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Abstract 

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

robust bio-orthogonal reaction that exclusively produces 1,4-substituted triazoles. Despite its 

extensive utility in chemical biology, the ability to differentiate alkyne subtypes has received 

little attention as a tool for the construction of discrete bioconjugates. This work highlights the 

utility of aromatic ynamines as a new click reagent for sequential bioconjugation. Aromatic 

ynamines are superior click reagents with enhanced chemical reactivity relative to 

conventional alkynes. This unique and orthogonal reactivity profile circumvents the need for 

conventional protecting group strategies. This project will also highlight the biocompatibility 

of these reagents as a new tool for protecting-group free sequential CuAAC bioconjugation of 

oligonucleotides in the presence of more accessible competing alkyne substrate (Scheme 1). 

This strategy allows the formation of a new platform for specific labelling using fluorescent 

and PET probes as much as specific targeting and drug delivery. Importantly, higher reactivity 

of aromatic ynamines allows lower copper loading, thereby decreases toxicity and side 

reactions on biomolecules.  

 

 

Scheme 1. Chemoslective, sequential CuAAC bioconjugation using enhanced reactivity of aromatic ynamines. 
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1.1 Introduction to Bioconjugation 

Understanding the roles of biomolecules in their native environments is challenging due to the 

complexity of living systems. The discovery of whole genome sequencing in 1995 has 

provided us with the opportunity to view the “blueprints” of living organisms.
1
 Advancements 

in crystallography and spectroscopy methods have provided detailed snapshots of 

biomolecular structure and dynamics.
2
 Unfortunately, complex biological function cannot 

truly be understood through genetics and structural studies. These functions are an 

interconnected highway, dependent on interactions with countless other molecules, all 

occurring within the compact environment of the cell. The discovery and development of the 

green fluorescent protein (GFP) revolutionised our understanding of certain protein functions 

by allowing, for the first time, their imaging and tracking in living cells.
3
 Nonetheless, its use 

is limited to the study of proteins and cannot be expanded to other biomolecules. Furthermore, 

owing to the large size of the fluorescent protein domain, GFP-tagging could perturb the target 

protein’s structure and function. To overcome these limitations, scientists have focused on 

developing new methods for the selective, covalent modification of biological entities within 

living systems, termed bioconjugation.  

 

Antibody-drug conjugates (ADCs) illustrate perfectly the power of bioconjugation. Indeed, 

the ability to conjugate an antibody to cytotoxics has provided an effective technique for potent 

and selective chemotherapy. As compared to traditional chemotherapeutics, ADCs display 

superior specificity, longer half-lives and increased stability in blood circulation.
4
 ADCs are 

rapidly becoming lead therapeutic agents, with two ADC drugs currently approved by the FDA 

and another 50 at different stages of clinical development.
4
 

 

Over the last decade, a variety of chemical strategies have been described for the ligation of 

biomolecules to numerous molecules including antibodies,
5
 peptides,

6
 lipids,

7
 drugs

8
 and 

fluorophores.
9
 Along with providing researchers with invaluable biological discoveries, this 

work detailed the requirements for effective bioconjugation. Optimal bioconjugation reactions 

should be rapid, selective towards the desired functional groups and generate only the desired, 

stable, non-toxic product. The ligation reaction kinetics are particularly important as 

bioconjugation reactions generally follow second-order kinetics, where reaction rates are 

dependent on the concentrations of both reagents, necessitating a large excess of one reagent 

(micromolar to millimolar) when performing the ligation in vivo. In turn, the excessive 

concentration of reagents required leads to reduced solubility and increased toxicity.
10

 

Researchers have therefore been investigating the use of non-natural, highly reactive chemical 
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functional groups to increase the efficiency of bioconjugation. Despite the current focus on 

non-natural functional groups, ligation via native functional groups remains widely employed 

and understanding the benefits and limitations of these techniques provides the foundation for 

advances in chemical biology.  

 

1.2 Site-Specific Bioconjugation Based on Native Functionalities 

1.2.1 Peptides and Proteins 

Proteins are responsible for many functions in living systems from catalysing metabolic 

reactions
11

 to transporting molecules through membranes.
12

 Recently, a variety of synthetic 

approaches have been developed to selectively modify proteins, providing the opportunity to 

understand the structure/function relationships of these essential biomolecules.
13

 Modification 

strategies must be site-selective, proceed under mild conditions and must not alter overall 

protein structure. For in vivo applications, the position of the modification in the primary 

sequence highly influences both the pharmacokinetics and biodistribution.
14,15

  

 

The strategy for chemoselective ligation to any of the 20 naturally-occurring amino acids 

