reduction of 

Cu(II) by GSH which bypasses the need for the slow Glaser/Hay coupling.230 However, GSH 

and the ynamine 2.1 likely compete for Cu(I) which could explain the observed induction 

period which lengthens with higher GSH concentrations. 

 

3.4.3 Influence of Sodium Ascorbate on the Ynamine-CuAAC 

To test whether the generation of Cu(I) was rate-limiting for the reaction of 2.1 with benzyl 

azide (2.2), the reactions were repeated with additional NaAsc (1 mM) both in the absence and 

presence of GSH. In the absence of GSH, the addition of NaAsc increased initial conversion 

considerably (20% compared with 0% without NaAsc, Figure 3.3A). After the initial burst, 

the conversion only increased slowly, reaching ~50% conversion after 3 h. After this 

timepoint, the conversion became unreliable due to product (2.3) precipitation. The addition 

of NaAsc to the reaction with GSH lengthened the induction period from ~0.5 h to ~ 1.5 h, but 

the time to reach full conversion only increased slightly to ~2.5 h (Figure 3.3B). 
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Figure 3.3. (A) Reaction of ynamine 2.1 with benzyl azide (2.2) with added NaAsc (1 mM). Conditions: 2.1 (200 

µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), NaAsc (1 mM), 10% MeOH in 1X DPBS, rt, 4 h. (B) Reaction of ynamine 

2.1 with benzyl azide (2.2) with added NaAsc (1 mM) and GSH (1 mM). Conditions: 2.1 (200 µM), Cu(OAc)2 

(350 µM), 2.2 (500 µM), GSH (1 mM), NaAsc (1 mM), 10% MeOH in 1X DPBS, rt, 4 h. Buffer pH = 7.4. Shaded 

areas represent the standard deviation calculated from three experiments. 

 

The rapid initial conversion in the absence of GSH indicates that Cu(II) reduction was rate-

limiting in the previous experiment. The slow reaction rate after the initial burst could signify 

the failure of NaAsc to keep Cu(I) in its oxidation state. This is a known issue in the absence 

of copper stabilising ligands as Cu(I) can either disproportionate231 in aqueous solutions or be 

oxidised by dissolved oxygen.232 The origin of the longer induction period in the presence of 

GSH could be due to the reduction of residual Cu(II) to Cu(I) by NaAsc. Since Cu(II) activates 

aromatic ynamines presumably by co-ordination with the N3 atom, as shown in Scheme 3.3B, 

one hypothesis is that in the absence of Cu(II), the formation times of the copper acetylide 

might be prolonged. 
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3.4.4 Influence of Ligand THPTA on the Ynamine-CuAAC 

Copper-chelating ligands (such as THPTA) might be effective in shielding Cu(I) from GSH 

and positively influencing the reaction of ynamine 2.1 with benzyl azide 2.2 in the presence 

of GSH. The combination THPTA (350 µM) and NaAsc (1 mM) was also tested and compared 

to the reaction without additives. Contrary to the expectation, the induction period lengthened 

when THPTA was added to the reaction (Figure 3.4). 
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Figure 3.4. Influence of THPTA (1 equiv) on the reaction of ynamine 2.1 with benzyl azide (2.2) in the presence 

of GSH (1 mM). Conditions (no THPTA): 2.1 (200 µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), GSH (1 mM), 10% 

MeOH in 1X DPBS, rt, 2 h. Conditions (THPTA): 2.1 (200 µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), THPTA (350 

µM), GSH (1 mM), 10% MeOH in 1X DPBS, rt, 2 h. Conditions (TPHTA + NaAsc): 2.1 (200 µM), Cu(OAc)2 (350 

µM), 2.2 (500 µM), THPTA (350 µM), NaAsc (1 mM), GSH (1 mM), 10% MeOH in 1X DPBS, rt, 2 h. Buffer pH 

= 7.4. All results from a single experiment. 
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3.4.5 The Ynamine-CuAAC Reaction in the Presence and Absence of 

Glutathione in Water 

Next, the difference between water and buffer (1X DPBS) as a reaction medium was 

investigated. The reaction between ynamine 2.1 and benzyl azide (2.2) was performed in water 

in both the presence and absence of GSH and monitored over 4 h. In the absence of GSH, the 

reaction progress was comparable with the reaction in 1X DPBS, albeit only reaching 27% 

conversion after 4 h (vs 35% in 1X DPBS) (Figure 3.5A). No reaction in the presence of GSH 

was observed within 4 h (Figure 3.5B).  
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Figure 3.5. (A) Reaction of ynamine 2.1 with benzyl azide (2.2) in water. Conditions: 2.1 (200 µM), Cu(OAc)2 

(350 µM), 2.2 (500 µM), 10% MeOH in water, rt, 4 h. (B) Reaction of ynamine 2.1 with benzyl azide (2.2) in water 

with added GSH (1 mM). Conditions: 2.1 (200 µM), Cu(OAc)2 (350 µM), 2.2 (500 µM), GSH (1 mM), 10% MeOH 

in water, rt, 4 h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 

 

The reason for the lack of reactivity when switching from 1X DPBS to water is unknown. A 

difference in pH (7.4 vs 7) is unlikely to account for the difference. But as the reaction in the 

absence of GSH is not affected, it stands to reason that the effect stems from GSH co-

ordination to copper. Possibly, GSH binding to Cu(I) is weakened by the additional ions 

present in the buffer. However, this is purely speculative at this point.  
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The experiments performed so far demonstrate that GSH can either accelerate or prevent the 

reaction of ynamine 2.1 with benzyl azide (2.2). The induction period increased with higher 

GSH concentrations which points to competitive co-ordination for Cu(I) between the ynamine 

2.1 and GSH. Attempts to shield Cu(I) from GSH by adding copper chelating ligands failed.  

 

As GSH can be used to either accelerate or delay the ynamine-CuAAC, the Cu:GSH was 

explored in a more systematic approach utilising Design of Experiments (DoE). 

3.4.6 Design of Experiment on the Ynamine-CuAAC Reaction in the Presence of 

Glutathione 

Design of Experiments is a systematic approach for optimising reactions. The traditional one 

factor at a time approach usually applied to reaction optimisation is prone to missing key 

interactions between factors as the synergistic effects of changing two factors simultaneously 

are never explored (Figure 3.6A).233 The second aim of the DoE approach is to minimise the 

number of experiments needed for optimisation. This is achieved by picking experimental 

designs which maximise the covered reaction space. 

The most basic DoE is a two-factor full factorial design (Figure 3.6B).234 Two factors (i.e., 

reaction conditions such as time and temperature) are chosen at a low and high boundary 

(called levels) for each factor. Four experiments are then created by the combination of factors 

and levels (i.e., low/low, low/high, high/low and high/high). This creates a square over the 

potential reaction surface giving valuable information about interactions between factors. 
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Figure 3.6. (A) One factor at a time approach to reaction optimisation. (B) DoE approach to reaction optimisation. 

 

3.4.6.1 Design Choice for Ynamine-CuAAC in the Presence of Glutathione 

The aim of this DoE was to elucidate the influence of the Cu:GSH ratio in more detail. A 

reactive surface map design is well suited for this task as it surveys the reaction space in a 

grid-like fashion. Previous experiments already explored the GSH and Cu(OAc)2 relationship 

and indicated that conditions such as [GSH] = 1 mM and [Cu(OAc)2] = 400 µM would be a 

suitable upper boundary of the design. As a lower boundary, it was envisioned that a GSH and 

Cu(OAc)2 concentration of 100 µM would be suitable. These conditions were entered into 

MODDE® Design of Experiments Software to create a reactive surface map design consisting 

of 9 unique experiments (Table 3.1), which were performed in triplicate. 
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Table 3.1. Concentrations of Cu(OAc)2 and GSH chosen for the DoE. 

Experiment [Cu(OAc)2] (µM) [GSH] (µM) 

1 100 100 

2 100 550 

3 100 1000 

4 250 100 

5 250 550 

6 250 1000 

7 400 100 

8 400 550 

9 400 1000 

Conditions: 2.1 (200 µM), Cu(OAc)2 (100 – 400 µM), 2.2 (500 µM), GSH (0.1 – 1 mM), 10% MeOH in 1X DPBS, 

rt, 2.5 h. Buffer pH = 7.4. 

3.4.6.2 Results of the DoE 

The results of the DoE were first plotted as reaction profiles to observe the conversion to 

triazole 2.3 over time (Figure 3.7). The reaction displayed no measurable induction period 

when Cu(OAc)2 was used in equimolar amounts or in excess to GSH (Figure 3.7A). At 550 

µM GSH (Figure 3.7B), the full effect of GSH on the CuAAC reaction was illustrated best. 

When Cu:GSH exceeds 1:3, no reaction was observed (100 µM, black line). When the ratio 

was ~1:2 (250 µM, red line), a short induction period (~ 30 min) was followed by a sudden 

increase in conversion which levelled off over time. When the Cu:GSH ratio was close to 1:1 

(400 µM, blue line), no induction period was observed, and the reaction profile was similar to 

that of Figure 3.7A. 

At a GSH concentration of 1 mM, conversion was only observed for a Cu(OAc)2 concentration 

of 400 µM (Figure 3.7C), where an induction period of 1 h was followed by a burst of 

conversion to triazole 2.3. 
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Figure 3.7. (A) Reaction of ynamine 2.1 with benzyl azide (2.2) using varied Cu(OAc)2 (100, 250 and 400 µM) 

concentration in the presence of GSH (100 µM). Conditions: 2.1 (200 µM), Cu(OAc)2 (100, 250 or 400 µM), 2.2 

(500 µM), GSH (100 µM), 10% MeOH in 1X DPBS, rt, 2.5 h. (B) Reaction of ynamine 2.1 with benzyl azide (2.2) 

using varied Cu(OAc)2 (100, 250 and 400 µM) concentration in the presence of GSH (550 µM). *No conversion 

observed, overlaps with X-axis. Conditions: 2.1 (200 µM), Cu(OAc)2 (100, 250 or 400 µM), 2.2 (500 µM), GSH 

(550 µM), 10% MeOH in 1X DPBS, rt, 2.5 h. (C) Reaction of ynamine 2.1 with benzyl azide (2.2) using varied 

Cu(OAc)2 (100, 250 and 400 µM) concentration in the presence of GSH (1 mM). *No conversion observed, 

overlaps with X-axis. Conditions: 2.1 (200 µM), Cu(OAc)2 (100, 250 or 400 µM), 2.2 (500 µM), GSH (1 mM), 
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10% MeOH in 1X DPBS, rt, 2.5 h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from 

three experiments. 

 

The purpose of applying DoE was to construct a reactive surface map which could visualise 

the interplay between the stoichiometry of the Cu catalyst and GSH on the CuAAC reaction. 

Final conversions at 2.5 h were entered into MODDE® Design of Experiments Software to 

model the reaction and then used to construct a contour plot which illustrates the reaction 

surface (Figure 3.8). This plot demonstrates the dominant effect of GSH on the CuAAC 

reaction. For any given copper concentration, full conversion to triazole 2.3 was observed by 

simply adjusting the GSH concentration. 

 

Figure 3.8. Reactive surface map for the reaction of ynamine 2.1 with benzyl azide (2.2) using varied Cu(OAc)2 

(100 – 400 µM) and GSH (0.1 – 1 mM) concentrations. Constructed from the conversion obtained from the DoE 

experiments after 2.5 h. Animated plot available in Appendix (RSM_animated.html). 

 

To further illustrate the effect of the Cu:GSH ratio on the ynamine-CuAAC, the conversion to 

triazole 2.3 over time was plotted as a function of Cu:GSH ratio. Once the ratio exceeds 1:1, 

an induction period was observed which increased with higher ratios.  This phenomenon seems 
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to be independent of the absolute reagent concentrations and only dependent on the ratio of 

Cu:GSH. 
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Figure 3.9. Plot showing the effect of the Cu/GSH ratio on the induction period on the reaction of ynamine 2.1 

with benzyl azide (2.2). Constructed using the results from the DoE. Conditions (>1:1): 2.1 (200 µM), Cu(OAc)2 

(250 µM), 2.2 (500 µM), GSH (100 µM), 10% MeOH in 1X DPBS, rt, 2.5 h. Conditions (~1:2): 2.1 (200 µM), 

Cu(OAc)2 (250 µM), 2.2 (500 µM), GSH (550 µM), 10% MeOH in 1X DPBS, rt, 2.5 h. Conditions (~1:3): 2.1 

(200 µM), Cu(OAc)2 (400 µM), 2.2 (500 µM), GSH (1 mM), 10% MeOH in 1X DPBS, rt, 2.5 h. Buffer pH = 7.4. 

Shaded areas represent the standard deviation calculated from three experiments. 

 

3.4.7 Hypothesis of the Ynamine-CuAAC in the Presence of Glutathione 

The experiments performed so far demonstrated that the length of the induction period was 

related to the Cu:GSH ratio. In the context of the CuAAC reaction, an induction period is 

usually caused by slow formation of the copper-acetylide.57 One hypothesis for this 

phenomenon was that there was competition for Cu(I) between the ynamine 2.1 and GSH to 

form acetylide 3.10 (Scheme 3.5). An excess of GSH would shift the equilibrium in favour of 

a Cu(I)-GSH complex (3.9), resulting in a longer induction period. 

After azide insertion, intermediate 3.11 was formed. Two fates for intermediate 3.11 are 

conceivable, in option 1, protonation forms the triazole product 2.3 and GSH binds Cu(I) to 

form the Cu(I)-GSH complex (3.9). This complex would then re-enter the catalytic cycle. 

Consequently, formation of copper-acetylide 3.10 would remain the rate determining step and 

no reaction acceleration after the induction period would be observed. This is not observed 

experimentally. 

In the second option, intermediate 3.11 would activate a further ynamine 2.1 molecule to form 

acetylide 3.10 and thereby release the triazole product 2.3; a step that resembles autocatalysis, 

which has been observed for CuAAC reactions.205 This would exclude the slow step from the 
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cycle and lead to an increase in conversion after the induction period. This is observed 

experimentally and would explain the rapid conversion to product regardless of the GSH 

concentration or the length of the induction period once the reaction is initiated. 

 

Scheme 3.5. Hypothesised influence of GSH on the ynamine-CuAAC reaction. 

 

A further speculation is the involvement of GSH as a stabilising ligand in the CuAAC cycle. 

When comparing the results at the lowest copper and GSH concentration (100 µM each) of 

the DoE with the reaction using only 350 µM Cu(OAc)2 (no GSH) (Figure 3.2A) it is clear 

that the reaction was accelerated by the addition of GSH (~25% vs ~90% conversion after 2.5 

h). In fact, GSH accelerated the reaction more effectively than NaAsc (Figure 3.3A). Using 1 

mM NaAsc, the ynamine-CuAAC reaction was only accelerated initially and then proceeded 

in a steady manner. In contrast, GSH seems to be much better at maintaining the activity of 

the system. Potentially, GSH might act as a stabilising ligand (like THPTA) during catalysis 

(intermediate 3.12, Scheme 3.5). This makes the system potentially attractive for 

bioconjugation and a viable alternative to the commonly used THPTA/NaAsc systems. GSH 

could serve as a ligand, reducing agent and scavenger of reactive oxygen species which might 

otherwise degrade biomolecules. 
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3.4.8 Kinetic Analysis of the Ynamine-CuAAC using Visual Time-Normalised 

Analysis 

Visual time-normalised analysis (VTNA) is a novel tool to investigate reaction kinetics 

developed by Bures.235,236 It aims to deliver valuable kinetic information in the minimum 

number of experiments. By time-normalising change in concentration over time, experiments 

with different concentration of reagents can be compared (Equation 3.1).237 By plotting the 

concentration of reagents against normalised time, the order of each reagent can be elucidated 

by changing the order in reactant until the curves overlay. The curve overlay is determined by 

visual analysis (i.e., judging by eye). If the correct order in all reactants has been found, the 

curve overlay becomes a straight line. The advantage of this method is that concentration data 

can be used to perform this analysis and no rate data or mathematical transformed data (i.e., 

log) is required. In combination with visual data analysis, this makes this method suitable for 

noisy data. 

 

The kinetic analysis of the ynamine-CuAAC would be complicated by the presence of an 

induction period. Therefore, it was decided to keep Cu(OAc)2 concentration equal or in excess 

to GSH. In this manner, the order of each reactant (not GSH) can be investigated in just four 

experiments (Table 3.2). For accurate analysis, the concentration of copper should also be 

measured during the experiment. However, this is impossible by HPLC. Therefore, the 

concentration of the catalyst is assumed to be constant. If this approximation proved false, 

curve overlay would not be achieved.238 

 

 

∑[𝐵]𝛽∆𝑡 =  ∑ (
[𝐵]𝑖 + [𝐵]𝑖−1

2
)

𝛽

(t𝑖 – t𝑖−1)

𝑛

𝑖=1

 

 

Equation 3.1. Equation to elucidate the reaction order (β) of reagent B using VNTA analysis. 
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Table 3.2. Conditions for the reaction of ynamine 2.1 with benzyl azide (2.2) conducted for the VTNA analysis.  

 

Entry [2.1] [2.2] [GSH] [Cu] 

1 200 µM 400 µM 100 µM 100 µM 

2 200 µM 400 µM 100 µM 250 µM 

3 400 µM 400 µM 100 µM 100 µM 

4 200 µM 600 µM 100 µM 100 µM 

Conditions: 2.1 (200 – 400 µM), Cu(OAc)2 (100 – 250 µM), 2.2 (400 – 600 µM), GSH (100 µM), 10% MeOH in 

1X DPBS, rt, 2.5 h. Buffer pH = 7.4. 

 

Increasing either Cu(OAc)2 or benzyl azide (2.2) concentration led to a faster reaction rate 

(Figure 3.10A). Increasing the ynamine 2.1 concentration also slightly increased the reaction 

rate.  

Next, the change of concentration over time was calculated and normalised against time 

according to the VTNA formula (Equation 3.1). The best overlay was achieved by setting the 

reaction order of the reagents as follows: ynamine = 0.4, Cu(OAc)2 = 0.6 and benzyl azide = 

1 (Figure 3.10). The final data points diverge from the straight line. This is because the reaction 

is finished and conversions plateau in all cases except for excess ynamine. 
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Figure 3.10. (A) Reaction of ynamine 2.1 and benzyl azide (2.2) using specified VTNA analysis. Conditions 

(Standard): 2.1 (200 µM), Cu(OAc)2 (100 µM), 2.2 (400 µM), GSH (100 µM), 10% MeOH in 1X DPBS, rt, 2.5 h. 

Legend indicates the changed concentration of each reactant. (B) Result of the VTNA analysis using the results for 

t = 0 to t = 2 h. Best overlay can be achieved by setting the following orders for each reagent: 2.1 = 0.6, Cu(OAc)2 

= 0.4 and 2.2 = 1. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 

 

The observed orders indicate that the azide is still part of the RDS of the ynamine-CuAAC as 

was previously observed.153 The ~ half-order dependence on the ynamine and Cu(OAc)2 

indicates that both reagents are also rate-limiting. This is likely due to the presence of GSH 

which will be in competition for Cu(I) with the ynamine. 

 

3.4.9 Conventional Alkyne using the Optimal Reaction Conditions 

To investigate whether the accelerating effect of GSH on the CuAAC reaction was unique to 

aromatic ynamines, a series of experiments with alkyne 2.10 were performed. 100 µM 

Cu(OAc)2 and GSH achieved the best conversion for ynamine 2.1 at the lowest copper 

concentration and were therefore chosen as the reaction conditions. NaAsc was added to the 

reaction, as conventional alkynes required NaAsc to be reactive as described in the previous 
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chapter. However, no conversion to the product 2.44a was observed within 2 h. It was 

speculated that the copper concentration was not high enough to show conversion within 2 h. 
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Figure 3.11. Reaction of alkyne 2.10 with benzyl azide 2.2 using the optimal ynamine-CuAAC conditions. 

Conditions: 2.10 (200 µM), Cu(OAc)2 (100 µM), 2.2 (500 µM), GSH (100 µM) in 10% MeOH in 1X DPBS, rt, 2 

h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 

 

The Cu(OAc)2 concentration was then raised to 250 µM (resulting in a Cu:GSH ratio of 2.5:1) 

and the experiments were repeated both in the presence and absence of GSH as well as without 

NaAsc. The higher Cu(OAc)2 concentration increased the conversion in the presence of GSH 

to ~75% within 2 h (Figure 3.12). If NaAsc was omitted from the reaction, no conversion was 

observed within 2 h. If instead GSH was omitted, the conversion only reached ~60% and 

showed signs of plateauing. This again suggests that NaAsc alone was not able to keep Cu(I) 

reduced for the full duration of the experiment,179 as observed previously in this chapter. In 

contrast, the combination of NaAsc and GSH was superior and showed no signs of plateauing 

and would likely have reached full conversion if monitored for longer. 
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Figure 3.12. Reaction of alkyne 2.10 with benzyl azide 2.2 using increased Cu(OAc)2 (250 µM) and with added 

NaAsc (1 mM) in the presence and absence of GSH (100 µM). Addition of NaAsc is crucial as otherwise no 

conversion is observed in the presence of GSH. Conditions (no GSH): 2.10 (200 µM), Cu(OAc)2 (250 µM), 2.2 

(500 µM), NaAsc (1 mM) in 10% MeOH in 1X DPBS, rt, 2 h. In duplicate Conditions (with GSH): 2.10 (200 µM), 

Cu(OAc)2 (250 µM), 2.2 (500 µM), GSH (100 µM), NaAsc (1 mM) in 10% MeOH in 1X DPBS, rt, 2 h. Shaded 

areas represent the standard deviation calculated from three experiments. Conditions (no NaAsc): 2.10 (200 µM), 

Cu(OAc)2 (250 µM), 2.2 (500 µM), GSH (100 µM) in 10% MeOH in 1X DPBS, rt, 2 h. Single experiment. Buffer 

pH = 7.4. 

 

Although the combination of GSH and NaAsc performed better than NaAsc alone, NaAsc is 

essential for the reaction when conventional terminal alkynes are used as substrates. Unlike 

aromatic ynamines, conventional alkynes rely on Cu(I) formation by reductants (Scheme 3.6). 

The copper acetylide (3.14) formation remains the rate limiting step. In the presence of GSH, 

this step was extraordinarily slow if a Cu:GSH ≥ 1:1 is used. Only an excess of Cu(II) 

eliminated the induction period which indicates that unbound Cu(I) is formed by the reduction 

of excess Cu(II) through NaAsc. The superiority of the combined NaAsc/GSH system again 

indicates that GSH might participate in the CuAAC as a stabilising ligand. 
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Scheme 3.6. Possible impact of GSH on the CuAAC of conventional alkynes. 

 

3.4.10 Solvent Screen for the Ynamine-CuAAC using the Optimal Conditions 

Finally, the influence of the co-solvent on the ynamine-CuAAC reaction in the presence of 

GSH was investigated. The reaction between ynamine 2.1 and benzyl azide 2.2 was screened 

with a selection of polar protic (MeOH, EtOH, IPA) and polar non-protic solvents (DMSO 

and MeCN) as well as two fluorinated solvents (TFE and HFIP) using 100 µM Cu(OAc)2 and 

GSH. The rationale for including fluorinated solvents is based on literature reports, which have 

described rate accelerations for cycloadditions when HFIP or TFE were used.239,240 

Out of the solvents tested MeCN displayed the slowest reaction rate, only reaching a 

conversion of ~37% after 2.5 h (Figure 3.13). Polar protic solvents displayed intermediate 

reactivity reaching ~60% (IPA), 75% (EtOH) and 85% (MeOH) conversion respectively. 

DMSO provides slightly faster reaction rates, reaching a conversion of ~95% after 2.5 h. 

However, all solvents were outclassed by the fluorinated solvents TFE and HFIP which 

provided full conversion in under 10 mins. 
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Figure 3.13. Solvent screen for the reaction of ynamine 2.1 with benzyl azide 2.2 using the optimal reaction 

conditions. Conditions: 2.1 (200 µM), Cu(OAc)2 (100 µM), 2.2 (500 µM), GSH (100 µM), 10% co-solvent in 1X 

DPBS, rt, 2.5 h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 

 

As a solvent HFIP has several unique properties. Due to the electron withdrawing nature of 

the CF3 groups, HFIP features one of the most acidic hydroxyl groups (pKa ~ 9.3) of common 

alcohols while also being the least nucleophilic.241 Second, HFIP has enhanced hydrogen 

bonding abilities which can stabilise hydrogen bonding complexes by forming higher order 

aggregates of HFIP (usually trimers shaped into helixes).242 This hydrogen bond donating 

ability can be used to increase amine basicity or modulate secondary structures of peptides and 

proteins. In water/HFIP mixtures, the natural conformation of proteins is denatured and forced 

into alpha-helixes.243,244 Additionally, HFIP features good redox stability and can stabilise 

cations efficiently. 

Only one report utilised HFIP as a co-solvent for the CuAAC reaction180 so far  and the 

influence of HFIP on the CuAAC reaction is therefore subject to speculation. One possibility 

for the observed rate-enhancement is due to micellular catalysis. Binary HFIP/H2O mixture 

have been subject to extensive investigations by FTIR-ATC,245 molecular dynamics,246 X-ray 

scattering, neutron scattering, NMR and mass spectrometry.247 The aims of these studies were 
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to investigate the molecular structures and bulk properties. All techniques came to similar 

conclusions. At low HFIP concentrations (<10% v/v), the tetrahedral water structure remains 

undisturbed by HFIP. Disperse at first and highly hydrated, HFIP then increasingly forms 

micelles up to a concentration of ~30% (v/v). In these micelles, the CF3 groups face each other, 

and the hydroxyl group participates in hydrogen-bonding with water. This concentration also 

denatures proteins and stabilises α-helixes most effectively. At higher HFIP concentrations, 

the micelles are broken up into solvated dimers and trimers and eventually form helixes. 

The effect of such structures on reactions was investigated by Hollóczki et al. in 2013.248 The 

epoxidation of cyclooctene proceeded faster in HFIP/water mixtures. Through molecular 

dynamics simulations they uncovered a tight association of H2O2 with HFIP and the tendency 

of HFIP to form micelles. The addition of cyclooctene disturbed the hydrogen-bonding 

network and increased the H2O2-HFIP interactions. Furthermore, they observed the formation 

of a triphasic system. Cyclooctene molecules were surrounded by the CF3-groups of HFIP 

with the hydroxyl groups pointed outwards and engaged in hydrogen-bonding with H2O2 and 

water. 

In the case of the ynamine-CuAAC reaction, such a clustering would result in an increase of 

the effective concentrations of reagents and potentially lead to rate acceleration (Scheme 

3.7A). However, it is unknown how GSH, copper or buffer-ions would influence the micelle 

formation. Additionally, at 10% HFIP the micelle concentration is not at its highest and other 

factors might be at play. To test this hypothesis, the ynamine-CuAAC should be performed at 

different HFIP percentages (i.e., 10%, 20%, 30%, 50%, 80% and 100%). If the rate of the 

reaction were influenced, this potentially could point towards this mechanism. Another 

influence of HFIP could be through increased hydrogen-bonding and acidity. Hydrogen-

bonding could stabilise the polar transition state while HFIP could increase the speed of the 

proto-demetallation (Scheme 3.7B). 
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Scheme 3.7. Possible influence of HFIP on the CuAAC reaction. A) Rate enhancement through micellular catalysis. 

B) Faster proto-demetallation. 

 

TFE and HFIP might open unique opportunities for fast and efficient in vitro CuAAC 

bioconjugation as the toxicity of HFIP and TFE will likely prevent in vivo use. Combining the 

results from the DoE and solvent screen, the fastest ynamine-CuAAC reaction employs 

Cu(OAc)2, GSH (100 µM each) and fluorinated solvents. This combination promises 

interesting results for in vitro conjugation of biomolecules such as peptides or oligonucleotides 

which will be explored in the next chapter. 
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3.5 Summary & Future Work 

This chapter explored the influence of GSH on the reaction of ynamine 2.1 with benzyl azide 

(2.2). The concentration of GSH could be used to tune the reaction from full conversion in 2.5 

h to no reaction within 18 h. Additives such as NaAsc or THPTA did not increase the reaction 

rate in the presence of GSH. The reason for this substantial influence of GSH on the reaction 

is postulated to be the ratio of copper to GSH. GSH is an excellent ligand for Cu(I) which 

creates a competition for Cu(I) between GSH and the ynamine 2.1. The resulting equilibrium 

can be influenced by the relative concentration of each reagent. Consequently, choosing the 

ratio of Cu:GSH is crucial. 

A ratio of 1:1 leads to excellent reaction kinetics (full conversion in 2.5 h) while 

simultaneously limiting the amount of copper used, which is desired for bioconjugation. By 

changing the co-solvent to fluorinated solvents such as HFIP or TFE, full conversion can be 

achieved within 10 mins. The effect of HFIP on the reaction should be investigated in more 

detail in the future. The reaction could be performed at different HFIP percentages to uncover 

if micellular catalysis is at play. Potentially, this could then also be confirmed by performing 

a SPAAC reaction with HFIP as the co-solvent. If the same accelerating effect is observed, it 

could be concluded that HFIP might not accelerate the rate by interaction with GSH or copper. 

Alternatively, the reaction could also be investigated by NMR or IR/Raman spectroscopy. 

Shifts in NMR or IR/Raman spectroscopy could point towards changes in hydrogen bonding 

during the reaction. 

Further questions remain on the exact nature of the interaction between copper and GSH at the 

different ratios used in the DoE. Potentially EPR and UV-spectrometer assays (using Cu(I) 

probes) could elucidate the exact nature of the copper oxidation states over the course of the 

reaction. 

 

The discoveries in this chapter show promise for conjugation of biomolecules such as peptides 

or oligonucleotides. Limiting the amount of copper is crucial for bioconjugation to avoid 

oxidative damage. Unfortunately, this usually leads to extended reaction times and a balance 

between reactivity and oxidative damage must be found. The ynamine was found to be 

uniquely reactive in the presence of GSH. Using the optimal conditions described in this 

chapter (Cu(OAc)2 (100 µM) and GSH (100 µM) as well as switching the co-solvent to a 

fluorinated co-solvent could create unique possibilities for the bioconjugation of peptides and 

oligonucleotides. This will be explored in the next chapter.  
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3.6  Experimental Procedures 

3.6.1 HPLC Assay Procedures 

Stock solutions of reagents were prepared each day. Reagents (~1 – 20 mg) were measured 

out on a microbalance. 

Stock solutions: 

[Alkyne] = 6 mM in organic solvent (i.e., MeOH) 

[Azide] = 30 mM in organic solvent (i.e., MeOH) 

[GSH] = 30 mM in 1X DPBS 

[Cu(OAc)2] = 10 mM in H2O 

[NaAsc] = 30 mM in 1X DPBS 

Appropriate amounts of the stock solutions were added to reach specified concentrations to an 

HPLC vial and made up with MeOH and 1X DPBS buffer to a final volume of 1.5 mL. The 

addition order was as follows: MeOH, alkyne, benzyl azide, buffer, GSH, Cu(OAc)2. The vials 

were then placed in the autosampler (not capable of temperature control) and sampled for the 

specified time. 

3.6.2 Instruments and Methods 

HPLC was carried out on a Shimadzu Prominence LC system.  

Typical HPLC conditions are described below: 

Column Specifications: Phenomenex Kinetex C18, 50 × 4.6 mm, 2.6 µm 

Column Temperature: 40 °C 

Mobile Phase A: 0.1 % v/ v TFA in water 

Mobile Phase B: 0.1 % v/ v TFA in MeCN 

Flow rate 1.5 mL/ min 

Injection Volume: 10 µL 

Gradient Profile: 

Time (min) B% (MeCN, 1% TFA) 

0 – 5 5 – 60 

5 – 5.1 60 – 95 

5.1 – 7.2 95 

7.2 – 7.3 95 – 5 

7.3 – 9.5 5 

 

UV detection signal was recorded at 254 nm. Conversions for the ynamine (2.1) and the 

corresponding triazole (2.3), which were calculated using a calibration curve (Figure 3.14). 
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Figure 3.14. Each calibration curve was measured in triplicate. The averaged peak area for each concentration was 

used to construct the calibration curves. (A) Calibration curve for ynamine 2.1. (B) Calibration curve for benzyl 

azide 2.2. (C) Calibration curve for triazole 2.3. 

 

To determine the conversion in Figure 3.11 and Figure 3.12, peak area of the product (2.44c) 

was divided by the peak area of the starting material (2.10) and the product (2.44c) at each 

timepoint. 

3.6.3 VTNA Analysis 

Spreadsheet detailing VTNA available in the Appendix.  
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4.1 Introduction 

4.1.1 CuAAC for Bio-orthogonal Conjugation of Peptides and Oligonucleotides 

The CuAAC is a popular tool for peptide and protein modifications and is used in a variety of 

applications, such as a key step in proteomic analysis (Figure 4.1A).249 The high reactivity and 

specificity of alkyne and azide substrates ensure high sensitivity of proteomic analysis, which 

is either performed after on-bead digestion of whole labelled proteins250 or after protein 

digestion and subsequent tagging via the CuAAC reaction. The later procedure exhibits better 

sensitivity compared to the former.251 

Another use of the CuAAC reaction in chemical biology is the modification of 

oligonucleotides to improve pharmacokinetic properties (Figure 4.1B).252 One example are 

antisense oligonucleotides, which suffer from poor in vivo stability and are easily degraded by 

DNA or RNA digesting enzymes.253 Conjugation to peptides by CuAAC enhances cellular 

uptake.254
’
255  

The perhaps most common modification of peptides256 and oligonucleotides257 by the CuAAC 

reaction is the tagging with fluorescent reporters (Figure 4.1C). A variety of alkyne or azide 

modified fluorescent probes and commercially CuAAC kits are available which makes the use 

of the CuAAC reaction for fluorescent labelling widespread. 
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Figure 4.1. (A) CuAAC used to label azide modified proteins or peptides for proteomic analysis. (B) CuAAC used 

to conjugate peptides to oligonucleotides to improve pharmacokinetic properties. (C) CuAAC used to tag 

peptides/proteins and oligonucleotides with fluorescent labels. 

 

There remains, however, one significant drawback of the CuAAC reaction for in vivo 

modifications of biomolecules. The abundance of chelating groups in biomolecules 

necessitates high copper catalyst loadings which can lead to biomolecule oxidation.93 

Histidine, cysteine, and methionine are especially prone to copper induced oxidation.100 

NaAsc, while usually benign, can also cause side reactions and toxicity at high NaAsc 

concentrations.92 Whilst Cu-chelating ligands such as THPTA and BTTAA can counteract 
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some of this oxidative damage,258 the build-up of oxidative damage could lead to reagent 

degradation and cytotoxicity. 

 

4.2 Hypothesis to be tested in this Chapter 

The ynamine-CuAAC conjugation conditions identified in Chapter 3 resulted in full 

conversion of ynamine 2.1 with benzyl azide 2.2 in under 10 min utilising HFIP as a co-solvent 

and only 100 µM Cu(OAc)2 and GSH (Scheme 4.1). These conditions offer an alternative to 

conventional in vitro CuAAC conditions (i.e., CuSO4, THPTA and NaAsc)255,257,259–261 

commonly used for the conjugation of alkyne/azide-modified peptides or oligonucleotides 

with functional groups. 

 

Scheme 4.1. Reaction of ynamine 2.1 with benzyl azide (2.2) using the optimised CuAAC conditions in 10% HFIP. 

Conditions: 2.1 (200 µM), Cu(OAc)2 (100 µM), 2.2 (500 µM), GSH (100 µM), 10% HFIP in 1X DPBS, rt, 10 

mins. 

 

Recently, dual262,263 or even triple264,265 modification of biomolecules using multiple bio-

orthogonal reactions in tandem has become a powerful technique. For example, Yoshida et al. 

carried out a CuAAC reaction selectively in the presence of a strained alkyne.266 It was 

proposed that Cu(I) co-ordinates to the strained alkyne and acts as a transient protecting group 

(Scheme 4.2). By the addition of a copper scavenger (e.g., EDTA), the strained alkyne could 

be deprotected and further functionalised.267 
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Scheme 4.2. Ligation of Cu(I) to alkyne prevents SPAAC reaction. 

 

Potentially, this strategy could be employed for the ynamine-CuAAC and GSH used to 

modulate reactivity. In the presence of GSH, Cu(II) would be reduced to Cu(I) and protect the 

strained alkyne, leaving the ynamine free to react to form 4.2 (Scheme 4.3). Conversely, in the 

absence of GSH, the SPAAC reaction could proceed to form 4.1a/b. 

 

Scheme 4.3. Potential strategy to either form 4.1a/b or 4.2 depending on GSH addition. 

 

4.3 Aims of Chapter 4 

The specific aims of this chapter are: 

(i) Synthesise azide modified peptides and test optimal ynamine-CuAAC conditions. 

(ii) Develop sequential CuAAC/SPAAC labelling protocol on small molecules and 

transfer to peptides. 

(iii) Explore the reactivity of an ynamine-modified oligonucleotide. 
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4.4 Results & Discussion 

4.4.1 Synthesis of Reagents 

All experiments performed so far used ynamine 2.1, which does not offer any functional 

groups for further modification. To demonstrate the utility of ynamines as a tool for 

bioconjugation, the preparation of an ynamine with a functional handle (4.3) was explored. 

The TIPS-protected ynamine 4.5 was synthesised following the standard protocol197 and 

obtained in 11% yield (Scheme 4.4A). Unfortunately, poor yields are usually obtained when a 

functional group is present on the benzimidazole. The poor yields are attributed to copper co-

ordination which prevents catalysis.268 The yields are further reduced as both isomers (4.5 and 

4.6) are formed in roughly equal amounts. The regio-isomers had previously been determined 

by other members of the group through NOESY interactions between the TIPS protons and 

the proton at the 7-position on the benzimidazole ring. 

Deprotection of the TIPS group of 4.5 with fluoride on polymer yielded ynamine 4.3 in 84% 

(Scheme 4.4B). 

 

Scheme 4.4. (A) Synthesis of 4.6. Conditions: 4.4 (1 equiv), 2.6 (1.2 equiv), CuI (0.1 equiv), Cs2CO3 (1.1 equiv), 

PEG 400 (0.2 equiv), 110 °C, 2 days. (B) Synthesis of 4.3. Conditions: 4.5 (1 equiv), fluoride on polymer (1.5 

equiv), rt, overnight. 

 

Amide coupling of 4.3 with d-desthiobiotin (a structural analogue of d-biotin) afforded 4.7 in 

54% yield (Scheme 4.5). Biotin is commonly used as a functional handle for pulldown assays. 

Tagged biomolecules can easily be trapped on streptavidin beads and cellular debris be washed 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

156 

 

off. The purified biomolecule can then be eluted from the column. Due to the femtomolar 

affinity of biotin for streptavidin,269 the release can be problematic. Destiobiotin, a biotin 

analogue, exhibits a lower affinity for streptavidin and can be more readily eluted from the 

column (e.g., via displacement with biotin).270 

 

Scheme 4.5. Synthesis of 4.7. Conditions: d-desthiobiotin (1 equiv), 4.3 (1.2 equiv), EDC.HCl (1.2 requiv), DMAP 

(0.2 equiv), rt, overnight. 

 

Two cell penetrating peptides were chosen to demonstrate the suitability of the optimised 

ynamine-CuAAC protocol. The first, Penetratin,271,272 is a commonly used cell penetrating 

peptide, which is derived from the homodomain ANTENNAPEDIA, a transcription factor in 

Drosophila. Glycine and azido-lysine were attached to the C-terminus to give Penetratin-Az 

(Figure 4.2). The peptide was synthesised on a Protein Technologies Tribute automated 

synthesizer using Rink amide resin. Dithiothreitol (DTT) was added to the cleavage cocktail 

to prevent oxidation of the methionine residue. DTT can reduce the azide273 during the 

prolonged cleavage time (4 h) needed for Penetratin-Az (to remove all Pbf-protecting groups 

from the arginine residues). Fortunately, azide reduction was not observed in this case.  

 

Figure 4.2. Structure of Penetratin-Az. 

 

The second cell-penetratin peptide (TP2)274 is more lipophilic and includes fewer copper 

chelating moieties. An azido-lysine building block was attached to the C-terminus to give TP2-

Az (Figure 4.3). The preparation of this peptide was achieved on Rink amide resin using the 

standard solid phase peptide coupling protocols. 
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Figure 4.3. Structure of TP2-Az. 

 

4.4.2 Optimization of the Solvent System used in the Ynamine-CuAAC 

Conjugation  

With the synthesised reagents in hand, the influence of the co-solvent was tested first. The 

click reaction between ynamine 4.7 and Penetratin-Az was used as a model reaction. The 

reaction was performed using the previously optimised conditions (i.e., GSH and Cu(OAc)2, 

100 µM) in MeOH, TFE and HFIP as well as with the initial conditions reported in Chapter 2 

(i.e., Cu(OAc)2 = 350 µM and GSH = 1 mM, ratio = ~1:3 ) in HFIP for comparison. All 

reactions described in this chapter were performed according to the HPLC assay described in 

Chapter 2 and carried out in triplicate (unless stated otherwise). 

As before, HFIP provided the fastest and highest conversions (~80% in 2 h) when compared 

with MeOH or TFE which only reached ~40% conversion after 4 h (Figure 4.4). The initial 

conditions (~1:3) displayed an induction period (~2 h) as was observed with small molecules. 

These results demonstrate that findings obtained for small molecules can generally be 

translated to peptides. 
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Figure 4.4. Solvent screen for the reaction of ynamine 4.7 and Penetratin-Az. Conditions (HFIP, TFE and MeOH): 

4.7 (200 µM), Penetratin-Az (200 µM), Cu(OAc)2 (100 µM),  GSH (100 µM), 10% co-solvent in 1X DPBS, rt, 4 

h. Conditions (~1:3): 4.7 (200 µM), Penetratin-Az (200 µM), Cu(OAc)2 (350 µM),  GSH (1 mM), 10% HFIP in 

1X DPBS, rt, 4 h. Buffer pH = 7.4. Shaded areas represent the standard deviation calculated from three experiments. 

 

As HFIP was superior to both TFE and MeOH, the ligation of ynamine 4.7 with TP2-Az was 

only repeated in HFIP, and 90% conversion was achieved in under 1 h. The faster reaction rate 

could be due to the reduced numbers chelating moieties in TP2-Az. Alternatively, the 

increased lipophilicity could boost an “on water” effect and or a combination of both increase 

the rate of the reaction. 
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Figure 4.5. Reaction of ynamine 4.7 with TP2-Az using the optimised conditions. Conditions: 4.7 (200 µM), TP2-

Az (200 µM), Cu(OAc)2 (100 µM),  GSH (100 µM), 10% HFIP in 1X DPBS, rt, 1 h. Buffer pH = 7.4. Shaded areas 

represent the standard deviation calculated from three experiments. 

 

4.4.3 The Ynamine-CuAAC Ligation is Modulated by Glutathione Addition 

To explore the possibility of modulating CuAAC or SPAAC reactivity by the addition of GSH 

in competition reactions, equimolar amounts of ynamine 2.1 and DBCO 2.12 were incubated 

with one equivalent of picolyl azide (2.42) (200 µM each). The chelating azide should offset 

the reduction in reactivity when lowering the azide concentration from the previous small 

molecule standard conditions (500 µM). The reactions were performed using 350 µM 

Cu(OAc)2 and 1 mM GSH to ensure efficient protection of DBCO 2.12 by Cu(I). 