(AAs) is dependent on its reactivity (Figure 1.1). The polyamide backbone of proteins and 

peptides is unreactive toward bioconjugation strategies, with the exception of the N-terminal 

amine and the C-terminal carboxylic acid. Consequently, ligation methodologies 

predominantly focus on targeting the AA side chains.
13

 The carboxylic acid side chains of 

aspartate (Asp) and glutamate (Glu) can function, upon activation, as electrophiles in reactions 

with amines. The thiol and thioether groups of cysteine (Cys) and methionine (Met), the amine 

groups of arginine (Arg), histidine (His), lysine (Lys) and tryptophan (Trp), and the hydroxyl 

and phenol groups of serine (Ser), threonine (Thr) and tyrosine (Tyr) have the potential to 

function as nucleophiles for bioconjugation. However, the ability to perform efficient 

conjugation with these AAs will highly depend on reaction conditions, including the pH of the 

reaction and the reactivity of the corresponding electrophile (Figure 1.1). Moreover, their 

reactivity varies significantly with their location within the protein and their interactions with 

neighbouring amino acid residues.
16

 The remaining AAs are generally unreactive toward 

traditional bioconjugate chemistries (Figure 1.1). The following sections will describe the 

most commonly used of the extensive list of available strategies for the selective ligation of 

amino acids. 
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Figure 1.1. Structures of the 20 naturally occurring amino acids (AA), their pKa values in aqueous media at pH = 

7 and the most commonly used strategies for their bioconjugation.
17
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 Commonly Used Strategies for Lysine Bioconjugation   

Lysine residues are a common choice for bioconjugation due to the numerous chemical 

reactions available for modifying nucleophilic primary amines (Figure 1.1).
13

 Most of these 

reactions use slightly alkaline pH, in which lysine can react with activated esters, anhydrides, 

carbonates, isocyanates, and a range of other acylating and alkylating agents (Figure 1.1).
18

 

However, their high abundance in living systems means that multiple lysines could be targeted 

in a non-specific manner. Additionally, some of the strategies employed for lysine conjugation 

can have off-target effects with other nucleophilic side chains. For example, N-

hydroxysuccinimide (NHS) esters, the most popular group used for lysine conjugation and 

labelling, can cross-react with the hydroxyl group of tyrosine, histidine, serine and threonine 

side-chains, forming an ester bond. Moreover, the pH required for lysine conjugation using 

isothiocyanate (~ 9) would be unsuitable for modifying alkaline-sensitive proteins. 

 

 Commonly Used Strategies for Cysteine Bioconjugation   

The modification of cysteine residues has been highly exploited due to its superior 

nucleophilic properties as compared to other amino acids.
13

 Cysteine residues’ low abundance 

(< 2%) in the proteome favours site-selective modification.
19

 However, they are rarely found 

on solvent-accessible surfaces of a protein.
20

 Therefore, most conjugation methods require pre-

treatment with a reducing agent, such as dithiothreitol (DTT), to cleave accessible disulfides. 

Under basic conditions, cysteine residues will be deprotonated to give a thiolate nucleophile 

which can then react with soft electrophiles, such as maleimide or iodoacetamide (Figure 1.1). 

Unfortunately, the high concentration of free thiols present in cells, e.g. glutathione, limits 

these approaches to in vitro applications. Moreover, Kiick et al. have reported that the thiol-

maleimide conjugate can be labile under physiologically relevant conditions.
21

 

 

 Commonly Used Strategies for Methionine Bioconjugation  

The low abundance (2.3%)
22

 and unique reactivity of methionine make this residue more 

attractive than cysteine for chemoselective, site-specific protein bioconjugation. Deming et al. 
reported the chemoselective alkylation of methionine residues, affording relatively stable 

sulfonium derivatives, such as compound 1.13 (Figure 1.1).
23

 No undesired side-products were 

obtained, even in the presence of lysine residues. Using epoxides as alkylating agents, the 

same group was able to achieve the chemoselective introduction of a variety of 

functionalisations into proteins.
24

 The advantage of the epoxide strategy, as compared to the 
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previously reported alkylation method, is that the reaction can be conducted in physiological 

conditions and the sulfonium derivatives, such as 1.12 (Figure 1.1), display increased stability. 

More recently, the Chang group developed a new platform for chemoselective methionine 

bioconjugation using oxaziridine-based reagents (ReACT, Figure 1.1).
25

 Taking advantage of 

the redox potential of methionine, they were able to achieve rapid (≤10 min) and selective 

ligations in the context of various substrates.  

 

 Commonly Used Strategies for Tyrosine Bioconjugation  

Another amino acid often pursued for chemical ligation is tyrosine due to the reactivity of its 

phenolic hydroxyl group.
26

 Tyrosine conjugation with a diazonium has been of special interest 

ever since its discovery in 1959 (Figure 1.1).
27

 However, the poor selectivity of the ligation, 

the relative instability of the diazonium salts and the strongly acidic conditions required for 

their in-situ preparation, which are incompatible with pH-sensitive proteins, prevented the 

widespread application of this methodology. An alternative approach was reported by Francis 

et al. using a three-component Mannich-type strategy involving the in-situ reaction of a Tyr 

residue, an amine and formaldehyde (Figure 1.1).
28

 Using a-chymotrypsinogen A protein as a 

model, they demonstrated selective modification of tyrosine residues. This procedure allowed 

the use of mild conditions (pH = 6.5, 25–37 °C) and low protein concentrations (20–200 mM), 

which are conducive to in vivo applications; however, the long reaction times (18 h) required 

to reach a reasonable level of tagging diminished the efficacy of this approach.  