In the absence of GSH, DBCO 2.12 reacted with picolyl azide 2.42 exclusively to give a 

mixture of regio-isomers (4.10a/b) and no ynamine-triazole (2.3c) formed (Figure 4.6A). In 

the presence of GSH, the reverse was observed (> 80% 2.3c and < 5% DBCO triazoles) (Figure 

4.6B). To confirm that the observed reactivity was due to Cu(I) co-ordination, DBCO 2.12 

was reacted with picolyl azide (2.42) in the presence of CuI (350 µM) (Experimental Figure 

4.15). Indeed, slow conversion (< 5%) was observed and the reaction profile matched the 

competition experiment in the presence of GSH (Figure 4.6B). 
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Figure 4.6. (A) Competition reaction between ynamine 2.1 and DBCO 2.12 without GSH. Conditions: 2.1 (200 

µM), 2.12 (200 µM), Cu(OAc)2 (350 µM), 2.42 (200 µM), 10% MeOH in 1X DPBS, rt, 4 h. (B) Competition 

reaction between ynamine 2.1 and DBCO 2.12 in the presence of GSH (1 mM). Conditions: 2.1 (200 µM), 2.12 

(200 µM), Cu(OAc)2 (350 µM), 2.42 (200 µM), GSH (1 mM), 10% MeOH in 1X DPBS, rt, 4 h. Buffer pH = 7.4. 

Shaded areas represent the standard deviation calculated from three experiments. 

 

4.4.4 Chemoselective Ynamine Click Labelling of Azido Peptides  

4.4.4.1 Optimisation on Mono-Azido-Peptides 

One potential issue with the competition labelling protocol when using azido peptides is that 

the presence of Lewis basic sites in the peptides might inhibit the Cu(I) catalyst and weaken 

DBCO protection. This was explored using a reaction between DBCO 2.12 and TP2-Az with 

varying Cu:GSH ratios to observe the effect on DBCO inhibition. The conditions chosen were: 

control (no Cu or GSH), 1:1 (optimal CuAAC conditions, 500 µM each), 1:2.5 (DoE 

conditions, 400 µM Cu(OAc)2 and 1 mM GSH) and 1:2.85 (optimal small molecule 
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conditions, 350 µM Cu(OAc)2 and 1 mM GSH). For the optimal CuAAC conditions, the 

concentration of copper and GSH was raised to 500 µM (from 100 µM) to ensure enough Cu(I) 

was present to co-ordinate to DBCO 2.12. 

In the absence of Cu(OAc)2 and GSH, the SPAAC reaction reached maximum conversion 

within 1 h, whereas the reactivity was reduced in the presence of Cu(OAc)2 and GSH. A 

Cu:GSH of 1:1 inhibited DBCO the best (only 25% conversion after 4 h), while  a ratio of 2.5 

and 2.85 still gave 40 – 50% conversion after 4 h. 
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Figure 4.7. Ratio of Cu:GSH most effective at inhibiting the SPAAC reaction between DBCO 2.12 and TP2-Az. 

Conditions (Control): 2.12 (200 µM), TP2-Az (200 µM), 10% HFIP in 1X DPBS, rt, 4 h. Performed in duplicate. 

Conditions (1:1): 2.12 (200 µM), TP2-Az (200 µM), Cu(OAc)2 (500 µM), GSH (500 µM), 10% MeOH in 1X 

DPBS, rt, 4 h. Single experiment. Conditions (1:2.5): 2.12 (200 µM), TP2-Az (200 µM), Cu(OAc)2 (400 µM), 

GSH (1 mM), 10% MeOH in 1X DPBS, rt, 4 h. Single experiment. Conditions (1:2.85): 2.12 (200 µM), TP2-Az 

(200 µM), Cu(OAc)2 (350 µM), GSH (1 mM), 10% MeOH in 1X DPBS; Single experiment. Buffer pH = 7.4. 

 

These results demonstrate that DBCO inhibition in the presence of peptides decreases when 

compared with the small molecule experiments. Potentially, chelating moieties within TP2-

Az (two arginine residues) could bind copper and cause incomplete protection of the DBCO 

triple bond. The ratio of 1:1 performed best and was chosen for the future experiments. 

However, the effects of potential interference from the amide in ynamine 4.7 were unknown 

(vs di-methyl ynamine 2.1). 
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4.4.4.2 Selective Click Labelling Penetratin-Az and TP2-Az with an Ynamine or 

DBCO 

For selective click labelling of Penetratin-Az via either CuAAC or SPAAC reactions, HFIP 

was the co-solvent of choice to ensure complete conversion for the ynamine-CuAAC. In 

competition experiments without GSH, the SPAAC reached >90% conversion after 30 min 

and no CuAAC product 4.8 was observed (Figure 4.8A). The addition of GSH (500 µM) 

inhibited the SPAAC reaction (< 10% conversion to 4.12a/b after 1 h) and ~80% CuAAC-

triazole 4.8 was formed after 4 h (Figure 4.8B). 

 

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

C
o

n
v

e
rs

io
n

 (
%

)

Time (h)

 4.7  4.8  2.12  4.12a/b

A)

 

0 1 2 3 4

0

20

40

60

80

100

C
o

n
v

e
rs

io
n

 (
%

)

Time (h)

 4.7  4.8  2.12  4.12a/b

B)

 

Figure 4.8. (A) Selective labelling of Penetratin-Az with DBCO 2.12 in the presence of ynamine 4.7. Conditions: 

4.7 (200 µM), 2.12 (200 µM), Penetratin-Az (200 µM), Cu(OAc)2 (500 µM), 10% HFIP in 1X DPBS, rt, 1 h. (B) 

Selective labelling of Penetratin-Az with ynamine 4.7 in the presence of DBCO 2.12 facilitated by GSH. 

Conditions: 4.7 (200 µM), 2.12 (200 µM), Penetratin-Az (200 µM), Cu(OAc)2 (500 µM), GSH (500 µM), 10% 

HFIP in 1X DPBS, rt, 4 h. Buffer pH = 7.4. Shaded areas represent the standard deviation from calculated from 

three experiments. 

 

The same series of experiments was repeated with TP2-Az. Unfortunately, both products (4.9 

and 4.11a/b) precipitated in 10% HFIP/1X DPBS eventually but remained soluble for most of 

the analysis. Again, ynamine-triazole (4.9) only formed in the presence of GSH (Figure 4.9A) 
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and in the absence of GSH the DBCO-triazoles (4.11a/b) were the major products (Figure 

4.9B). 
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Figure 4.9. (A) Selective labelling of TP2-Az with DBCO 2.12 in the presence of ynamine 4.7. Conditions: 4.7 

(200 µM), 2.12 (200 µM), TP2-Az (200 µM), Cu(OAc)2 (500 µM), 10% HFIP in 1X DPBS, rt 1 h. (B) Selective 

labelling of TP2-Az with ynamine 4.7 in the presence of DBCO 2.12 facilitated by GSH. Conditions: 4.7 (200 µM), 

2.12 (200 µM), TP2-Az (200 µM), Cu(OAc)2 (500 µM), GSH (500 µM), 10% HFIP in 1X DPBS. Buffer pH = 7.4. 

Shaded areas represent the standard deviation from calculated from three experiments. 

 

When comparing the SPAAC reaction on peptides (Figure 4.8 and Figure 4.9) with the reaction 

on small molecules (Figure 4.6), the peptide SPAAC reaction was  faster. The competition 

reaction on small molecules was performed in MeOH and the peptide labelling in HFIP. This 

could indicate that HFIP might also accelerate the SPAAC reaction. This is an interesting 

observation and might warrant further investigation in the future. 

 

Extending this strategy to the selective labelling of azides with ynamines (e.g., 4.7) and DBCO 

2.12 in the same peptide would increase the power of this methodology. 
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4.4.5 Sequential Click Labelling of Dual Azide-Modified Peptides 

4.4.5.1 Strategy for Sequential Labelling 

A sequential labelling approach was then explored using a peptide outfitted with a Cu-

chelating and non-chelating azide group. In this design, DBCO 2.12 or the ynamine 4.7 must 

react selectively with one azide first to avoid creating a mixture of regio-isomers. Ynamine 

4.7 should preferentially react first with the picolyl azide over the aliphatic azide. The aliphatic 

azide would then be free to react with DBCO after the addition of a Cu(I) chelating agents 

such as EDTA (Scheme 4.6).  

 

Scheme 4.6. Strategy for selective sequential labelling of peptides with an ynamine and DBCO. 

 

4.4.5.2 Solid Phase Synthesis of a Dual Azide-Labelled Peptide (Pico-TP2-Az) 

As Penetratin-Az and TP2-Az were already modified on the C-terminus, it was envisioned to 

modify the N-terminus with picolyl azide. Compound 4.15 was identified as a suitable starting 
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material for either an amide coupling with mono-protected succinic acid or a ring opening 

reaction with succinic anhydride (Scheme 4.7). The created picolyl azide acid (4.16) could 

then be coupled to the peptide. 

The amide coupling to form picolyl azide 4.17 was unsuccessful and no conversion to product 

was observed. Possibly, the use of reagents as hydrogen chloride salts could lower the pH and 

prevent either acid activation or deactivate the aniline by protonation. Instead, ring opening of 

succinic anhydride with amine 4.15 led to full consumption of the starting material. Initially, 

the reaction was conducted at room temperature with 6 equiv of succinic anhydride. However, 

this complicated purification as succinic anhydride co-eluted with the product using RP-HPLC 

(4.16). Full consumption of the starting material was achieved with only 2 equiv of succinic 

anhydride and heating the reaction to 70 °C, but isolated yields remained poor (< 40%). 

Inspection of the aqueous phase by TLC revealed that 4.16 was still present after extraction. 

The aqueous work up was improved by adjusting the pH to ~ 4.1 and extracting with MeTHF. 

The final optimised procedure afforded the product 4.16 as a white solid in 63% yield. 

Electron-rich picolyl azide derivates have been shown to be more reactive than their electron-

poor analogues. In 4.15, the lone pair of the amine is free donate electron density into the 

aromatic ring, whereas the amide in 4.17 will be a weaker electron donor (due to adjacent 

carbonyl). Potentially, this could reduce reactivity and could be solved by disconnecting the 

amide from the picolyl system via a short linker. However, the starting material 4.15 was 

readily available. 

 

Scheme 4.7. Synthetic strategy to for picolyl azide 4.16. Reaction using EDC.HCl and HOBt was not successful. 

Ring opening of succinic anhydride instead afforded the product 4.16. Conditions: 4.15 (1 equiv), succinic 

anhydride (2 equiv), DMAP (1.1 equiv), 70°C, overnight. 

 

With picolyl azide 4.16 in hand, conditions for the on-resin amide coupling to TP2-Az were 

explored. The use of HATU/DIPEA (3 equiv) led to minimal conversion to Pico-TP2-Az, 

while the combination of DIC/OxymaPure® (3 equiv) afforded higher but still incomplete 

conversion (~ 30%). After heating the reaction to 75 °C for 1 h in the microwave, TP2-Az was 
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fully consumed and Pico-TP2-Az could be isolated successfully after deprotection, cleavage 

and purification (Figure 4.10). 

 

Figure 4.10. Structure of Pico-TP2-Az. 

 

4.4.5.3 Exploration of the Chemoselective Dual-Labelling of Azide-Modified 

Peptide Pico-TP2-Az 

With Pico-TP2-Az in hand, the dual labelling with DBCO 2.12 and ynamine 4.7 was tested. 

As a baseline, the original competition reaction conditions (350 µM Cu(OAc)2 and 1 mM 

GSH) were tested first in 10% HFIP. Unfortunately, the reaction could not be followed in the 

usual HPLC setup, as precipitation of the peptide and eventually ynamine 4.7 was observed. 

Instead, the reaction was performed in an Eppendorf tube quenched with EDTA after 4 h to 

stop the CuAAC reaction and the SPAAC reaction allowed to proceed for a further 2 h. Then 

the reaction solvent was removed, the residue was redissolved in 1:1 H2O/MeCN (0.1 % 

formic acid) and the analysed by UPLC-MS. 

Unfortunately, these conditions furnished mostly double DBCO-labelled Pico-TP2-Az 4.18 

(Scheme 4.8). This indicates that ynamine 4.7 was not reactive enough under these conditions 

and/or DBCO 2.12 was not inhibited. 
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Scheme 4.8. Attempted dual-labelling strategy mostly furnished double DBCO product 4.18. Conditions: 4.7 (200 

µM), 2.12 (200 µM), Cu(OAc)2 (350 µM), GSH (1 mM), 10% HFIP in 1X DBPS,  rt, 4 h, then EDTA addition (1 

mM), further 2 h. Buffer pH = 7.4. 

 

4.4.5.4 Chemoselective Ynamines Labelling of Azide-Modified Peptides 

Due to this result (Scheme 4.8), it was decided to perform control experiments to gain more 

insight into the reaction. The optimised peptide competition reaction conditions (500 µM 

Cu(OAc)2 and 500 µM GSH, Figure 4.7) were tested on Pico-TP2-Az in the absence of DBCO 

to elucidate the chemoselectivity of the ynamine 4.7 over the two azides. As the solubility of 

the products was limited in HFIP, this reaction was performed in MeOH and DMSO instead 

to enable monitoring via the standard HPLC setup. 

In both solvents, the reaction showed a similar pattern (Figure 4.11A and B). First, mono-

labelled Pico-TP2-Az (4.19) formed which then slowly converted into double-labelled Pico-

TP2-Az (4.20). The temporary bias towards the mono-labelled peptide (4.19) makes selective 

dual-labelling challenging. However, in the solvent screen (see Section 3.4.10) DMSO 

afforded faster reaction rates than MeOH. If selectivity correlates with reactivity, then the 

reaction might be more selective in HFIP. 
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Figure 4.11. (A) Chemoselectivity of ynamine 4.7 over terminal picolyl azide or azido-lysine in MeOH. 

Conditions: 4.7 (200 µM), Pico-TP2-Az (200 µM), Cu(OAc)2 (500 µM), GSH (500 µM), 10% MeOH in 1X DPBS, 

rt, 4 h. Single experiment. (B) Chemoselectivity of ynamine 4.7 over terminal picolyl azide or azido-lysine in 

DMSO. Conditions: 4.7 (200 µM), Pico-TP2-Az (200 µM), Cu(OAc)2 (500 µM), GSH (500 µM), 10% DMSO in 

1X DPBS, rt, 4 h. Single experiment. Buffer pH = 7.4 

 

Consequently, the experiment was repeated in HFIP. Due to the precipitation issues, the 

reaction was performed using the above-mentioned procedure (see 4.4.5.3, reaction in 

Eppendorf tube, followed by work up and UPLC-MS analysis). Unfortunately, peak baseline 

resolution could not be achieved even after extensive gradient tuning, but the mass analysis 

allowed identification of the different species. After 30 mins, no ynamine 4.7 remained and 

mostly mono-labelled peptide (4.19) formed (presumably labelled via picolyl azide) (Figure 

4.12). Unlike previous experiments, only minimal double labelled peptide 4.20 (~ 10%) was 
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observed. These result show that more selective dual modification of Pico-TP2-Az might be 

achieved under these conditions. 
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Figure 4.12. UV-UPLC-MS trace of labelling of Pico-TP2-Az with ynamine 4.7 (1 equiv) in HFIP. Conditions: 

4.7 (200 µM), Pico-TP2-Az (200 µM), Cu(OAc)2 (500 µM), GSH (500 µM), 10% HFIP in 1X DPBS, rt, 30 min. 

Buffer pH = 7.4. 

 

Therefore, this experiment was then repeated with the addition of DBCO (200 µM). The 

reaction was left for 2 h (to ensure full reaction of the ynamine 4.7) before EDTA was added 

and left for a further 2 h before analysis. Unfortunately, all possible product configurations 

were obtained in a mixture (Figure 4.13). 
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Figure 4.13. UV-UPLC-MS trace of attempted selective dual-labelling of Pico-TP2-Az with ynamine 4.7 and 

DBCO 2.12. Conditions: 4.7 (200 µM), 2.12 (200 µM), Cu(OAc)2 (500 µM), GSH (500 µM), 10% HFIP in 1X 

DBPS, rt, 2 h, then EDTA (1 mM), further 2 h. Buffer pH = 7.4. 

 

This result showed that further optimisation is needed. The formation of double ynamine-

labelled (4.20) and DBCO-labelled peptide (4.18) indicate the challenges to achieve ultimate 

chemoselectivity in a dual azide-labelled peptide. 

 

4.4.6 Synthesis of Ynamine-modified Oligonucleotides 

Sequential labelling of a dual-azide modified peptide failed as the ynamine-CuAAC reaction 

was not selective for picolyl azide over an aliphatic azide. If the ynamine and DBCO were 

present in the peptide instead, the reaction might have succeeded. But presently, there is no 
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developed strategy for incorporation of an aromatic ynamine and/or DBCO in the same 

peptide. 

However, a procedure has been developed in the group for incorporating aromatic ynamines 

into oligonucleotides. Commercial DBCO phosporamidite building blocks for solid phase 

oligonucleotide synthesis are also available. Therefore, the synthesis of a dual modified 

oligonucleotide strand is tractable and would demonstrate the applicability of the sequential 

labelling protocol on a second class of biomolecules (Figure 4.14A). As such, the final aim of 

this chapter was to synthesise an ynamine-phosphoramidite 4.23 (Figure 4.14B) and 

incorporate it into a synthetic oligonucleotide. 

 

Figure 4.14. (A) Oligonucleotide modified with both an aromatic ynamine and DBCO. (B) Structure of ynamine-

phosporamidite 4.23. 

 

The synthesis of 4.23 starts with a Sonogashira reaction to couple the aliphatic hydroxyl tail 

4.24 to 5-iodo-2-nitroaniline (4.25) (Scheme 4.9). The reaction proceeded in almost 

quantitative yield (97%) on a large scale (10 g). The product 4.26 was isolated after aqueous 

work up and precipitation. 

 

Scheme 4.9. Synthesis of 4.26. Conditions: 4.25 (1 equiv), 4.24 (1.1 equiv), Pd(PPh)3Cl2 (0.1 equiv), CuI (0.08 

equiv), rt, argon, 2 h. 
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Next the internal alkyne and the nitro group were reduced simultaneously in a Pd/C-catalysed 

hydrogenation (Scheme 4.10). Due to the large scale (10 g) the reaction took 2 days to reach 

full conversion and additional catalyst had to be added after the first day. Nevertheless, the 

reduced bis-aniline (4.27) could be obtained in 93% yield after removal of the catalyst. 

 

Scheme 4.10. Synthesis of 4.26. Conditions: 4.27 (1 equiv), Pd/C, H2 balloon, rt, 2 days. 

  

Next the benzimidazole 4.28 was formed in a Phillips condensation with formic acid. The 

reaction gave a mediocre yield (40%) with several side products, none of which could be 

identified.  

 

Scheme 4.11. Synthesis of 4.28. Conditions: 4.27 (1 equiv), formic acid, reflux, overnight. 

 

The benzimidazole 4.28 was coupled to bromo-TIPS-acetylene (2.6) using the standard 

reaction protocol (Scheme 4.12). As with the synthesis of 4.5, the reaction performed poorly 

due to the presence of a functional group. The yield was further decreased as chromatographic 

separation was challenging and some co-elution of 4.28 and 4.29 was observed. Pure protected 

ynamine (4.29) could be isolated in 18% yield while the 5-isomser 4.30 could only be isolated 

as a mixture. The regio-isomers could be assigned due to the diagnostic NOSEY interaction 

of H-7 with the TIPS protons. 
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Scheme 4.12. (A) Synthesis of 4.29. Conditions: 4.28 (1 equiv), 2.6 (1.6 equiv), CuI (0.05 equiv), Cs2CO3 (1.2 

equiv), PEG 400 (0.1 equiv), 110 °C, argon, 2 days. (B) Diagnostic NOSEY correlations enable identification of 

regio-isomers. 

 

Finally, the phosphoramidite 4.23 was synthesised in 71% yield (Figure 4.13A) and then 

incorporated into a dodecamer by conventional phosphoramidite-based solid phase synthesis 

(ODN-1, Scheme 4.13B). The TIPS protecting group was removed successfully by passing 

TBAF over the solid phase column. Then the oligonucleotide was cleaved and purified by 

semi-preparative RP-HPLC to obtain ODN-2. This oligonucleotide will be used to test the 

optimal ynamine-CuAAC conditions in the future. 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

174 

 

 

Scheme 4.13. (A) Synthesis of 4.23. Conditions: 4.29 (1 equiv), 2-Cyanoethyl N,N-

diisopropylchlorophosphoramidite (3 equiv), DIPEA (9 equiv), rt, 1 h. B) ODN-1 synthesised by solid phase 

synthesis (for protocol see Experimental). Synthesis of ODN-2. Conditions: 1 M TBAF in THF (50 µL) in dry 

MeCN (1.95 mL), rt, 3 min. 
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4.5 Conclusion & Future Work 

In summary, two azide modified cell penetrating peptides (Penetratin-Az and TP2-Az) were 

successfully synthesised by solid phase synthesis. The optimised ynamine-CuAAC conditions 

performed well (> 90% conversion after 1 h) on the tested peptides when using HFIP as a co-

solvent. The click reaction with TP2-Az was completed within 30 minutes while Penetratin-

Az reached maximum conversion after 1 h. The difference in reactivity is likely due to the 

number of chelation moieties in the peptides. TP2-Az only has 2 arginine residues which could 

chelate copper, while Penetratin-Az has three arginine and four further lysine residues. 

Then, a competition experiment between DBCO 2.12 and ynamine 2.1 with picolyl azide 2.42 

was performed in the presence and absence of GSH. In the absence of GSH, the SPAAC 

triazoles (4.10a/b) formed exclusively, while in the presence of GSH the CuAAC triazole 

(2.3c) formed as the major product (> 90%). As dual functionalisation of peptides is highly 

desirable, it was attempted to translate these results into selective labelling of peptides. 

The conditions developed for small molecules (Cu(OAc)2 = 350 µM, GSH = 1 mM) were not 

as effective for inhibiting the SPAAC reaction on peptides. Instead, the use of equimolar 

amounts of copper and GSH (500 µM each) allowed the selective labelling of Penetratin-Az 

and TP2-Az by either CuAAC or SPAAC reaction which was controlled by GSH addition. 

The selective dual modification of Pico-TP2-Az was attempted using the newly developed 

protocol. Unfortunately, a mixture of products was obtained which could not be improved by 

further optimisation. The most prominent side products where with double labelled ynamine 

4.20 or double labelled DBCO peptide 4.18, indicating poor selectivity of picolyl azide over 

an aliphatic azide. 

Due to the poor chemoselectivity over azides, reversing the incorporation of functional groups 

(i.e., both an aromatic ynamine and DBCO present in the same molecule) might circumvent 

the selectivity issue. To this end an ynamine-phosphoramidite (4.23) was synthesised and 

incorporated into an oligonucleotide. In the future, ODN-2 will be used to test the optimal 

ynamine-CuAAC conditions (100 µM Cu(OAc)2 and 100 µM GSH in 10% HFIP). Due to the 

additional Cu-chelating functional groups present in oligonucleotides the reaction might 

require further optimisation. Consideration must also be given to the magnesium concentration 

of the buffer as Kollaschinski et al. showed that tuning the magnesium concentration was vital 

for successful CuAAC ligation.275 

After the ligation conditions are optimised, an oligonucleotide strand containing both ynamine 

4.30 and DBCO will be synthesised, and the sequential labelling protocol attempted with two 
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different azides. The selectivity of the protocol can be evaluated by mass spectrometry after 

oligonucleotide digestion (Scheme 4.14). 

 

Scheme 4.14. Proposed workflow for the selective sequential labelling of oligonucleotides. 
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4.6 Experimental 

4.6.1 General Experimental Techniques and Procedures 

4.6.1.1 Reagents and Solvents 

All reagents and solvents were used as supplied from commercial sources and used without 

further purification unless otherwise stated. Thin layer chromatography (TLC) was carried out 

using Merck silica plates coated with fluorescent indicator UV254. TLC plates were analysed 

under 254 nm UV light or developed using potassium permanganate solution. 

4.6.1.2 Column Chromatography 

Normal-phase flash chromatography was carried out using ZEOprep 60 HYD 40-63 μm silica 

gel. 

4.6.1.3 NMR Spectroscopy 

NMR spectroscopy was carried out using either a Bruker 400 UltraShield™  B-ACS 60 

spectrometer, Bruker AV500 spectrometer at 500 MHz (1H) and 126 Hz (13C) or Bruker 

AV600 spectrometer at 156 Hz (13C). All chemical shifts () in CDCl3 were referenced at 7.26 

(1H) and 77.06 ppm (13C), in DMSO-d6 at 2.50 (1H) and 39.52 (13C), in D2O at 4.79 ppm (1H) 

and in CD3OD at 3.31 (1H) and 49.0 ppm (13C) and reported in parts per million (ppm). 

Coupling constants are quoted in hertz (Hz). Abbreviations for splitting patterns are s (singlet), 

br. s (broad singlet), d (doublet), dd (doublet of doublets), ddd (doublet of doublets of 

doublets), t (triplet), td (triplet of doublets), app. t (apparent triplet), q (quartet) and m 

(multiplet). All NMR data was processed using Mestrenova 11.0 software. Proton and carbon 

chemical shifts were assigned using proton (1H), carbon (13C), Heteronuclear Single Quantum 

Coherence (HSQC), Heteronuclear Multiple-Bond Correlation Spectroscopy (HMBC) and 

Correlation Spectroscopy (COSY) and Nuclear Overhauser Effect Spectroscopy (NOESY) 

whenever possible (see Appendix for assigned protons/carbons). 

4.6.1.4 High Resolution Mass Spectrometry 

High-resolution mass spectra were recorded on an LTQ Orbitrap XL 1 mass spectrometer at 

the EPSRC UK National Mass Spectrometry Facility (Swansea), a Thermo Exactive Orbitrap 

mass spectrometer at the University of St Andrews and a Bruker Micro TOF II at the university 

of Edinburgh. 
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4.6.1.5 IR Spectroscopy 

IR data were collected on either an Agilent or Shimadzu FTIR spectrometer and the data 

processed using the proprietary software. Only major absorbances were reported. 

4.6.2 Liquid Chromatography-Mass Spectrometry (LC-MS) and Ultra-

Performance-Mass-Spectrometry (UPLC-MS) 

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent 

Quadrupole mass detector on an Agilent Poroshell 120 C18 column (75 mm × 4.6 mm, 2.7 

µm). UPLC-MS was carried out on an AVANT UPLC with an Advion Expression CMS L 

attached for mass detection on a Phenomenex Kinetex C18 column (30 mm × 2.1 mm, 2.7 

µm). Electrospray ionization (ESI) was used in all cases. 

4.6.3 Synthetic Procedures 

1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-5-amine (4.5) compound with 1-

((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-amine (4.6) 

 

1H-benzo[d]imidazol-6-amine (2.0 g, 15 mmol), caesium carbonate (5.9 g, 18 mmol), copper 

iodide (143 mg, 0.75 mmol) and PEG 400 (1.2 g, 3.0 mmol) were dissolved in dry dioxane 

(100 mL). The mixture was degassed under vacuum three times (20 min, 10 min, 5 min) and 

(bromoethynyl)triisopropylsilane (4.7 g, 18 mmol) was added. The reaction mixture was 

heated to reflux (110 °C) for 42 hours under an argon atmosphere. The reaction was allowed 

to reach room temperature and the diluted with ethyl acetate (100 mL). The mixture was 

washed with sat. EDTA solution (pH 3, 100 mL) and brine (100 mL) and then dried over 

Na2SO4. The organic phase was concentrated under vacuum and purified by flash column 

chromatography (50 – 70% ethyl acetate in petroleum ether) to give the desired compounds as 

yellow solids (50 505 mg, 11% and 51 376 mg, 8%). 

Compound (4.5) 1H NMR (500 MHz, CDCl3) δ 7.88 (s, 1H), 7.55 (d, J = 8.5 Hz, 1H), 6.78 

(d, J = 2.2 Hz, 1H), 6.72 (dd, J = 8.5, 2.2 Hz, 1H), 3.83 (s, 2H), 1.16 (s, 21H). 

13C NMR (126 MHz, CDCl3) δ 144.5, 141.8, 135.9, 135.1, 121.2, 113.5, 96.0, 90.5, 72.5, 18.7, 

11.2. 
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IR (𝜈max): 3323 (N-H), 3210 (N-H), 2943 (C-H), 2865 (C-H), 2187 (C≡C), 1498 (ar. C=C) cm 

-1. 

HR-MS (ESI): C18H27N3SiH+ calculated 314.2047, found 314.2047. 

Compound (4.6) 1H NMR (500 MHz, CDCl3) δ 7.97 (s, 1H), 7.31 (d, J = 8.5 Hz, 1H), 7.08 

(d, J = 2.0 Hz, 1H), 6.81 (dd, J = 8.5, 2.0 Hz, 1H), 1.19 – 1.11 (m, 21H). 

13C NMR (126 MHz, CDCl3) δ 144.0, 143.6, 143.1, 128.2, 114.4, 111.3, 105.7, 90.6, 72.4, 

18.7, 11.3. 

IR (𝜈max): 3326 (N-H), 3209 (N-H), 3069 (ar. C-H), 2946 (C-H), 2867 (C-H), 2183 (C≡C), 

1486 (ar. C=C) cm -1. 

HR-MS (ESI): C18H27N3SiH+ calculated 314.2047, found 314.2049. 

 

1-ethynyl-1H-benzo[d]imidazol-6-amine (4.3) 

 

1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-amine (359 mg, 1.15 mmol) was 

dissolved in acetonitrile (6 mL) and fluoride on polymer support 2 – 3 mmol/g loading (383 

mg, 1.15 mmol) was added (Sigma catalogue number: 387789-10G). The reaction was stirred 

at room temperature overnight and then filtered and the solvent removed under vacuum. The 

residue was purified by flash column chromatography (0 – 60% in ethyl acetate in petroleum 

ether) and the desired product was obtained as a light brown solid (152 mg, 84 %). 

1H NMR (500 MHz, CDCl3) δ 7.87 (s, 1H), 7.55 (d, J = 8.6 Hz, 1H), 6.83 (d, J = 2.2 Hz, 1H), 

6.72 (dd, J = 8.6, 2.2 Hz, 1H), 3.84 (s, 2H), 3.24 (s, 1H). 

13C NMR (126 MHz, CDCl3) δ 144.9, 141.7, 135.9, 135.2, 121.5, 113.7, 96.0, 70.8, 61.9. 

IR (𝜈max): 3409 (N-H), 3299 (N-H), 3180 (ar. C-H) 3116 (sp C-H), 2146 (C≡C), 1497 (ar. 

C=C) cm -1. 

HR-MS (ESI): C9H7N3H+ calculated 158.0713, found 158.0712. 

 

N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)-6-((4R,5S)-5-methyl-2-oxoimidazolidin-4-

yl)hexanamide (4.7) 

 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

180 

 

Desthiobiotin (40 mg, 0.18 mmol), DMAP (5 mg, 0.04 mmol) and then EDC.HCl (40 mg, 

0.21 mmol) were dissolved in DMF (3 ml) and stirred for 30 minutes under argon atmosphere 

and cooled to 0 °C, then 1-ethynyl-1H-benzo[d]imidazol-6-amine (33 mg, 0.21 mmol) was 

added, and reaction stirred overnight. Dichloromethane (20 mL) was added, the organic phase 

was extracted with sat. NaHCO3 (20 mL) and water (20 mL), then dried over Na2SO4. The 

solvent was removed under vacuum and the residue purified by column chromatography (7% 

methanol/ 1% TEA in dichloromethane) to give the desired compound as a white solid (36 

mg, 54%). 

1H NMR (400 MHz, DMSO) δ 10.12 (s, 1H), 8.54 (s, 1H), 8.26 (d, J = 2.0 Hz, 1H), 7.67 (d, 

J = 8.7 Hz, 1H), 7.33 (dd, J = 8.7, 2.0 Hz, 1H), 6.30 (s, 1H), 6.11 (s, 1H), 4.73 (s, 1H), 3.67 – 

3.55 (m, 1H), 3.54 – 3.45 (m, 1H), 2.34 (t, J = 7.4 Hz, 2H), 1.67 – 1.55 (m, 2H), 1.46 – 1.19 

(m, 6H), 0.96 (d, J = 6.4 Hz, 3H). 

13C NMR (101 MHz, DMSO) δ 171.4, 162.8, 144.2, 137.0, 136.8, 134.3, 120.3, 116.0, 100.5, 

70.2, 64.9, 55.0, 50.2, 36.4, 29.5, 28.7, 25.6, 25.0, 15.5. 

IR (𝜈max): 3256 (N-H), 3133 (ar. C-H), 2930 (C-H), 1707 (C=O), 1595 (C=O) cm-1. 

HR-MS (ESI): C19H23N5O2H+ calculated 354.1925, found 354.1935. 

 

4-((2-(azidomethyl)pyridin-4-yl)amino)-4-oxobutanoic acid (4.16) 

 

2-(azidomethyl)pyridin-4-amine (50 mg, 0.27 mmol), DMAP (40 mg, 0.32 mmol) and 

succinic anhydride (54 mg, 0.54 mmol) were dissolved in DMF (3 mL) and heated to 70 °C 

overnight.  Then, 1% HCl (20 mL) was added, and the aqueous phase washed with chloroform 

(20 mL, layer discarded). The pH was adjusted to 4.1 and the aqueous phase was extracted 

with MeTHF (2 × 20 mL). The combined organic phases were washed with 5% LiCl (20 mL), 

brine (20 mL) and then dried over Na2SO4. The solvents were removed under vacuum and the 

residue purified by column chromatography (5 – 10% MeOH, 1% acetic acid in DCM) to give 

the desired compound as a white powder (42 mg, 63%). 

1H NMR (500 MHz, MeOD) δ 8.71 (d, J = 2.3 Hz, 1H), 8.12 (dd, J = 8.4, 2.6 Hz, 1H), 7.42 

(d, J = 8.4 Hz, 1H), 4.43 (s, 2H), 2.74 – 2.64 (m, 4H). 

13C NMR (126 MHz, MeOD) δ 176.2, 173.3, 151.6, 141.7, 136.9, 129.3, 124.1, 55.8, 49.5, 

49.3, 49.2, 49.0, 48.8, 48.7, 48.5, 32.2, 29.8. 

IR (𝜈max): 3327 (COOH), 21113 (N3), 1685 (C=O) cm-1. 
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UPLC-MS (ESI): C10H11N5O3H+ calculated 250.1, found 249.7. 

 

6-(3-amino-4-nitrophenyl)hex-5-yn-1-ol (4.26) 

 

4-Iodo-2-nitroaniline (11 g, 42 mmol), Pd(PPh)3Cl2 (3.2 g, 4.6 mmol) and CuI (634 mg, 3.3 

mmol) were added to a flask which was put under vacuum and refilled with argon. Then 

triethylamine (200 mL) and hex-5-yn-1-ol (4.5 g, 46 mmol) were added and the reaction was 

stirred under argon atmosphere for 2 h. Diethyl ether (100 mL) was added and the suspension 

was filtered through celite and eluted with more diethyl ether (100 mL). The filtrate was 

concentrated under vacuum and washed with 5% HCl (70 mL), sat. NaHCO3 (2 × 70 mL) and 

brine, then dried over Na2SO4. The solvents were removed under vacuum to give a brown 

solid, which was dissolved in ethyl acetate (50 mL) and heated to 40 °C. Hexane (200 mL) 

was added dropwise whereupon orange solid precipitated. The solid was filtered off, washed 

with hexane, and dried under vacuum the give the desired product as an orange solid (9.4 g, 

97 %). 

1H NMR (500 MHz, CDCl3) δ 8.16 (d, J = 2.0 Hz, 1H), 7.34 (dd, J = 8.6, 2.0 Hz, 1H), 6.72 

(d, J = 8.6 Hz, 1H), 6.15 (br. s, 2H), 3.74 – 3.64 (m, 2H), 2.43 (t, J = 6.8 Hz, 2H), 1.79 – 1.57 

(m, 4H), 1.40 (br. s, 1H). 

13C NMR (126 MHz, CDCl3) δ 144.0, 138.5, 131.8, 129.3, 118.8, 112.9, 89.2, 79.2, 62.6, 32.0, 

25.1, 19.3. 

IR (𝜈max): 3533 (N-H), 3444 (N-H), 3170 (ar. C-H), 2941 (C-H), 1636 (NO2) cm-1. Alkyne 

stretch very weak. 

HR-MS (ESI): C12H14N2O3H+ calculated 235.1077, found 235.1091. 

 

6-(3,4-diaminophenyl)hexan-1-ol (4.27) 

 

6-(3-amino-4-nitrophenyl)hex-5-yn-1-ol (9.4 g, 402 mmol) was added to a two-neck 1 L round 

bottom flask, which was purged with argon three times. Palladium on carbon was added (10 

spatula tips) and the flask was put under vacuum and refilled with argon. Dry methanol (400 

mL) was added and the solution sparged with 1.5 balloons of hydrogen. The reaction was then 

kept under a hydrogen atmosphere overnight and stirred at room temperature. TLC analysis 

indicated incomplete conversion, therefore more catalyst (10 spatula tips) was added, the 
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reaction sparged with hydrogen and kept under a hydrogen atmosphere for another night. Then 

the reaction was filtered through celite and eluted with MeOH. The solvent was removed under 

vacuum to obtain the desired product as a purple solid (7.8 g, 93%). 

1H NMR (400 MHz, CDCl3) δ 6.62 (d, J = 7.4 Hz, 1H), 6.54 – 6.50 (m, 2H), 3.63 (t, J = 6.6 

Hz, 2H), 3.27 (br. s, 4H), 2.52 – 2.42 (m, 2H), 1.63 – 1.50 (m, 4H), 1.44 – 1.23 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 135.2, 135.0, 132.3, 120.0, 117.1, 116.9, 63.2, 35.3, 32.9, 31.8, 

29.2, 25.8. 

IR (𝜈max): 3375 (N-H), 3290 (broad, O-H), 2925 (C-H), 2852 (C-H), 1519 (C=C) cm-1. 

HR-MS (ESI): C12H20N2OH+ calculated 209.1648, found 209.1649. 

 

6-(1H-benzo[d]imidazol-6-yl)hexan-1-ol (4.28) 

 

6-(3,4-diaminophenyl)hexan-1-ol (370 mg, 1.8 mmol) was dissolved in formic acid (5 mL) 

and heated to reflux overnight. The solvent was removed under vacuum and the residue was 

dissolved in ethyl acetate (30 mL). The organic phase was washed with 5% NaOH (wt) and 

brine (30 mL). The solvent was removed under vacuum and the residue purified by column 

chromatography (5 – 15% MeOH in DCM) to give the desired compound as a brown oil (157 

mg, 40%). 

1H NMR (400 MHz, MeOD) δ 8.12 (br. s, 1H), 7.52 (br. s, 1H), 7.41 (br. s, 1H), 7.07 (d, J = 

8.0 Hz, 1H), 3.52 (t, J = 6.6 Hz, 2H), 2.69 (t, J = 7.6 Hz, 2H), 1.70 – 1.58 (m, 2H), 1.56 – 1.43 

(m, 2H), 1.43 – 1.27 (m, 4H). 

13C NMR (101 MHz, MeOD) δ 138.9, 124.8, 116.1, 115.0, 62.9, 49.6, 49.4, 48.4, 37.0, 33.6, 

33.2, 30.1, 26.8. 

IR (𝜈max): 3195 (broad, O-H), 2925 (C-H), 2824 (C-H), 1603 (C=C) cm-1. 

HR-MS (ESI): C13H18N2OH+ calculated 219.1492, found 19.1502. 

 

6-(1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hexan-1-ol (4.29) 

 

6-(1H-benzo[d]imidazol-6-yl)hexan-1-ol (1.2 g, 5.4 mmol), CuI (51 mg, 0.27 mmol), caesium 

carbonate (2.1 g, 6.4 mmol) and PEG400 (214 mg, 0.54 mmol) were added to a flask and put 

under vacuum. Dry dioxane (50 mL) was added under argon atmosphere and the reaction 
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degassed under vacuum (3 ×). (Bromoethynyl)triisopropylsilane (2.2 g, 8.6 mmol) was added 

and the reaction heated to reflux for 2 days. The solvent was removed under vacuum and ethyl 

acetate (70 mL) and sat. EDTA solution (pH 3, 60 mL) were added and the phases were 

separated. The organic phase was washed with water (70 mL) and the combined aqueous 

phases extracted with ethyl acetate (70 mL). The organic phases were combined and washed 

with brine (70 mL) and then dried over Na2SO4. The solvent was removed under vacuum to 

give a brown oil, which was purified by column chromatography (10 – 50% ethyl acetate in 

hexane) to give the desired compound as a clear oil (383 mg, 18%). 

1H NMR (500 MHz, CDCl3) δ 8.02 (s, 1H), 7.69 (d, J = 8.2 Hz, 1H), 7.32 (d, J = 1.5 Hz, 1H), 

7.18 (dd, J = 8.3, 1.5 Hz, 1H), 3.64 (t, J = 6.6 Hz, 2H), 2.78 (t, J = 7.7 Hz, 2H), 1.75 – 1.65 

(m, 2H), 1.63 – 1.53 (m, 2H), 1.47 – 1.38 (m, 4H), 1.24 – 1.09 (m, 21H). 

13C NMR (126 MHz, CDCl3) δ 143.3, 140.2, 140.1, 134.9, 125.1, 120.4, 110.3, 90.5, 73.0, 

63.1, 36.2, 32.9, 31.8, 29.1, 25.8, 18.8, 11.4. 

IR (𝜈max): 3304 (broad, O-H), 2927 (C-H), 2803 (C-H), 2184 (C≡C), 1500 (C=C) cm-1. 

HR-MS (ESI): C24H38N2OSiH+ calculated 399.2826, found 399.2824. 

 

2-cyanoethyl (6-(1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hexyl) 

diisopropylphosphoramidite (4.23) 

 

6-(1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hexan-1-ol (200 mg, 0.5 mmol) 

was dissolved in dry THF (4 mL) under argon in a vacuum-dried flask. Dry DIPEA (583 mg, 

4.5 mmol) was added, followed by 2-cyanoethyl N,N-diisopropylchlorophosphoramidite (356 

mg, 1.5 mmol) and the reaction was stirred at room temperature for 1 h. The solvent was 

removed under vacuum and the residue purified by column chromatography (5 – 20% ethyl 

acetate in hexane with 1% TEA) to give the desired compound as a colourless oil (208 mg, 

71%). 

1H NMR (500 MHz, CDCl3) δ 8.01 (s, 1H), 7.69 (d, J = 8.2 Hz, 1H), 7.32 (d, J = 1.5 Hz, 1H), 

7.17 (dd, J = 8.2, 1.5 Hz, 1H), 3.89 – 3.75 (m, 2H), 3.69 – 3.52 (m, 4H), 2.77 (t, J = 7.6 Hz, 

2H), 2.63 (t, J = 6.5 Hz, 3H), 1.75 – 1.56 (m, 5H), 1.47 – 1.35 (m, 4H), 1.26 – 1.12 (m, 32H). 

13C NMR (126 MHz, CDCl3) δ 143.4, 140.2, 134.9, 125.0, 120.5, 117.8, 110.3, 90.5, 72.9, 

63.8 (d, J = 17.2 Hz), 58.4 (d, J = 18.8 Hz), 43.2 d, (J = 12.1 Hz), 36.3, 31.8, 31.3 (d, J = 7.3 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

184 

 

Hz), 29.1, 26.0, 24.8 (d, J = 7.3 Hz), 24.7 (d, J = 7.1 Hz), 20.5 (d, J = 6.9 Hz), 18.8, 11.4. Not 

phosphorous decoupled. 

31P NMR (162 MHz, CDCl3) δ 147.3 

HR-MS (ESI): C33H56N4O2PSiH+ calculated 599.3905, found 599.3898 

4.6.4 General Peptide Synthesis Protocol 

Solid-phase synthesis was performed using ChemMatrix® Rink amide resin (0.52 mmol/g) 

using a Protein Technologies Tribute automated synthesizer. Synthesis was performed using 

the standard Fmco/tBu protected amino acids and were obtained from Merck without further 

purification. 

The experimental protocol for automated synthesis was as follows: 

The resin was swollen for 10 min in DCM (2 mL). Fmoc deprotection was achieved using 

20% piperidine in DMF (3 × 5 min, 2 mL). Each amino acid (3.0 equiv) was activated with 

HATU (3.0 equiv) and DIPEA (0.5 M in DMF, 5 mL) for 5 min. The solution was then added 

to the resin and shaken for 1 h, then washed with further DMF (2 mL). Deprotection, coupling, 

and washing (DMF, 3 × 5 min, 2 mL) procedures were repeated until the final amino acid had 

been coupled to the peptide chain. The peptide was then cleaved from the resin, precipitated 

by addition of cold MTBE, and centrifuged at 4000 rpm for 5 min. The pellet was resuspended 

in cold MTBE, sonicated, and collected by centrifugation; this was repeated a total of three 

times. Peptides were then purified by RP-HPLC using a Dionex UltiMate 3000 HPLC 

equipped with a C18 column (Phenomenex Kinetex, 150 × 21.2 mm, 5 µm, 15 mL/min). For 

purification HPLC method see individual peptide sections. 

4.6.4.1 HPLC Method for Purity Analysis of Peptides 

Conditions for peptide purity analysis: 

Column Specifications: Phenomenex Aeris Widepore C18, 250 × 4.6 mm, 3.6 µm 

Column Temperature: 40 °C 

Mobile Phase A: 0.1% v/v TFA in water 

Mobile Phase B: 0.1% v/v TFA in MeCN 

Flow rate 1 mL/min 

Injection Volume: 10 µL 

Time (min) B%  

0 – 35 5 – 95 

35 – 40 95 

40 – 40.5 95 – 5 

40.5 - 50 5 
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4.6.4.2 Penetratin-Az 

Synthesis was performed using the general procedure given previously (100 mg resin, 50.0 

µmol). After the coupling the resin was split in half and one portion deprotected (2 × 5 min 

20% piperidine in DMF, 3 mL), washed (2 × DCM, 2 × DMF, 5 mL each) and then cleaved 

(90% TFA, 2.5% H2O, 2.5% TIPS, 2.5% DTT, 2.5% Phenol, v/v/v/w/w, 3 mL total) for 4 h. 

The resin was filtered off and the peptide was precipitated with MTBE. The residue was 

purified by reverse phase semi-preparative chromatography. The relevant fractions were 

collected then pooled and the solvent removed by lyophilisation to give the target peptide as a 

colourless, amorphous solid. 

HPLC purity (Rt = 11.36 min): 98% (254 nm), 97% (210 nm) 

HR-MS (ESI): 

C112H182N40O21S[4H+] calculated 614.8604, found 614.8603. 

Gradient for HPLC purification: 

Time (min) B %  

0 - 16 5 – 40 

16 - 17 40 – 95 

17 - 21 95 

21 - 22 95 - 5 

22 - 25 5 

 

4.6.4.3 TP2-Az 

Synthesis was performed using the general procedure (100 mg resin, 50.0 µmol). After the 

coupling the resin was split in half and one portion deprotected (2 × 5 min 20% piperidine in 

DMF), washed (2 × DCM, 2 × DMF, 5 mL each) and then cleaved (90% TFA, 5% H2O, 2.5% 

TIS, 2.5% Phenol, v/v/v/w, 2 mL total) for 2 h. The resin was filtered off and the peptide 

precipitated with MTBE. The residue was purified by reverse phase semi-preparative 

chromatography. The relevant fractions were collected then pooled and the solvent removed 

by lyophilisation to give the target peptide as a colourless, amorphous solid. 

HPLC purity (Rt = 15.59 min): 95 % (210 nm) 

HR-MS (ESI): 

C78H128N24O15[3H+] calculated 548.0070, found 548.0066. 

Gradient for HPLC purification: 

Time (min) B %  
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0 – 11 5 – 50 

11 – 12 50 – 95 

12 – 15 95 

15 – 16 95 – 5 

16 - 19 5 

 

4.6.4.4 Pico-TP2-Az 

The second half of the TP2-Az resin was deprotected (2 x 5 min 20% piperidine in DMF) and 

washed (2 × DCM, 2 × DMF). 4-((2-(azidomethyl)pyridin-4-yl)amino)-4-oxobutanoic acid 

(19 mg, 75 µmol) was preincubated with DIC (10 mg, 75 µmol) and OxymaPure® (11 mg, 75 

µmol) for 1 h. The mixture was added to the resin and heated in the microwave to 75 °C for 1 

h. The resin was washed (5 × DMF, 5 × DCM, 5 mL each) and then cleaved (90% TFA, 5% 

H2O, 2.5% TIS, 2.5% Phenol v/v/v/w, 2 mL) for 2.5 h. The resin was filtered off and the 

peptide precipitated with MTBE. The residue was purified by reverse phase semi-preparative 

chromatography. The relevant fractions were collected then pooled and the solvent removed 

by lyophilisation to give the target peptide as a colourless, amorphous solid. 

HPLC purity (Rt = 19.47 min): 100% (254 nm), 98% (210 nm) 

HR-MS (ESI): 

C88H137N29O17[3H+] calculated 625.0322, found 625.0322. 

Gradient for HPLC purification: 

Time (min) B %  

0 – 11 20 – 60 

11 – 12 60 – 95 

12 – 15 95 

15 – 16 95 – 20 

16 - 19 20 

 

4.6.5 General Protocol for DNA Synthesis 

ODN-1 was synthesized using standard solid phase oligonucleotide synthesis protocols on an 

ABI 394 synthesizer. Phosphoramidites and CPG supports loaded with standard nucleosides 

were purchased from LINK Technologies Ltd (Bellshill, UK). For the modified 

phosphoramidite 4.23 a longer coupling time of 5 min was used. 

After the solid phase synthesis was finished the TIPS protecting group was removed on solid 

phase. TBAF (50 µL, 1 M in THF) was mixed with 1.95 mL of acetonitrile and this mixture 

was taken up in a plastic syringe.  The mixture was repeatedly passed over the column 
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containing the CPG support for 3 min. The CPG support was washed with MeCN (3 × 5 mL) 

and dried with air. 

Ammonia (DNA grade, 1.5 ml/mmol) was added, and the suspension was shaken for 16 h at 

room temperature. (ATTENTION: Higher Temperatures led to degradation of the ynamine 

modifiers and need to be avoided!). The supernatant was removed, and the CPG support was 

then washed with water (2 × 1.5 mL). The combined aqueous phase was concentrated under 

reduced pressure to obtain crude ODN-2 as a white solid. Oligonucleotides were purified by 

reverse-phase HPLC on a Dionex UltiMate 3000 System (see following section for detail), 

lyophilised and then desalted using a NAP-25 Sephadex column. 

MALDI-ToF mass spectra were recorded using a Shimadzu Biotech Axima CFR spectrometer, 

using 3-hydroxypicolinic acid (HPA) as the matrix. All mass spectra were recorded in negative 

mode. Analytical RP-HPLC was performed on a Dionex 3000 Ultimate HPLC System. 

4.6.5.1 ODN-2 

Synthesised using the standard protocol. 

MALDI (ToF): C131H164N48O73P12[H+] calculated 3949.75, found 3951.38. 

HPLC purity (16.91 min): 96% (260 nm) 

 

Purification on Dionex UltiMate 3000 Semi-prep HPLC System 

Column: Phenomenex Clarity Oligo-RP, 250 × 10 mm, 5 µm. 

Mobile Phase A: 0.1 M TEAA in water (pH 7) 

Mobile Phase B: 0.1 M TEAA, 80% MeCN in water (pH 7) 

Flow rate 3 mL/min 

Gradient: 

Time (min) B %  

0 – 16 10 – 40 

16 – 17 40 – 95 

17 – 21 95 

21 – 22 95 – 10 

22 - 27 10 

 

Purity analysis on Dionex 3000 Ultimate HPLC System 

Column: Phenomenex Clarity Oligo-RP, 250 × 4.6 mm, 5 µm. 

Mobile Phase A: 0.1 M TEAA in water (pH 7) 

Mobile Phase B: 0.1 M TEAA, 80% MeCN in water (pH 7) 

Flow rate 0.8 mL/min 
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Injection Volume: 10 µL 

Gradient: 

Time (min) B %  

0 – 21 10 – 40 

21 – 22 40 – 95 

22 – 25 95 

25 – 26 95 – 10 

26 - 45 10 

 

4.6.6 HPLC Assay Procedure for Peptide Conjugation 

4.6.6.1 Stock Solutions and Procedure 

Stock solutions of reagents were prepared each day. Reagents (~1 – 20 mg) were measured 

out on a microbalance. 

Stock solutions: 

[Alkyne] = 8 mM in organic solvent (i.e., HFIP) 

[DBCO] = 8 mM in organic solvent (i.e., HFIP) 

[Peptide] = 2 mM (H2O for Penetratin-Az, in organic/H2O 1:1 for TP2-Az and Pico-TP2-Az) 

[GSH] = 4 mM in 1X DPBS 

[Cu(OAc)2] = 4 mM in H2O 

Appropriate amounts of the stock solutions were added to reach specified concentrations to an 

HPLC vial (plastic V-shaped vial, 200 µM capacity) and made up with MeOH (or other 

appropriate organic co-solvent) and 1X DPBS buffer to a final volume of 0.2 mL. The addition 

order was as follows: DBCO, alkyne, organic solvent, GSH, Cu(OAc)2, buffer, and peptide. 

The vials were then placed in the autosampler (not capable of temperature control) and 

sampled for the specified time. 

4.6.6.2 Instrument, Method and Quantification 

HPLC was carried out on a Shimadzu Prominence LC system.  

Typical HPLC conditions are described below: 

Column Specifications: Phenomenex Luna Omega Polar C18, 100 × 4.6 mm, 3.5 µm 

Column Temperature: 40 °C 

Mobile Phase A: 0.1% v/v TFA in water 

Mobile Phase B: 0.1% v/v TFA in MeCN 

Flow rate 1.2 mL/min 
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Injection Volume: 10 µL 

Time (min) B% 

0 – 9 5 – 70 

9 – 9.5 70 – 95 

9.5 – 12 95 

12 – 12.5 95 – 10 

12.5 – 14.5 10 

 

To determine the conversions in this chapter, peak area of the product was divided by the peak 

area of the starting material and the product at each timepoint. For DBCO products, the sum 

of the peak areas of each regio-isomer was used to calculate the total product area. 

4.6.6.3 Additional HPLC Data 
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Figure 4.15. Reaction of DBCO 2.12 with picolyl azide (2.42) in the presence of CuI (350 µM). Conditions: 2.12 

(200 µM), CuI (350 µM), 2.42 (200 µM), 10% MeOH in 1X DPBS, rt, 4 h. Buffer pH = 7.4. 
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Exploration of the Bio-orthogonality of 

the Ynamine-CuAAC Reaction in Cell 

Lysate 
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5.1 Introduction 

5.1.1 The Utility of the CuAAC Reaction for Live Cell Labelling  

The toxicity of copper remains the main stumbling block for the CuAAC reaction for its wider 

use as a bio-orthogonal labelling tool in live cells. While copper is an important co-factor for 

enzyme catalysis,86 it is only present in trace amounts inside cells (10 – 70 µM depending on 

the organism)276,65 and its homeostasis is tightly regulated  (Figure 5.1).277 Virtually no 

unbound Cu(I) is present inside cells (less than one atom per cell inside yeasts.65 Glutathione 

acts as the first line of defence against elevated cellular copper levels and can effectively buffer 

the transition metal as well as limit reactive oxygen species induced damage.226 By virtue of 

its high binding affinity for Cu, GSH is thought to deliver copper to chaperone proteins which 

regulate copper transport.168 In order for the use of the CuAAC ligation strategy beyond in 

vitro applications, there is an inherent need to limit ROS damage, protect Cu(I) from 

competitive chelation and rely on reactive alkynes and azides to limit copper concentration 

needed to catalyse the CuAAC reaction. 

 

Figure 5.1. Schematic of copper uptake and transport inside cells.  

 

The principal strategy to enable CuAAC has been the development of novel CuAAC ligands 

to improve copper uptake and reduce toxicity (Figure 5.2). The tripodal amine scaffold in 

TBTA66 (first described CuAAC ligand) serves as the archetype for many water-soluble 

ligands, such as THPTA68 and BTTAA.95 The later proved to be an excellent ligand and has 

been used extensively for bio-orthogonal chemistry. 

While ligands are extremely effective at enhancing the catalytic activity of a Cu(I) species in 

the CuAAC reaction on the cell surface and preventing toxicity, they do not enhance the copper 

uptake significantly when compared to incubation with copper supplemented growth medium. 
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For example, while incubation of cells in copper supplemented media doubled the intracellular 

concentration, the addition of ligands did lead to greater copper uptake.83 Additionally, the 

uptake of copper also varied between cell lines. A study of ligands and copper uptake in four 

different cell lines found no obvious correlation between the type of ligand and copper 

uptake.89 Instead, they highlighted that copper uptake was dependant on the cell type and that 

toxicity did not correlate to copper uptake as some cell lines were more tolerant to higher 

copper concentrations than others. 

Two strategies have successfully raised the intracellular copper concentration. The group of 

Cai conjugated the BTTAA motif to a cell penetrating peptide.83 This raised the intracellular 

Cu(I) concentration from ~22 µM to 86 µM. In combination with targeted GSH depletion, the 

intracellular CuAAC efficiency increased from ~1% to ~15% while toxicity was mitigated. In 

the second strategy, Miguel-Ávila et al. employed preformed complexes of [Cu(MeCN)4]PF6 

and BTTE to triple the intracellular copper concentrations and when compared to 

corresponding in situ complexes.278 

The second purpose of ligands – preventing toxicity – was investigated by Kennedy et al. in 

2011.89 Out of a range of common ligands (TBTA and THPTA) histidine was uniquely 

effective in buffering copper toxicity while also maintaining good CuAAC efficiency. Cell 

surface alkynes were tagged using 50 µM copper and 50 µM histidine with no apparent toxicity 

observed even after 24 h.  

 

Figure 5.2. Copper-ligands increase copper uptake and prevent sequestering through cellular ligands. 

 

The final strategy to enable in vivo CuAAC is the use of copper chelating azides. First 

introduced by Uttamapinant et al. in 2012,78 they enabled efficient cellular tagging at a copper 
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concentration of 40 µM. Since then, Bevilacqua et al. further developed “all in one” chelating 

azides which were effective at 50 µM for in vivo labelling.82 An important outcome from all 

these studies is the tolerated copper concentration threshold that does not induce excessive 

toxicity. A concentration of 50 µM has been the sweet spot in terms of balancing reactivity 

and toxicity as above this threshold significant toxicity is observed.78,83,89,97,279 

 

5.2 Hypothesis to be tested in this Chapter 

None of these approaches explored enhancing the reactivity of the alkyne functional group 

despite Cu-acetylide formation being the RDS. Ynamine 2.1 outcompeted a range of 

conventional alkynes in the presence of GSH which promises better in vivo reactivity at low 

copper concentrations (< 50 µM). The aromatic ynamine (e.g., 2.1) also has the advantage that 

it can potentially be combined with both ligands and copper chelating azides to boost reactivity 

even further. In the studies described above, testing of new research ideas is often carried out 

in cell lysate as a steppingstone for live cell experiments. Cell lysate experiments do not 

require incorporation of azides into cells and are operationally straightforward. A common 

approach to monitor reactivity in cell lysate has been to rely on a fluorescent “turn on” CuAAC 

reaction, using coumarin azides such as 5.1 (Scheme 5.1).83–85 

 

Scheme 5.1. Schematic for the proposed reaction conditions to be tested in this chapter. Reaction of ynamine 2.1 

with coumarin azide (5.1) in cell lysate. Reaction monitored by increased fluorescence of triazole 5.2. 

5.3 Aims of Chapter 5 

The specific aims of this chapter are: 

(i) Develop 96-well plate fluorescent assay to explore the CuAAC reactivity of 

ynamines relative to conventional alkynes in cell lysate. 

(ii) Compare ynamine reactivity in cell lysate relative to conventional alkynes. 
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5.4 Results & Discussion 

5.4.1 Synthesis of “Turn-on” Azide and Testing of Fluorescent Assay 

3-azido-7-hydroxy-couamrin (5.1) was synthesized following the procedure from Sivakumar 

et al.280 2,4-Dihydroxybenzaldehyde (5.3) was reacted with N-acetylglycine (5.5) in a 

condensation followed by ring closure to afford crude 5.6 after precipitation (Scheme 5.2). 

 

Scheme 5.2. Synthesis of 5.6. Conditions: 5.3 (1 equiv), 5.5 (1 equiv), NaOAc (3 equiv), 140 °C, overnight. 

 

The crude product 5.6 was then deacetylated under acidic conditions and the free amine 

functionalised as the diazonium salt (5.9) which was then displaced by sodium azide in a one 

pot reaction to afford the product 5.1 in 22% overall yield (starting from 5.3) (Scheme 5.3). 

 

Scheme 5.3. Synthesis of 5.8. Conditions: 5.7 (1 equiv), Conc. HCl/ EtOH (3:1), 100 °C, 1 h. Synthesis of 5.9. 

Conditions: 5.8 (1 equiv), NaNO2 (1 equiv), 0 °C, 20 min. Synthesis of 5.1. Conditions: 5.9 (1 equiv), NaN3 (1.5 

equiv), 0 °C, 1 h. 

 

The triazole of ynamine 2.1 was synthesised in 40% yield to serve as a standard in the 

fluorescence assay.  

 

Scheme 5.4. Synthesis of 5.2. Conditions: 2.1 (1 equiv), 5.1 (1 equiv), Cu(OAc)2 (0.1 equiv), rt, overnight. 
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First, conditions based on an HPLC assay (Chapter 2) were tested (200 µM 2.1 and 5.1, 350 

µM Cu(OAc)2 in 10% MeOH/1X DPBS) in a 96-well plate format. Unfortunately, azide 5.1 

was not soluble under these standard conditions. Switching to 10% DMSO solubilised the 

starting materials (Scheme 5.5), however, the concentrations of the reagents needed to be 

lowered to 50 µM as triazole 5.2 saturated the detector at higher concentrations. When the 

fluorescent signal of the calibration curve was monitored, it steadily decreased over 18 h 

(Experimental, Table 5.1). As triazole 5.2 was proving challenging to solubilise during 

synthesis and purification, it was assumed that precipitation caused the fluorescent signal to 

decrease. When triazole 5.2 (50 µM) was incubated in 100% DMSO no such decrease was 

observed, confirming that precipitation might cause this issue (Experimental Table 5.2). 

 

Scheme 5.5. Reaction of ynamine 2.1 with azide 5.1. Product 5.2 not soluble under these conditions. Conditions: 

2.1 (200 or 50 µM), Cu(OAc)2 (200 or 50 µM), 5.1 (200 or 50 µM), 10% DMSO in 1X DPBS, rt, 4 h. Buffer pH = 

7.4. 

 

To improve aqueous solubility of the triazole products, it was decided to synthesise two further 

“turn on” fluorescent azides as well as making modifications to the ynamine core to improve 

solubility. 

 

5.4.2 Synthesis of further “Turn-on” Azides and Modified Ynamines 

The two azides chosen were diethylamino-coumarin azide 5.10 (Scheme 5.6 A) and anthracene 

azide 5.11 (Scheme 5.6B). Azide 5.10 is a red-shifted variant of coumarin azide 5.1.280 It was 

anticipated that the tertiary amine might improve solubility. Anthracene azide 5.11 was 

recently used for fluorescent CuAAC imaging by Miguel-Ávila et al. inside cells at 50 µM, 

because of its ease of synthesis and low background fluorescence of unreacted azide.278 They 

also remarked that they had experienced solubility problems with coumarin azides before 

switching to azide 5.11. 
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After ring-closure and condensation, crude nitro-coumarin 5.14 was reduced with tin chloride 

to give the amine 5.15 which was diasotised and subsequently displaced by sodium azide to 

form the product 5.10 in 11% overall yield (Figure 5.5A).280 Anthracene azide 5.11 was 

synthesised in two steps from 9-(hydroxymethyl)anthracene 5.16 via mesylation (5.17) and 

subsequent displacement by sodium azide in 65% overall yield.281 

 

Scheme 5.6. (A) Synthesis of 5.14. Conditions: 5.13 (1 equiv), 5.12 (1 equiv), 120 °C, overnight. Synthesis of 

5.15. Conditions: 5.14 (1 equiv), SnCl2.2H2O (7.5 equiv), rt, 5 hours. Synthesis of 5.10. Conditions: 5.15 (1 

equiv), NaNO2 (1 equiv), 0 °C, 45 min, NaN3 (2 equiv), rt, 4 hours. (B) Synthesis of 5.17. Conditions: 5.16 (1 

equiv), MsCl (1.1 equiv), TEA (2 equiv), 0 °C, 2 hours. Synthesis of 5.11. Conditions: 5.17 (1 equiv), NaN3 (1.5 

equiv), DMF, rt, overnight. 

 

To improve the solubility of the aromatic ynamine, three distinct tails were coupled to ynamine 

4.3. A morpholino tail would provide access to a tertiary amine (5.18), a short PEG tail access 

to a neutral ynamine (5.19) and a short carboxylic acid tail access to a negatively charged 

ynamine (5.20) at physiological pH (Scheme 5.7). Ynamines 5.18 and 5.19 were obtained after 

an amide coupling in 85% and 63% yield respectively and ynamine 5.20 was obtained through 

a ring opening of succinic anhydride in 79% yield (Scheme 5.7). 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

197 

 

 

Scheme 5.7. (A) Synthesis of 5.18. Conditions: 4.3 (1 equiv), 3-morpholinopropanoic acid hydrochloride (1.2 

equiv), EDC.HCl (1.2 equiv), DMAP (0.2 equiv), TEA (4 equiv), DCM, rt, 4 days, then 3-morpholinopropanoic 

acid hydrochloride (1.2 equiv), EDC.HCl (1.2 equiv), DMAP (0.2 equiv), 40 °C, 3 h. (B) Synthesis of 5.19. 

Conditions: 4.3 (1 equiv), 2-(2-(2-methoxyethoxy)ethoxy)acetic acid (1.2 equiv), EDC.HCl (1.2 equiv), DMAP 

(0.2 equiv), DCM, rt, 5 hours. (C) Synthesis of 5.20. Conditions: 4.3 (1 equiv), succinic anhydride (3 equiv), 

toluene, 100 °C, 7 hours. 

 

The corresponding triazoles 5.21a/b – 5.23a/b as well as triazole 5.25 were then synthesised. 

Triazole 5.25 serves as a control as it was previously noted to be soluble up to concentrations 

of 50 µM.278 Using only Cu(OAc)2 led to a poor yield for triazole 5.23b (24%), whereas the 

addition of  AMTC and NaAsc led to higher yields for the rest of the ynamine triazoles 

(5.21a/b, 5.22a/b and 5. 23a).  

TLC analysis usually indicated full conversion, but product isolations were challenging, as 

most triazoles exhibited poor solubility and streaking during column chromatography, which 

led to significant losses during work up and purification. Compound 5.23a (91% yield) 

exemplified this, as the product was isolated by precipitation in water and filtration. 
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Scheme 5.8. (A) Synthesis of 5.21a/b, 5.22a/b and 5.23a. Conditions: 5.18, 5.19 or 5.20 (1 equiv), 5.10 or 5.11 

(1.1 equiv), Cu(OAc)2 (0.05 equiv), AMTC (0.1 equiv), NaAsc (0.1 equiv), rt, overnight, MeOH. (B) Synthesis of 

5.23b. Conditions: 5.20 (1 equiv), 5.10 (1.1 equiv), Cu(OAc)2 (0.05 equiv), rt, overnight MeOH. (C) Synthesis of 

5.25. Conditions: 5.24 (1 equiv), 5 (1 equiv), Cu(OAc)2 (0.05 equiv), NaAsc (0.1 equiv), rt, overnight. 
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5.4.3 Testing the Solubility of Modified Ynamine Triazoles 

With the panel of diverse triazoles in hand, the solubility under the fluorescent assay 

conditions were then tested. The triazoles were plated (50 µM) in 10% DMSO in 1 X DPBS 

and the fluorescent intensity monitored over 4 h. Only ynamines carrying a negative charge 

(5.23a/b) and control triazole 5.25 were effectively solubilised over the duration of the 

experiment (Figure 5.3). As there was no difference between triazole 5.23a and 5.23b, it was 

decided to focus on the anthracene fluorogenic azide (5.11) due to its lower background 

fluorescence and ease of synthesis when compared with the coumarin azide 5.10. 
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Figure 5.3. Percentage fluorescent intensity of triazoles 5.21a/b – 5.23a/b and 5.25 remaining after 4 h in 10% 

DMSO/1X DPBS. Conditions: 5.21a/b – 5.23a/b and 5.25 (50 µM), 10% DMSO in 1X DPBS, 25 °C, 4 h. Buffer 

pH = 7.4. Error bars represent the standard deviation calculated from three experiments. 

 

A parameter that had not been explored previously was the impact of Triton X-100 – 

commonly used to lysed cells – on solubility. Triton X-100 is a surfactant and might increase 

the solubility of the ynamine triazoles. Therefore triazole 5.21a – 5.23a and 5.25 were 

incubated at 50 µM for 4 h in 10% DMSO/1X DPBS with an additional 1% Triton X-100. 

There was no decline in fluorescent intensity for all compounds over 4 h (Figure 5.4), 

indicating good solubility. The initial decrease after 15 minutes might be due to a measurement 

error as it was the same for all compounds. Therefore, the addition of 1% Triton solved the 

solubility issues and allows straightforward comparisons between buffer and cell lysate 

experiments. 
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Figure 5.4. Fluorescent intensities of triazoles 5.21a – 5.23a and 5.25 over 4 h in 10% DMSO/1X DPBS with 1% 

added Trition X-100. Conditions: 5.21a – 5.23a and 5.25 (50 µM), 1% Triton X-100/10% DMSO in 1X DPBS, 25 

°C, 4 h. Buffer pH = 7.4. Shaded areas represent the standard deviation from calculated from three experiments. 

 

5.4.4 Optimization of the Ynamine-CuAAC Ligation in Buffer 

5.4.4.1 Screening of Reaction Conditions and Design of Experiments 

The ynamine-CuAAC reaction was first tested in buffer to establish a baseline which then 

could be compared with cell lysate experiments. Traditionally, no ligand or NaAsc are needed 

to achieve fast reaction rates for the ynamine-CuAAC,151–153 but this might change in diluted 

aqueous conditions. Therefore, it was chosen to investigate a combination of factors: no 

NaAsc, just NaAsc, just BTTAA and BTTAA with NaAsc. Specifically, the reaction between 

ynamine 5.18 (50 µM) and azide 5.11 (50 µM) was conducted with NaAsc (1, 5 and 10 mM), 
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BTTAA (50, 100 and 200 µM) and a combinations of NaAsc and BTTAA as well as with only 

Cu(OAc)2 (50 µM). 

No conversion was observed for reactions with using only Cu(OAc)2 as well as Cu(OAc)2 and 

BTTAA (Experimental Table 5.3). A maximum conversion of 60 – 70% was reached after 1 

h when NaAsc was added, and conversion decreased with higher NaAsc concentration (Figure 

5.5A). The combination NaAsc and BTTAA increased both reaction rate and maximum 

conversion (Figure 5.5B); higher NaAsc still decreased maximum conversion (for 2 and 4 

equiv of BTTAA see Experimental Figure 5.14A and B). 
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Figure 5.5. (A) Reaction of ynamine 5.18 with azide 5.11 with added NaAsc (1, 5 and 10 mM). Conditions: 5.18 

(50 µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), NaAsc (1, 5 or 10 mM), 1% Triton X-100/10% DMSO in 1X DPBS, 

25 °C, 16 h. (B) Reaction of ynamine 5.18 with azide 5.11 with added NaAsc (1, 5 and 10 mM) and BTTAA (50 

µM). Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), BTTAA (50 µM), NaAsc (1, 5 and 10 mM), 

1% Triton X-100/10% DMSO in 1X DPBS, 25 °C, 16 h. Buffer pH = 7.4. Shaded areas represent the standard 

deviation from calculated from three experiments. 

 

The ynamine 5.18 did not react in the absence of NaAsc which suggests that no Cu(I) was 

formed through the Glaser coupling. As expected, the addition of BTTAA to the reaction with 



Development of Ynamines as Next-Generation Bio-orthogonal Tagging Reagents 

Frederik Peschke 

202 

 

NaAsc increased reaction rate and maximum conversion. Interestingly, higher NaAsc 

concentrations lower maximum conversion. This phenomenon is observed both with and 

without BTTTAA. The reason for this is not known, but NaAsc is known to generate side 

products in the presence of copper, which might react with the ynamine 5.18.282,283 

 

The data for the NaAsc/BTTAA combination experiments were obtained in a DoE format (2-

factor full factorial design) which was suitable for statistical analysis. The results were entered 

into MODDE® software and a contour plot was produced showing conversions at 2 h as a 

function of the stoichiometry of BTTAA (1 – 4 equivalents) relative to Cu(OAc)2 and [NaAsc] 

(1 – 10 mM) (Figure 5.6). The plot illustrates that high NaAsc concentrations reduced 

conversion whereas a higher amounts of BTTAA (≥ 2.5) relative to a Cu(II) source were 

beneficial. The plot also indicated that the optimum reaction conditions had not been explored 

yet and potentially would lie between 2 – 4 equivalents of BTTAA and less than 1 mM NaAsc. 

 

Figure 5.6. Response contour plot showing conversions to 5.21a over a range of NaAsc concentrations (1 – 10 

mM) and BTTAA equivalents (1 – 4), t = 2 h. Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), BTTAA 

(50, 100 and 200 µM), NaAsc (1, 5 and 10 mM), 1% Triton X-100/10% DMSO in 1X DPBS, 25 °C, 16 h. Buffer 

pH = 7.4. 
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Therefore, a second DoE was devised to explore these conditions. The concentration of 

Cu(OAc)2 was kept at 50 µM and the boundaries of BTTAA and NaAsc were set to 2 and 4 

equivalents and to 0.1 and 1 mM respectively. The reactions were only monitored for 2 h as 

the previous experiments indicated maximum conversion at this point. From these experiments 

a response contour plot was constructed to illustrate the findings (Figure 5.7, for reaction 

profile plots see Experimental Figure 5.15A - C). 

The plot revealed the reaction’s strong dependence on NaAsc with the conversion falling 

sharply when going from 1 to 0.1 mM. The equivalents of BTTAA affected the reaction less 

and both boundaries explored provided good conversion. 

 

Figure 5.7. Response contour plot showing conversions to 5.21a over a range of NaAsc concentrations (0.1 – 1 

mM) and BTTAA equivalents (2 – 4) at t = 1 h. Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), 

BTTAA (100, 150 and 200 µM), NaAsc (0.1, 0.5 and 1 mM), 1% Triton X-100/10% DMSO in 1X DPBS, 25 °C, 

2 h. Buffer pH = 7.4. 

 

Next, the dependence of the reaction rate on the copper concentration (0.1 – 5 µM) was 

explored. The concentration of NaAsc and BTTAA was fixed to 1 mM and 50 µM respectively 
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and the reaction between ynamine 5.18 and azide (5.11) was monitored for 2 h (Figure 5.8). 

As expected, the conversion decreased with lower Cu(OAc)2 concentration and ranged from 

80% at 30 min (5 µM) to ~30% after 2 h (0.1 µM). 
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Figure 5.8. Reaction of ynamine 5.18 with azide 5.11 at varying Cu(OAc)2 concentrations using a fixed 

concentration of BTTAA (50 µM) and NaAsc (1 mM). Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (0.1, 

1, 2 and 5 µM), BTTAA (50 µM), NaAsc (1 mM), 1% Triton X-100/10% DMSO in 1X DPBS, 25 °C, 2 h. Buffer 

pH = 7.4. Shaded areas represent the standard deviation from calculated from three experiments. 

 

Finally, it was investigated whether NaAsc concentration could be scaled according to the 

copper concentration. Therefore, the experiments were repeated with 0.5, 1 and 2 µM 

Cu(OAc)2 and the NaAsc concentration either scaled (i.e., 0.1, 0.2, 0.4 mM) or fixed to 1 mM. 

Almost no conversion was observed for the experiments with the scaled NaAsc concentration 

(Figure 5.9A), while the reaction using a fixed NaAsc concentration showed conversion 

(Figure 5.9B). 

Furthermore, the results also demonstrate that a higher BTTAA concentration was beneficial 

at low copper concentrations (< 2 µM). Only 30% conversion was observed at 1 µM Cu(Ac)2 

when using 30 µM BTTAA (Figure 5.9B), whereas ~80% conversion was achieved after 2 h 

with 50 µM BTTAA (Figure 5.8). 
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Figure 5.9. (A) Reaction of ynamine 5.18 with azide 5.11 at different Cu(OAc)2 concentrations. The NaAsc 

concentration was scaled according to Cu(OAc)2 concentration (200 equiv). Conditions: 5.18 (50 µM), 5.11 (50 

µM), Cu(OAc)2 (0.5, 1 and 2 µM), BTTAA (15, 30 and 60 µM), NaAsc (0.1, 0.2 and 0.4 mM), 1% Triton X-

100/10% DMSO in 1X DPBS, 25 °C, 2 h. (B) Reaction of ynamine 5.18 with azide 5.11 at different Cu(OAc)2 

concentrations. The NaAsc concentration was fixed for all reactions (1 mM). Conditions: 5.18 (50 µM), 5.11 (50 

µM), Cu(OAc)2 (0.5, 1 and 2 µM), BTTAA (15, 30 and 60 µM), NaAsc (1 mM), 1% Triton X-100/10% DMSO in 

1X DPBS, 25 °C, 2 h. Buffer pH = 7.4. Shaded areas represent the standard deviation from calculated from three 

experiments. 

 

In summary, the efficiency of the ynamine-azide click ligation performed in PBS is contingent 

on sufficient NaAsc being added to the reaction mixture. Concentrations of NaAsc lower than 

500 µM decreased conversions significantly. Cu(I) can be oxidised in aqueous environments 

to Cu(II)179 and sufficient NaAsc must be present during the reaction to retain a catalytically 

active amount of [Cu(I)] species. The addition of BTTAA both increased conversion and 

accelerated reaction rates; especially at lower copper concentrations. Therefore, the optimised 

concentrations for an ynamine-azide click ligation in a PBS buffer system are 50 µM BTTAA 

and 1 mM NaAsc regardless of the Cu(OAc)2 concentration. 
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Direct comparisons with literature studies are difficult due to differing reaction conditions, but 

the ynamine-CuAAC reaction generally performs on par or better in terms of reaction rate at 

a given copper concentration. For example, studies evaluating novel ligands were usually 

performed with 50 – 75 µM CuSO4 and only reaching maximum conversion in over ~30 – 60 

mins.70,71,83 The performance of the ynamine (e.g., 5.18) was more comparable to studies which 

evaluate copper chelating azides, where maximum conversion (60 – 100%) was achieved in 1 

– 5 mins when using 10 – 20 µM CuSO4.78,82 In terms of ultralow copper concentration CuAAC 

(<1 µM) the ynamine performs comparably or slightly worse to specialist catalytic systems 

such as entrapped copper nanoparticles,84 MOFs284 or short-chain organic nanoparticles.285 

 

5.4.5 Exploration of Ynamine-CuAAC Ligations in Cell Lysate  

After the first DoE, the reaction between ynamine 5.18 and azide 5.11 was performed using 5, 

10 and 30 µM Cu(OAc)2 in HeLa cell lysate (Figure 5.10A). Full conversion was reached 

within 15 mins when using 30 µM Cu(OAc)2 and ~80% after 2 h when using 10 µM Cu(OAc)2. 

The reaction was repeated using ynamine 5.19 and showed that conversion to 5.22a was 

comparable to that of 5.21a (Figure 5.10B). Comparing these results to the reactions in buffer 

(Figure 5.8B), the reactivity was reduced considerably, especially at lower copper 

concentrations (5 and 10 µM). However, excellent reactivity was still achieved using 30 µM 

Cu(OAc)2.  
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Figure 5.10. (A) Reaction of ynamine 5.18 with azide 5.11 in cell lysate. Conditions: 5.18 (50 µM), 5.11 (50 µM), 

Cu(OAc)2 (5, 10 and 30 µM), BTTAA (15, 30 and 90 µM), NaAsc (1 mM), 1% Triton X-100/10% DMSO in cell 

lysate, 25 °C, 2 h. (B) Reaction of ynamine 5.19 with azide 5.11 in cell lysate. Conditions: 5.19 (50 µM), 5.11 (50 

µM), Cu(OAc)2 (5, 10 and 30 µM), BTTAA (15, 30 and 90 µM), NaAsc (1 mM), 1% Triton X-100/10% DMSO 

in cell lysate, 25 °C, 2 h. (C) Conversion to 5.21a for reaction A in cell lysate. (D) Conversion to 5.22a for reaction 

in cell lysate. Buffer pH = 7.4. Shaded areas represent the standard deviation from calculated from three 

experiments. 

 

Next, the reaction between propargyl alcohol 5.24 and azide 5.11 was carried out in buffer and 

cell lysate. In buffer, conversion was only observed for the highest copper concentration tested 

(30 µM, ~30%) (Figure 5.11A). In cell lysate, no conversion to 5.25 was observed for all 

copper concentrations (Figure 5.11B). This shows the reactivity advantage of the aromatic 

ynamine (e.g., 5.18) relative to conventional alkynes. 
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Figure 5.11. (A) Reaction of alkyne 5.24 with azide 5.11 in buffer. Conditions: 5.24 (50 µM), 5.11 (50 µM), 

Cu(OAc)2 (5,  10 and 30 µM), BTTAA (15, 30 and 90 µM), NaAsc (1 mM), 1% Triton X-100/10% DMSO in 1X 

DPBS, 25 °C. 2 h. (B) Reaction of alkyne 5.24 with azide 5.11 in cell lysate. Conditions: 5.24 (50 µM), 5.11 (50 

µM), Cu(OAc)2 (5,  10 and 30 µM), BTTAA (15, 30 and 90 µM), NaAsc (1 mM), 1% Triton X-100/10% DMSO 

in cell lysate, 25 °C, 2 h. Buffer pH = 7.4. Shaded areas represent the standard deviation from calculated from three 

experiments. 

 

Finally, the reactions between ynamine 5.18 and azide 5.11 as well as between alkyne 5.24 

and azide 5.11 were then repeated using the optimal conditions (50 µM BTTAA and 1 mM 

NaAsc) at different copper concentrations in cell lysate. For ynamine 5.18, an increased 

BTTAA concentration (50 vs 15 µM) again resulted in higher conversions to 5.21a (60 vs 15% 

when using 5 µM Cu(OAc)2, Figure 5.12A vs Figure 5.10A). The conversion was unaffected 

when 30 µM Cu(OAc)2 was used, while no conversion was observed for the lowest Cu(OAc)2 

concentration (0.1 µM). As before, alkyne 5.24 remained unreactive in cell lysate for any 

Cu(OAc)2 concentration used (Figure 5.12B). 
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Figure 5.12. (A) Reaction ynamine 5.18 with azide 5.11 in cell lysate using the optimal conditions. Conditions: 

5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (0.1, 5 and 30 µM), BTTAA (50 µM), NaAsc (1 mM), 1% Triton X-

100/10% DMSO in cell lysate, 25 °C, 2 h. (B) Reaction of alkyne 16 with azide 5 in cell lysate using the optimal 

conditions. Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (0.1, 5 and 30 µM), BTTAA (50 µM), NaAsc (1 

mM), 1% Triton X-100/10% DMSO in cell lysate, 25 °C, 2 h. (D) Conversion to 5.21a for reaction A in cell lysate. 

(D) Conversion to 5.25 for reaction B in cell lysate. Buffer pH = 7.4. Shaded areas represent the standard deviation 

from calculated from three experiments. 

 

These experiments demonstrate that aromatic ynamines (e.g., 5.18) are more reactive than 

conventional alkynes in cell lysate. It is believed that the superior reactivity will also translate 

to in vivo experiments.  

Another important point to investigate in the future is the potential influence of Triton X-100, 

which improved the SPAAC reaction through micellular catalysis.117 If the ynamine-CuAAC 

reaction were also accelerated by micellular catalysis in cell lysate, the reactivity in in vivo 

experiments would be reduced as no Triton X-100 would be present. 
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5.5 Summary & Future Directions 

In summary, a fluorescent 96-well plate assay was developed to test the ynamine-CuAAC 

reactivity in cell lysate. The reaction between ynamine 5.18 and azide 5.25 was first optimised 

in buffer, and it was found that the addition of NaAsc was critical for reactivity. While high 

concentrations led to slightly lower conversions, low concentrations failed to initiate the 

reaction. A concentration of 1 mM NaAsc proved to be the most versatile and was used for 

most experiments. The addition of BTTAA to the reaction increased conversions and a wide 

spectrum of BTTAA equivalents was tolerated. The BTTAA concentration was only critical 

when the reactions were performed at low copper concentrations (<5 µM). 

These conditions translated into cell lysate and full conversion in under 15 mins was observed 

for Cu(OAc)2 > 30 µM. The reaction slowed considerably at low copper concentrations in cell 

lysate but still achieved ~60% conversion with 5 µM copper. In comparison, the alkyne 5.24 

was unreactive in cell lysate under the same conditions and showed only modest conversion 

in buffer with 30 µM Cu(OAc)2. 

Several open questions remain (Scheme 5.9). First, the scope of the ynamine-CuAAC should 

be supplemented with further fluorogenic azides to test the robustness of the system. Both 

coumarin azides (5.1 and 5.10) would be good substrates and should be soluble through the 

addition of Triton X-100. The optimal ynamine-CuAAC conditions with GSH have not been 

tested in the fluorescent assay as they were developed after the cell lysate experiments; they 

would be interesting to explore. 
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Scheme 5.9. (A) Only reactivity of ynamine 5.18 with azide 5.11 has been explored thoroughly so far. (B) 

Exploration of the reactivity of a range of ynamines and alkynes in cell lysate. (C) Exploration of optimal HPLC 

assay (Cu(OAc)2, 100 µM), GSH, 100 µM, in 10% HFIP) conditions in cell lysate. 

 

Looking further into the future, the ynamine-CuAAC reaction will be explored in vivo. 

Incorporation of azide moieties into cell surface sugars,286 proteins,286 cellular lipids287 and 

DNA288 can be achieved (Figure 5.13). Modification of these azides with a fluorogenic 

ynamine would demonstrate the applicability of the ynamine-CuAAC in vivo. It would be 

interesting to see whether BTTAA can be replaced with either histidine or GSH as a CuAAC 

ligand. 
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Figure 5.13. Azide functionalities can be incorporated into every major class of biomolecules. Tagging of these 

functionalities would demonstrate the in vivo applicability of the ynamine-CuAAC. 
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5.6 Experimental Procedures 

5.6.1 General Experimental Techniques and Procedures 

5.6.1.1 Reagents and Solvents 

All reagents and solvents were used as supplied from commercial sources and used without 

further purification unless otherwise stated. Thin layer chromatography (TLC) was carried out 

using Merck silica plates coated with fluorescent indicator UV254. TLC plates were analysed 

under 254 nm UV light or developed using potassium permanganate solution. 

5.6.1.2 Column Chromatography 

Normal-phase flash chromatography was carried out using ZEOprep 60 HYD 40-63 μm silica 

gel. 

5.6.1.3 NMR Spectroscopy 

NMR spectroscopy was carried out using either a Bruker AV500 spectrometer at 500 MHz 

(1H) and 126 Hz (13C) or Bruker AV600 spectrometer at 156 Hz (13C). All chemical shifts () 

in CDCl3 were referenced at 7.26 (1H) and 77.06 ppm (13C), in DMSO-d6 at 2.50 (1H) and 

39.52 (13C), in D2O at 4.79 ppm (1H) and in CD3OD at 3.31 (1H) and 49.0 ppm (13C) and 

reported in parts per million (ppm). Coupling constants are quoted in hertz (Hz). Abbreviations 

for splitting patterns are s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet). All 

NMR data was processed using Mestrenova 11.0 software. Proton and carbon chemical shifts 

were assigned using proton (1H), carbon (13C), Heteronuclear Single Quantum Coherence 

(HSQC), Heteronuclear Multiple-Bond Correlation Spectroscopy (HMBC), Correlation 

Spectroscopy (COSY) and Nuclear Overhauser Effect Spectroscopy (NOESY) whenever 

possible (see Appendix for assigned protons/carbons). 

5.6.1.4 High Resolution Mass Spectrometry 

High-resolution mass spectra were recorded on an LTQ Orbitrap XL 1 mass spectrometer at 

the EPSRC UK National Mass Spectrometry Facility (Swansea), a Thermo Exactive Orbitrap 

mass spectrometer at the University of St Andrews and a Bruker Micro TOF II at the university 

of Edinburgh. 
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5.6.1.5 IR Spectroscopy 

IR data were collected on either an Agilent or Shimadzu FTIR spectrometer and the data 

processed using the proprietary software. Only major absorbances were reported. 

5.6.2 Liquid Chromatography-Mass Spectrometry (LC-MS) and Ultra-

Performance-Mass-Spectrometry (UPLC-MS) 

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent 

Quadrupole mass detector on an Agilent Poroshell 120 C18 column (75 mm × 4.6 mm, 2.7 

µm). UPLC-MS was carried out on an AVANT UPLC with an Advion Expression CMS L 

attached for mass detection on a Phenomenex Kinetex C18 column (30 mm × 2.1 mm, 2.7 

µm). Electrospray ionization (ESI) was used in all cases. 

5.6.3 Synthetic Procedures 

3-azido-7-hydroxy-2H-chromen-2-one (5.1)280 

 

2,4-Dihydroxybenzaldehyde (2.8 g, 20 mmol) was dissolved in acetic anhydride (50 mL). 

Then N-acetylglycine (2.3 g, 20 mmol) and anhydrous NaOAc (4.9 g, 60 mmol) was added, 

and the reaction was heated to 140 °C. After 16 hours of stirring the reaction was allowed to 

reach room temperature and cooled to 0 °C and water (75 mL) was added. The precipitate was 

filtered off and the filter cakes washed with water (3 ×). The beige solid was dissolved in a 

mixture of conc. HCl and EtOH (3:1, 30 mL) and heated to 100 °C for 1 h, then cooled with 

an ice bath and water (40 mL) was added, followed by sodium nitrite (2.8 g, 40 mmol). After 

20 minutes sodium azide (3.9 g, 60 mmol in 15 mL water) was added SLOWLY dropwise 

over 30 minutes. The reaction was left to stir for an additional 30 minutes before the precipitate 

was filtered off and washed with water (3 ×) to give the desired product as a brown solid (876 

mg, 22%). 

1H NMR (500 MHz, DMSO) δ 10.52 (br. s, 1H), 7.59 (s, 1H), 7.48 (d, J = 8.5 Hz, 1H), 6.81 

(dd, J = 8.5, 2.3 Hz, 1H), 6.76 (d, J = 2.3 Hz, 1H). 

IR (𝜈max): 3205 (broad, O-H), 2113 (N3), 1701 (C=O) cm-1. 

NMR spectrum in accordance with literature values.280 

 

3-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-7-hydroxy-2H-

chromen-2-one (5.2). 
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1-ethynyl-5,6-dimethyl-1H-benzo[d]imidazole (100 mg, 0.59 mmol) was dissolved in MeOH 

(10 mL) and 3-azido-7-hydroxy-2H-chromen-2-one (120 mg, 0.59 mmol) was added followed 

by Cu(OAc)2•H2O (11.7 mg, 0.59 mmol). The reaction was stirred for seven days, then the 

precipitated solid was filtered off and washed with sat. EDTA solution (pH 3, 20 mL), then 

triturated in diethyl ether to give the desired product (90 mg, 41%). A small amount of product 

was recrystallized from isopropanol for analysis. 

1H NMR (500 MHz, DMSO) δ 10.99 (br. s, 1H), 9.15 (s, 1H), 8.73 (s, 1H), 8.64 (s, 1H), 7.80 

(d, J = 8.6 Hz, 1H), 7.71 (s, 1H), 7.57 (s, 1H), 6.95 (dd, J = 8.6, 2.2 Hz, 1H), 6.90 (d, J = 2.2 

Hz, 1H), 2.38 (s, 3H), 2.36 (s, 3H). 

13C NMR (126 MHz, DMSO) δ 163.4, 156.7, 155.4, 142.4, 142.4, 141.8, 138.1, 133.3, 132.0, 

131.7, 131.3, 120.5, 119.6, 117.3, 114.9, 112.2, 110.7, 102.8, 20.6, 20.3. 

IR (𝜈max): 3133 (broad, O-H), 2958 (C-H), 1707 (C=O), 1246 (C-O) cm-1. 

HR-MS (ESI): C20H15N5O3H+ calculated 374.1248, found 374.1246. 

 

3-azido-7-(diethylamino)-2H-chromen-2-one (5.10)280 

 

4-diethylamino salicylaldehyde (5.00 g, 25.8 mmol) was dissolved in n-butanol (60 mL). Then 

ethyl nitroacetate (3.44 g, 25.8 mmol) and molecular sieves (4 Å, 360 mg) were added, 

followed by piperidine (360 µL) and acetic acid (720 µL). The mixture was heated to 120 °C 

and heated overnight. The solid was filtered off, dissolved in DMF (40 mL) and heated to 80 

°C. The hot solution was filtered to remove the molecular sieves. Ice water was added to the 

filtered solution and the precipitate filtered off, washed with ice water and dried under vacuum 

to give a red solid (4.40 g, 65%). SnCl2•2H2O was dissolved in 37% HCl (80 mL) and the 

crude material (4.40 g, 16.7 mmol) was added in portions. The reaction was stirred for 5 hours 

and then poured onto ice and made alkaline using 40% KOH (150 mL). The suspension was 

extracted with DCM (4 × 100 mL) and the combined organic phases washed with water (150 

mL) and brine (100 mL), then dried over Na2SO4. The solvents were removed under vacuum 
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to give a red solid (2.1 g, 54%). Part of that red solid (1.85 g, 7.97 mmol) was dissolved in 

17% HCl (80 mL) and cooled to 0 °C. Sodium nitrite (549 mg, 7.97 mmol) was dissolved in 

water (2 mL) and added dropwise to the reaction. After 45 minutes anhydrous NaOAc (38 g) 

was added to raise the pH to 4 and then sodium azide (1.04 g, 15.9 mmol) was dissolved in 

water (5 mL) and added dropwise to the reaction which was stirred at room temperature for 4 

hours. The suspension was filtered, the filter cake washed with water and the solid dried under 

vacuum to give the desired compound as a grey/greenish solid (754 mg, 37%, 11% overall). 

1H NMR (500 MHz, CDCl3) δ 7.19 (d, J = 8.8 Hz, 1H), 7.10 (s, 1H), 6.59 (dd, J = 8.8, 2.5 Hz, 

1H), 6.51 (d, J = 2.5 Hz, 1H), 3.41 (q, J = 7.1 Hz, 4H), 1.21 (t, J = 7.1 Hz, 6H). 

IR (𝜈max): 2974 (C-H), 2110 (N3), 1709 (C=O) cm-1. 

LC-MS: C13H14N4O2H+ calculated 259.1, found 259.3. 

NMR spectrum in accordance to literature values.280 

 

9-(azidomethyl)anthracene (5.11) 

 

Anthracen-9-ylmethanol (200 mg, 0.96 mmol) was dissolved in DCM (4 mL) and cooled to 0 

°C. Then triethylamine (194 mg, 1.92 mmol) and mesyl chloride (121 mg, 1.0 mmol) were 

added and the reaction was stirred at 0 °C for three hours. Then DCM was removed under a 

stream of air, DMF (4 mL) and NaN3 (93 mg, 1.44 mmol) were added, and the reaction stirred 

overnight. Then ethyl acetate (30 mL) and water (30 mL) were added, and the phases 

separated. The organic phase was washed with water (30 mL) and brine (30 mL), then dried 

over Na2SO4. The solvents were removed under vacuum and the residue purified by column 

chromatography (20% ethyl acetate in petroleum ether) to give the desired compound as a 

yellow solid (146 mg, 65%). 

1H NMR (500 MHz, CDCl3) δ 8.50 (s, 1H), 8.29 (d, J = 9.1 Hz, 2H), 8.05 (d, J = 8.4 Hz, 2H), 

7.64 – 7.56 (m, 2H), 7.55 – 7.48 (m, 2H), 5.33 (s, 2H). 

13C NMR (126 MHz, CDCl3) δ 131.4, 130.7, 129.3, 129.0, 126.9, 125.8, 125.2, 123.5, 46.4. 

IR (𝜈max): 3057 (ar. C-H), 2926 (C-H), 2100 (N3) cm-1 

NMR spectra according to literature.289 

 

N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)-3-morpholinopropanamide (5.18) 
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3-(Morpholin-4-yl)propanoic acid hydrochloride (125mg, 0.60 mmol), EDC.HCl (114 mg, 0.6 

mmol), DMAP (12 mg, 0.1 mmol) and TEA (150 µL) were dissolved in DCM (3 mL). 1-

ethynyl-1H-benzo[d]imidazol-6-amine (78 mg, 0.5 mmol) was dissolved in DCM (2 mL) and 

added dropwise to reaction, which was stirred for 4 days. Due to incomplete conversion further 

3-(Morpholin-4-yl)propanoic acid hydrochloride (125 mg, 0.60 mmol), EDC.HCl (114 mg, 

0.6 mmol) and DMAP (12 mg, 0.1 mmol) were added and the reaction was heated to 40°C. 

After 3 hours the starting material was consumed, and the reaction diluted with DCM (20 mL) 

and water (20 mL). The aqueous phase was extracted with DCM (20 mL), the organic phases 

were combined, washed with brine (20 mL) and dried over Na2SO4. The solvent was removed 

under vacuum and the residue was purified by column chromatography (80% ethanol/ethyl 

acetate (1:3)/ 1% triethylamine in petroleum ether) to give the desired compound as a brown 

solid (126 mg, 85%). 

1H NMR (500 MHz, CDCl3) δ 11.01 (br. s, 1H), 8.32 (d, J = 2.0 Hz, 1H), 8.02 (s, 1H), 7.69 

(d, J = 8.6 Hz, 1H), 7.07 (dd, J = 8.6, 2.0 Hz, 1H), 3.84 (t, J = 4.7 Hz, 4H), 3.29 (s, 1H), 2.77 

(dd, J = 6.6, 5.2 Hz, 2H), 2.64 (br. s, 4H), 2.58 (dd, J = 6.6, 5.2 Hz, 2H). 

13C NMR (126 MHz, CDCl3) δ 170.3, 143.5, 138.0, 136.2, 135.0, 120.9, 116.3, 102.3, 70.1, 

67.1, 62.5, 54.2, 52.8, 32.3. 

IR (𝜈max): 3200 (sp C-H), 3087 (ar. C-H) 2826 (C-H), 2152 (C≡C), 1608 (C=O), 1489 (ar. 

C=C) cm -1. 

HR-MS (ESI): C16H18N4O2H+ calculated 299.1503, found 299.1502. 

 

 

N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)-2-(2-(2-methoxyethoxy)ethoxy)acetamide (5.19) 

 

2-(2-(2-methoxyethoxy)ethoxy)acetic acid (136 mg, 0.76 mmol), EDC.HCl (146 mg, 0.76 

mmol) and DMAP (15 mg, 0.13 mmol) were dissolved in DCM (4 mL). After 10 minutes (1-

ethynyl-1H-benzo[d]imidazol-6-amine (100 mg, 0.64 mmol) was added, and the reaction was 

stirred for 5 hours. The mixture was diluted with DCM (20 mL) and water (20 mL). The phases 

were separated, and the organic phase was washed with brine (20 mL) and dried over Na2SO4. 

The solvent was removed under vacuum and the residue purified by column chromatography 
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(50 – 60% ethanol/ethyl acetate (1:3) in petroleum ether) to give the desired compound as a 

dark oil (126 mg, 63%). 

 1H NMR (500 MHz, CDCl3) δ 8.97 (br. s, 1H), 8.27 (d, J = 2.0 Hz, 1H), 8.03 (s, 1H), 7.70 

(d, J = 8.6 Hz, 1H), 7.29 (dd, J = 8.6, 2.0 Hz, 1H), 4.14 (s, 2H), 3.81 – 3.75 (m, 2H), 3.76 – 

3.69 (m, 4H), 3.60 – 3.54 (m, 2H), 3.33 (s, 3H), 3.29 (s, 1H). 

 13C NMR (126 MHz, CDCl3) δ 168.3, 143.7, 138.5, 135.0, 134.8, 120.8, 117.2, 102.8, 71.8, 

71.3, 70.7, 70.5, 70.2, 70.1, 62.5, 59.0. 

IR (𝜈max): 3228 (sp C-H), 3124 (ar. C-H) 2908 (C-H), 2154 (C≡C), 1690 (C=O), 1487 (ar. 

C=C) cm -1. 

HR-MS (ESI): C16H19N3O4H+ calculated 318.1448, found 318.1448.  

 

4-((1-ethynyl-1H-benzo[d]imidazol-6-yl)amino)-4-oxobutanoic acid (5.20) 

 

1-Ethynyl-1H-benzo[d]imidazol-6-amine (100 mg, 0.64 mmol) was dissolved in toluene (6 

mL) and succinic anhydride (70 mg, 0.7 mmol) was added. Then, the reaction was heated to 

100 °C for seven hours. The resulting suspension was filtered, and the precipitate kept. The 

filtrate was diluted with water (30 mL) and ethyl acetate (20 mL). The phases were separated, 

and the aqueous phase was extracted with ethyl acetate (20 mL). The combined organic phases 

were washed with brine (20 mL) and dried over Na2SO4. The solvent was removed under 

vacuum and the residue combined with the precipitate. The mixture was purified by column 

chromatography (10 – 40% ethanol/ethyl acetate (1:3) in petroleum ether) to give the desired 

compound as a light brown solid (129 mg, 79%). 

1H NMR (500 MHz, DMSO) δ 12.17 (br. s, 1H), 10.23 (s, 1H), 8.54 (s, 1H), 8.25 (d, J = 2.0 

Hz, 1H), 7.68 (d, J = 8.7 Hz, 1H), 7.32 (dd, J = 8.7, 2.0 Hz, 1H), 4.72 (s, 1H), 2.61 – 2.58 (m, 

2H), 2.56 – 2.53 (m, 2H). 

13C NMR (126 MHz, DMSO) δ 174.3, 170.8, 144.7, 137.5, 137.3, 134.8, 120.8, 116.4, 100.9, 

70.7, 65.4, 31.6, 29.2. 

IR (𝜈max): 3263 (sp C-H), 3200 (broad, COOH) 3128 (ar. C-H) 2936 (C-H), 2163 (C≡C), 1750 

(C=O), 1608 (C=O), 1504 (ar. C=C) cm -1. 

HR-MS (ESI): C13H11N3O3H+ calculated 258.0873, found 258.0873. 

 

N-(1-(1-(anthracen-9-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazol-6-yl)-3-

morpholinopropanamide (5.21a) 
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N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)-3-morpholinopropanamide (30 mg, 0.1 mmol) and 

anthracene azide (26 mg, 0.11 mmol) were dissolved in MeOH (2 mL) followed by 

Cu(OAc)2•H2O (1.0 mg, 0.005 mmol). AMTC (2.3 mg, 0.01 mmol) and NaAsc (2.0 mg, 0.01 

mmol) were dissolved in the minimum amount of water and then added dropwise. The reaction 

was stirred at room temperature overnight. Then sat. EDTA solution (pH 3, 20 mL) and DCM 

(30 mL) were added, and the phases were separated. The organic phase was washed with brine 

(20 mL) and dried over Na2SO4. The solvents were removed under vacuum and the residue 

purified by column chromatography (6% MeOH in DCM) to give the desired compound as a 

yellow solid (28 mg, 52%). 

1H NMR (500 MHz, CDCl3) δ 10.78 (s, 1H), 8.58 (s, 1H), 8.40 (d, J = 8.9 Hz, 2H), 8.21 (s, 

1H), 8.07 (d, J = 8.4 Hz, 2H), 8.01 (s, 1H), 7.70 – 7.62 (m, 3H), 7.53 (t, J = 7.5 Hz, 2H), 7.49 

(s, 1H), 7.08 (dd, J = 8.5, 2.0 Hz, 1H), 6.62 (s, 2H), 3.81 (t, J = 4.6 Hz, 4H), 2.78 – 2.72 (m, 

2H), 2.62 (br. s, 4H), 2.58 – 2.52 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 170.1, 142.2, 141.4, 140.0, 135.3, 133.2, 131.4, 130.8, 130.3, 

129.6, 128.0, 125.5, 123.1, 122.8, 120.6, 115.8, 114.4, 102.5, 67.0, 54.2, 52.8, 47.4, 32.3. 

IR (𝜈max): 2908 (C-H), 1690 (C=O), 1504 (ar. C=C) cm -1. 

HR-MS (ESI): C31H29N7O2H+ calculated 532.2456, found 532.2451. 

 

N-(1-(1-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)-1H-1,2,3-triazol-4-yl)-1H-

benzo[d]imidazol-6-yl)-3-morpholinopropanamide (5.21b) 

 

N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)-3-morpholinopropanamide (30 mg, 0.10 mmol) and 

anthracene azide (29 mg, 0.11 mmol) were dissolved in MeOH (2 mL). Then Cu(OAc)2•H2O 
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(1.0 mg, 0.005 mmol) was added. AMTC (2.2 mg, 0.01 mmol) and NaAsc (2.0 mg, 0.01 mmol) 

were dissolved in the minimum amount of water and then added dropwise. The reaction was 

stirred at room temperature overnight. Then sat. EDTA solution (pH 3, 20 mL) and DCM (20 

mL) were added, and the phases were separated. The aqueous phase was extracted again with 

DCM (20 mL), the organic phases were combined and washed with brine (20 mL) and dried 

over Na2SO4. The solvents were removed under vacuum and the residue purified by column 

chromatography (5% MeOH in DCM) to give the desired compound as a yellow solid (38 mg, 

68%). 

1H NMR (400 MHz, CDCl3) δ 10.92 (s, 1H), 8.87 (s, 1H), 8.47 (s, 1H), 8.38 (s, 1H), 8.32 (d, 

J = 2.0 Hz, 1H), 7.78 (d, J = 8.6 Hz, 1H), 7.46 (d, J = 9.0 Hz, 1H), 7.21 (dd, J = 8.6, 2.0 Hz, 

1H), 6.71 (dd, J = 9.0, 2.5 Hz, 1H), 6.58 (d, J = 2.5 Hz, 1H), 3.86 (t, J = 4.6 Hz, 4H), 3.48 (q, 

J = 7.1 Hz, 4H), 2.77 (dd, J = 6.6, 5.0 Hz, 2H), 2.65 (br. s, 4H), 2.57 (dd, J = 6.6, 5.0 Hz, 2H), 

1.27 (t, J = 7.1 Hz, 6H). 

13C NMR (126 MHz, CDCl3) δ 170.2, 156.8, 156.1, 151.9, 141.8, 141.5, 140.2, 135.5, 135.3, 

133.1, 130.3, 120.8, 116.5, 115.9, 115.5, 110.3, 106.9, 102.3, 97.1, 67.1, 54.3, 52.9, 45.1, 32.3, 

12.5. 

IR (𝜈max): 3275 (N-H), 3139 (ar. C-H), 1716 (C=O), 1584 (C=C) cm-1. 

HR-MS (ESI): C29H32N8O4H+ calculated 557.2619, found 557.2618. 

 

N-(1-(1-(anthracen-9-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazol-6-yl)-2-(2-(2-

methoxyethoxy)ethoxy)acetamide (5.22a) 

 

N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)-2-(2-(2-methoxyethoxy)ethoxy)acetamide (57 mg, 

0.18 mmol) and anthracene azide (46 mg, 0.2 mmol) were dissolved in MeOH (2 mL). Then 

Cu(OAc)2•H2O (1.8 mg, 0.009 mmol) was added. AMTC (4.0 mg, 0.02 mmol) and NaAsc 

(3.6 mg, 0.02 mmol) were dissolved in the minimum amount of water and then added 

dropwise. The reaction was stirred at room temperature overnight. Then sat. EDTA solution 

(pH 3, 20 mL) and ethyl acetate (20 mL) were added, and the phases were separated. 

Additional ethyl acetate (40 mL) was added to the organic phase which was washed with brine 

(20 mL) and dried over Na2SO4. The solvents were removed under vacuum and the residue 
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purified by column chromatography (70% ethanol/ethyl acetate (1:3) in petroleum ether) to 

give the desired compound as a green solid (58 mg, 59%). 

1H NMR (500 MHz, CDCl3) δ 8.87 (s, 1H), 8.59 (s, 1H), 8.39 (d, J = 8.9 Hz, 2H), 8.15 – 8.01 

(m, 4H), 7.71 – 7.63 (m, 3H), 7.54 (t, J = 7.5 Hz, 2H), 7.47 (s, 1H), 7.32 (dd, J = 8.6, 2.0 Hz, 

1H), 6.63 (s, 2H), 4.11 (s, 2H), 3.82 – 3.63 (m, 6H), 3.54 – 3.48 (m, 2H), 3.26 (s, 3H). 

13C NMR (126 MHz, CDCl3) δ 168.1, 142.2, 141.5, 140.5, 134.2, 132.9, 131.5, 130.8, 130.3, 

129.6, 128.1, 125.5, 123.0, 122.7, 120.5, 116.7, 114.3, 103.1, 71.8, 71.3, 70.7, 70.5, 70.2, 58.9, 

47.4. 

IR (𝜈max): 3221 (N-H), 1663 (C=O), 1590 (C=C), 1103 (C-O) cm-1. 

HR-MS (ESI): C31H30N6O4H+ calculated 551.2401, found 551.2393. 

 

N-(1-(1-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)-1H-1,2,3-triazol-4-yl)-1H-

benzo[d]imidazol-6-yl)-2-(2-(2-methoxyethoxy)ethoxy)acetamide (5.22b) 

 

N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)-2-(2-(2-methoxyethoxy)ethoxy)acetamide (56 mg, 

0.18 mmol) and 3-azido-7-(diethylamino)-2H-chromen-2-one (50 mg, 0.19 mmol) were 

dissolved in MeOH (2 mL), followed by Cu(OAc)2•H2O (1.8 mg, 0.009 mmol). AMTC (4.0 

mg, 0.02 mmol) and NaAsc (3.5 mg, 0.02 mmol) were dissolved in the minimum amount of 

water and then added dropwise. The reaction was stirred at room temperature overnight. Then 

sat. EDTA solution (pH 3, 20 mL) and ethyl acetate (20 mL) were added, and the phases were 

separated. The organic phase was washed with brine (20 mL) and dried over Na2SO4. The 

solvents were removed under vacuum and the residue purified by column chromatography 

(70% ethanol/ethyl acetate (1:3) in petroleum ether) to give the desired compound as a yellow 

solid (43 mg, 42%). 

1H NMR (500 MHz, CDCl3) δ 8.96 (s, 1H), 8.88 (s, 1H), 8.46 (s, 1H), 8.40 (br. s, 1H), 8.31 

(s, 1H), 7.80 (d, J = 8.6 Hz, 1H), 7.46 (d, J = 8.9 Hz, 1H), 7.40 (dd, J = 8.6, 1.9 Hz, 1H), 6.71 

(dd, J = 9.0, 2.4 Hz, 1H), 6.58 (d, J = 2.4 Hz, 1H), 4.14 (s, 2H), 3.83 – 3.77 (m, 2H), 3.78 – 

3.71 (m, 4H), 3.61 – 3.56 (m, 2H), 3.48 (q, J = 7.1 Hz, 4H), 3.32 (s, 3H), 1.26 (t, J = 6.9 Hz, 

6H). 
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13C NMR (126 MHz, CDCl3) δ 168.3, 156.8, 156.1, 152.0, 141.8, 141.7, 140.7, 135.3, 134.4, 

133.0, 130.3, 120.7, 116.7, 116.5, 115.6, 110.3, 106.9, 103.0, 97.1, 71.9, 71.3, 70.8, 70.5, 70.2, 

59.0, 45.1, 12.4. 

IR (𝜈max): 3284 (N-H), 3142 (ar. C-H), 1714 (C=O), 1587 (C=C), 1128 (C-O) cm-1. 

HR-MS (ESI): C29H33N7O6H+ calculated 576.2565, found 576.2561. 

 

4-((1-(1-(anthracen-9-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazol-6-yl)amino)-4-

oxobutanoic acid (5.23a) 

 

4-((1-ethynyl-1H-benzo[d]imidazol-6-yl)amino)-4-oxobutanoic acid (30 mg, 0.12 mmol) and 

anthracene azide (29.9 mg, 0.13 mmol) were dissolved in MeOH (2 mL), followed by 

Cu(OAc)2•H2O (1.2 mg, 0.006 mmol). AMTC (2.6 mg, 0.01 mmol) and NaAsc (2.3 mg, 0.01 

mmol) were dissolved in the minimum amount of water and then added dropwise. The reaction 

was stirred at room temperature overnight. Then sat. EDTA solution (pH 3, 20 mL) and ethyl 

acetate (20 mL) were added, and the phases were separated. The organic phase was washed 

with brine (20 mL). The precipitate in the organic layer was filtered off and washed with ethyl 

acetate to give the desired compound as a yellow solid (52 mg, 91%). 

1H NMR (400 MHz, DMSO) δ 12.14 (br. s, 1H), 10.10 (br. s, 1H), 8.77 (s, 1H), 8.65 (d, J = 

8.9 Hz, 2H), 8.57 (s, 1H), 8.49 (br. s, 2H), 8.18 (d, J = 8.4 Hz, 2H), 7.73 – 7.56 (m, 5H), 7.35 

(br. s, 1H), 6.79 (s, 2H), 2.65 – 2.55 (m, 4H). 

13C NMR (101 MHz, DMSO) δ 170.0, 142.1, 135.9, 131.1, 130.5, 129.4, 129.1, 127.3, 125.4, 

125.0, 123.9, 119.9, 116.2, 115.2, 102.4, 46.6, 31.1.  5 carbons not observed. 

Observed benzimidazole and succinate tail peaks in the proton and correlating peaks in the 

carbon NMR were very broad. As the compound was not purified by column chromatography 

residual copper might be present (although crude was washed with EDTA) which broadens 

the signal and could explain the missing carbon signals.290 Increasing the relaxation time, 

number of scans or temperature (up to 80 °C) did not make a difference. Due to the limited 

solubility, the concentration of the sample also could not be increased. 

IR (𝜈max): 3303 (N-H), 2971 (COO-H), 1739 (C=O), 1616 (C=C), 1591 (C=C) cm-1. 

LC-MS (ESI): C28H22N6O3H+ calculated 491.2, found 491.2. 
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HR-MS (ESI): C28H22N6O3H+ calculated 491.1826, found 491.1807. 

 

4-((1-(1-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)-1H-1,2,3-triazol-4-yl)-1H-

benzo[d]imidazol-6-yl)amino)-4-oxobutanoic acid (5.23b) 

 

4-((1-ethynyl-1H-benzo[d]imidazol-6-yl)amino)-4-oxobutanoic acid (30 mg, 0.12 mmol) and 

3-azido-7-(diethylamino)-2H-chromen-2-one (33 mg, 0.13 mmol) were dissolved in MeOH (2 

mL). Then Cu(OAc)2•H2O (1.2 mg, 0.006 mmol) was  and the reaction was stirred at room 

temperature overnight. Then sat. EDTA solution (pH 3, 20 mL) and DCM (20 mL) were added, 

and the phases were separated. The aqueous phase was extracted with DCM (2 × 20 mL). 

Yellow precipitate remained in the aqueous layer which was filtered off and washed with DCM 

to give the desired compound as a yellow solid (15 mg, 24%). 

1H NMR (500 MHz, DMSO) δ 11.85 (br. s, 1H), 9.96 (s, 1H), 9.01 (s, 1H), 8.68 (br. s, 1H), 

8.57 (s, 1H), 8.37 (br. s, 1H), 7.70 (br. ffs, 1H), 7.66 (d, J = 8.9 Hz, 1H), 7.49 – 7.44 (m, 1H), 

6.86 (dd, J = 9.0, 2.5 Hz, 1H), 6.69 (d, J = 2.4 Hz, 1H), 3.51 (q, J = 7.0 Hz, 4H), 2.62 (s, 4H), 

1.19 (t, J = 7.0 Hz, 6H). 

13C NMR (126 MHz, DMSO) δ 169.7, 156.2, 155.6, 151.7, 141.4, 137.3, 135.8, 130.4, 119.5, 

117.0, 115.7, 115.4, 110.0, 106.2, 102.1, 96.3, 44.0, 12.0. 6 carbons not observed 

As with compound 5.23a, the observed benzimidazole and succinate tail peaks in the proton 

and correlating peaks in the carbon NMR were very broad. As the compound was not purified 

by column chromatography residual copper might be present (although crude was washed with 

EDTA) which broadens the signal and could explain the missing carbon signals.290 Increasing 

the relaxation time, number of scans or temperature (up to 80 °C) did not make a difference. 

Due to the limited solubility, the concentration of the sample also could not be increased. 

IR (𝜈max): 3284 (N-H), 2980 (COO-H), 1717 (C=O), 1587 (C=C) cm-1. 

LC-MS: C26H25N7O5H+ calculated 516.2, found 516.3. 

HR-MS (ESI): C26H25N7O5H+ calculated 516.1990, found 516.1990. 

 

(1-(anthracen-9-ylmethyl)-1H-1,2,3-triazol-4-yl)methanol (5.25) 
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Propargyl alcohol (40 mg, 0.71 mmol) and 9-(azidomethyl)anthracene (166 mg, 0.71 mmol) 

were dissolved in MeOH (2 mL) and Cu(OAc)2•H2O (7 mg, 0.04 mmol) was added. NaAsc 

was dissolved in the minimum amount of water and added dropwise to the reaction, which was 

stirred overnight. Then DCM (20 mL) and water (20 mL) were added, and the phases 

separated. The phases were separated, and the organic phase washed with sat. EDTA solution 

(pH 3, 20 mL). Then, the combined aqueous phases were extracted with DCM (2 × 20 mL) 

and the combined organic phases washed with brine and dried over Na2SO4. The solvent was 

removed under vacuum and the residue purified by column chromatography (40% 

ethanol/ethyl acetate (1:3) in petroleum ether) to give the desired compound as a yellow solid 

(74 mg, 36%). 

1H NMR (500 MHz, DMSO) δ 8.74 (s, 1H), 8.61 (d, J = 8.9 Hz, 2H), 8.17 (d, J = 8.5 Hz, 2H), 

7.72 (s, 1H), 7.69 – 7.62 (m, 2H), 7.61 – 7.54 (m, 2H), 6.62 (s, 2H), 5.00 (t, J = 5.7 Hz, 1H), 

4.39 (d, J = 5.7 Hz, 2H). 

IR (𝜈max): 3243 (broad, O-H) cm-1. 

NMR spectrum in accordance to literature values.291 

 

5.6.4 Fluorescent Plate Assay 

HeLa cells were kindly provided by Dr. Inga Kruse (Strathclyde Institute of Pharmacy and 

Biomedical Sciences, University of Strathclyde, Glasgow). Cells were suspended in 1X DPBS 

and lysed by the addition of Triton X-100 (1% (v/v) final concentration) to give a concentration 

of ~8000 cells/ mL. Fluorescent measurements were carried out on a Hidex Sense Microplate 

reader.  

Stock solutions: 

[Alkyne] = 1 mM in DMSO 

[Azide] = 1 mM in DMSO 

[BTTAA] = 10 mM in H2O 

[Cu(OAc)2] = 1 mM in H2O 

[NaAsc] = 10 mM in H2O 
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From the stock solutions, two solutions were prepared containing either alkyne and azide or 

Cu(OAc)2, BTTAA and NaAsc (total volume 1000 µL each, made up with buffer or lysate to 

reach the volume, double the final concentration intended for the 96-well plate). 

To the 96-well plate was added 50 µL of each solution to reach a final volume of 100 µL/well 

and the final specified concentration. 

 

5.6.5 Coumarin Azide Solubility Data 

Table 5.1. Percentage of fluorescence of 5.1 remaining after 18 h. 

Entry 5.1 [µM] 
% initial fluorescence 

remaining after 18 h 

1 100 ~2 

2 75 ~2 

3 50 ~2 

4 25 ~2 
Conditions: 5.1 (100, 75, 50 and 25 µM), 10% DMSO in 1X DPBS, 25 °C, 18 h. 

 

Table 5.2. Percentage of fluorescence of 5.1 remaining after 3.5 h in 100% DMSO. 

Entry 5.1 [µM] 
% initial fluorescence 

remaining after 3.5 h 

1 50 90 ± 9 
Conditions: 5.1 (50 µM), 100% DMSO, 25 °C, 3.5 h. 

 

5.6.6 DoE 1 Additional Data 

Table 5.3. Reaction of ynamine 5.18 with azide 5.11 using just Cu(OAc)2 or Cu(OAc)2 and BTTAA. 

Entry [Cu(OAc)2] (µM) [BTTAA] (µM) Conversion after 

16 h (%) 

1 50  >3 

2 100  >3 

3 150  >3 

4 200  >3 

5 50 50 >3 

6 50 100 >3 

7 50 200 >3 
Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (50, 100, 150 or 200 µM), BTTAA (50, 100 or 200 µM), 1% 

Triton X-100/10% DMSO in 1X DPBS, 25 °C, 16 h. 
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Figure 5.14. (A) Reaction of ynamine 5.18 with azide 5.11 with added NaAsc (1, 5 and 10 mM) and BTTAA (2 

equiv). Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), BTTAA (100 µM), NaAsc (1, 5 or 10 mM), 

1% Triton X-100/10% DMSO in 1X DPBS, 25 °C, 16 h. (B) Reaction of ynamine 5.18 with azide 5.11 with added 

NaAsc (1, 5 and 10 mM) and BTTAA (50 µM). Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (200 µM), 

BTTAA (50 µM), NaAsc (1, 5 and 10 mM), 1% Triton X-100/10% DMSO in 1X DPBS, 25 °C, 16 h. Buffer pH = 

7.4. 
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5.6.7 DoE 2 Additional Data 
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Figure 5.15. (A) Reaction of ynamine 5.18 with azide 5.11 with added BTTAA (2 equiv). Conditions: 5.18 (50 

µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), BTTAA (100 µM), NaAsc (0.1, 0.5 or 1 mM), 1% Triton X-100/10% 

DMSO in 1X DPBS, 25 °C, 16 h. (B) Reaction of ynamine 5.18 with azide 5.11 with added BTTAA (3 equiv). 

Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), BTTAA (150 µM), NaAsc (0.1, 0.5 or 1 mM), 1% 

Triton X-100/10% DMSO in 1X DPBS, 25 °C, 16 h. (C) Reaction of ynamine 5.18 with azide 5.11 with added 

BTTAA (4 equiv). Conditions: 5.18 (50 µM), 5.11 (50 µM), Cu(OAc)2 (50 µM), BTTAA (200 µM), NaAsc (0.1, 

0.5 or 1 mM), 1% Triton X-100/10% DMSO in 1X DPBS, 25 °C, 16 h. Buffer pH = 7.4. 
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6.1 Conclusions and Future Directions 

The aim of this thesis was to investigate the suitability of the ynamine-CuAAC for 

bioconjugation, first in in vitro assays and then moving towards in vivo applications. 

Glutathione was identified as a suitable surrogate to test in vivo reactivity. The tripeptide is 

the predominant detoxification reagent inside cells and acts as a nucleophile and transition 

metal chelator and could impact the ynamine-CuAAC reaction either by reagent degradation 

or catalyst sequestering.156 

 

First, the influence of GSH on aromatic ynamine (2.1) stability was explored. In sodium 

phosphate buffer, major degradation (> 75%) was observed after 24 h, whereas only minimal 

degradation (< 25%) was observed in phosphate buffered saline. Two degradation products 

could be isolated (Z- (2.30) and geminal (2.31) GSH-ynamine adduct) pointing towards 

nucleophilic and radical mediated degradation. The ratio of degradation products was 

dependant on reaction conditions (buffer type, GSH concentration) and was shifted exclusively 

towards the Z-isomer (2.30) when copper was added to the reaction. Changing the pH of the 

reaction did not affect rate of degradation nor the degradation product ratio. Copper-free click 

reagents (SPAAC and IEDDA) displayed similar stability (> 80%) in the presence of GSH 

after 24 h. 

Next, conditions were developed for the CuAAC reaction at the highest concentration of GSH 

possible. Under these conditions, the ynamine 2.1 afforded full conversion with benzyl azide 

2.2 in around 2 h. The rate of conversion for other alkynes (2.9 – 2.11) was slower under the 

same conditions, indicating that the ynamine had a significant reactivity advantage. In contrast, 

copper-free SPAAC and IEDDA reagents (2.12 – 2.15) were not affected by the presence of 

GSH. 

 

The preliminary CuAAC experiments indicated that the GSH concentration determined 

reaction outcome, with higher concentrations either causing an induction period or completely 

inhibiting the reaction. This phenomenon was explored further in the second chapter. It was 

discovered that reaction rate could be fully tuned by the copper:GSH ratio. Ratios of 1:1 

accelerated the reaction and increasing this ratio caused and prolonged an induction period. 

Visual time normalised analysis indicated the reaction was first order with respect to azide, 

~0.5 order in ynamine and ~0.5 order in copper under these conditions. The reaction could be 

accelerated to reach full conversion in under 10 minutes by switching the co-solvent to 

fluorinated solvents such as HFIP or TFE. 
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These new conditions were promising to achieve conjugation of biomolecules at low copper 

catalyst loadings and were applied to two cell penetrating peptides (Penetratin-Az and TP2-

Az). Using these conditions over 80% conversion was achieved after 1 h using only 100 µM 

copper. 

Modifying biomolecules by two orthogonal reactions is an important tool for 

bioconjugation.263 As the SPAAC reaction using DBCO (2.12) is inhibited by Cu(I) – and the 

CuAAC reaction requires Cu(I) – it was attempted to develop a sequential labelling protocol 

using DBCO (2.12) and the aromatic ynamine (2.1). Trials on small molecules showed that 

either DBCO (2.12) or the ynamine (2.1) could be selectivity reacted with an azide – only 

controlled by the addition of GSH. This concept was extended to Penetratin-Az and TP2-Az 

and in the presence of GSH, only the ynamine (4.7) reacted whereas only DBCO (2.12) reacted 

in the absence. It was attempted to apply this strategy to a dual-azide modified peptide, but 

sufficient selectivity could not be achieved. 

 

Finally, as a further step towards in vivo bioconjugation using aromatic ynamines (5.18 and 

5.19), the reactivity was analysed in cell lysate via a fluorescent assay. The conditions were 

optimised in buffer first and highlighted that good conversions (~80%) could be achieved 

within 2 h using only 1 µM Cu(OAc)2 and that tuning the ligand (BTTAA) and NaAsc 

concentration was crucial for conversion. In cell lysate, diminished reactivity was observed 

but good conversion could still be achieved. A conventional alkyne (5.24) was not reactive 

under the same conditions in cell lysate. These promising results are good starting points for 

in vivo bioconjugation. 

 

A number of experiments can be proposed to expand on the findings presented this thesis: 

 

(i) Investigation of GSH mediated Ynamine degradation – The mechanistic 

investigation of the ynamine (2.1) degradation by GSH was limited in this thesis. 

Preliminary experiments indicate a radical mediated degradation pathway under 

certain conditions but are not conclusive. So far, a radical scavenger (TEMPO) 

has only been added to the reactions containing copper. No inhibition was 

observed, but TEMPO is known to react with superoxide which is produced by 

GSH and copper. Therefore, repeating the experiment but without copper could 

allow TEMPO to intercept GSH radicals and reduce degradation. Furthermore, 
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EPR spectroscopy could be used to study the degradation. If radicals are formed 

during the reactions, they should be identified by EPR. Lastly, the significant 

difference in degradation between the sodium phosphate buffer and 1X DPBS 

warrants further investigation. Adding additional salts such as magnesium or 

calcium to the phosphate buffer could potentially elucidate the roles of the 

additives. Further understanding would potentially open the door for the ynamine 

to be used as a thiol tagging reagent. 

(ii) Rate-accelerating effect of HFIP – The addition of HFIP to the ynamine-CuAAC 

reaction enhanced the rate greatly. The origin of this effect is unknown but could 

potentially be caused by micellular catalysis. Investigating the reaction by DLS or 

DOSY NMR experiments could detect of the presence of micelles. Furthermore, 

the use of HFIP in other cycloadditions (i.e., SPAAC, IEDDA, conventional 

CuAAC) needs also to be explored further. If these reactions are also accelerated 

by HFIP, the solvent can be used as a further lever to accelerate bio-orthogonal 

reactions that is independent of the reagents. 

(iii) Extension of bioconjugation protocol to further biomolecules – The optimal 

ynamine-CuAAC protocol has only been applied to short peptides thus far. If 

further biomolecules such as oligonucleotides and proteins could be efficiently 

labelled under the same conditions, the general applicability of the protocol would 

be demonstrated. Furthermore, the dual labelling of peptides by ynamine-CuAAC 

and SPAAC failed due to insufficient selectivity between azides. However, both 

ynamines and DBCO can be incorporated into oligonucleotides which would 

remove this limitation and potentially allow the sequential labelling of ynamines 

and DBCO controlled by GSH in a one-pot reaction. 

(iv) Move into in vivo experiments – The superiority of the ynamine (5.18) over 

conventional alkynes (5.24) has been demonstrated in buffer and cell lysate. It is 

assumed that this would extend into live cell experiments but has not been 

demonstrated. Incorporation of azides into all major classes of biomolecules 

(DNA, proteins and lipids) is routinely achieved. Labelling of these classes by 

ynamine-CuAAC and comparing it with conventional alkynes would demonstrate 

the superiority of ynamines over alkynes in bioconjugation and potentially lead to 

more widespread adoption. 
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