 

 Commonly Used Strategies for N-terminal Bioconjugation   

While the primary amine of lysine’s side chain represents the most nucleophilic group 

available in the majority of proteins, they are protonated at physiological pH, resulting in a 

dramatic decrease in reactivity.
18

 The difference between the pKa of the a-amine of an N-

terminal AA and the e-amine of Lys (8 and 10, respectively; Figure 1.1) results in an increased 

selectivity for bioconjugation at the N-terminus at physiological pH. Additionally, the type of 

reaction that can be performed is influenced by the identity of the N-terminal AA.
18

 For 

example, an N-terminal cysteine can react with an aldehyde in a condensation reaction to form 

the thiazolidine product 1.2 (Figure 1.1).  
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 Commonly Used Strategies for C-Terminus Bioconjugation 

The most commonly used strategy for protein ligation at the C-terminus is the Native Chemical 

Ligation (NCL) of a C-terminal thioether and a N-terminal cysteine (Figure 1.1).
29

 Relying on 

the ability of thioesters to undergo S-N acyl rearrangement, this strategy allows the 

chemoselective formation of an amide bond in the presence of unprotected nucleophilic AAs. 

Furthermore, this methodology can be performed in physiological buffer, typically PBS (pH 

7.0–8.5), at 37 °C and affords high yields in short reaction times (~ 1 h), increasing its utility 

in bioconjugation. However, it is important to prevent the oxidation of the N-terminal 

cysteine’s thiolate to a disulfide-linked dimer which is unreactive in the ligation. 

 

1.2.2 Carbohydrates 

Carbohydrates are a class of molecules including monosaccharides, such as glucose, mannose 

and galactose (Figure 1.2), polysaccharides and oligosaccharides. Similar to proteins, 

carbohydrates play important roles in living systems where they are involved in energy 

production, cell wall construction and protein recognition, to cite a few.
30

  

 

 

Figure 1.2. Structures of naturally-occurring carbohydrates. 

 

The most abundant functional groups in carbohydrates are the hydroxyl groups, which are 

poor nucleophiles in aqueous media. Consequently, very few strategies have been developed 

for bioconjugation using native functionalities of carbohydrates. The most commonly used 

approaches take advantage of carbohydrates’ propensity to isomerise between their cyclic 

hemiacetal form and open aldehyde/keto form (Scheme 1.1). In the latter structure, the 

carbonyl group can undergo reductive amination or react with phenyl hydrazide (Scheme 1.1), 

introducing functionalities which can then be used for bioconjugation.
31

  

 

 

Scheme 1.1. Functionalising carbohydrates for bioconjugation.
31
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1.2.3 Nucleic Acids 

Nucleic acids, DNA (deoxyribonucleic acid) and RNA (ribonucleic acid), are the biopolymers 

responsible for carrying genetic information. Information encoded by DNA is converted into 

RNA, and research has found that gene expression is affected by the structural organisation of 

DNA.
32

 RNA plays a variety of roles within the cell including co- and post-transcriptional 

regulation
33

 as well as in protein translation. Therefore, the ability to monitor the structural 

organisation, localisation and abundance of nucleic acids within cells provides essential 

insights into cellular processes.  

 

DNA and RNA are composed of nucleotides which consist of a purine or pyrimidine base 

attached to a deoxyribose (DNA) or ribose (RNA) sugar, linked by phosphate groups (Figure 

1.3). The purine bases, adenine (A) and guanine (G), form Watson–Crick base pairs with their 

respective pyrimidine bases, cytosine (C) and thymine (T), in the DNA double helix. In RNA, 

thymine is replaced by uracil (U). The sugar-phosphate backbone of DNA is formed such that 

a phosphate group marks the 5' end and the 3' end terminates with a hydroxyl group. In RNA, 

the ribose sugar has a 2' hydroxyl group, making it more susceptible towards hydrolysis and 

enzymatic degradation than DNA.
30

  

 

 

Figure 1.3. Chemical structures of nucleic acids.  

 

There are fewer functional groups available for modifying native nucleic acids than found in 

proteins. Modifications at the terminal positions are possible via activation of the 5'-phosphate 

group with carbodiimides, followed by reaction with an amine (Scheme 1.2),
34
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of the RNA vicinal diol with sodium periodate.
35

 Nucleobase modifications would be possible, 

but are often restricted by base paring interactions.
30

 In addition, site-specific modifications of 

native DNA or RNA nucleobases are generally not possible due to their repetitive 

characteristics. Since synthetic oligonucleotides are prepared via solid-phase synthesis,
36

 

modifications of the nucleobases, phosphates or the 3'- and 5'-terminus using phosphoramidite 

chemistry are more easily achieved than for naturally-occurring nucleic acids.
37

 

 

 

Scheme 1.2. Functionalising nucleic acids for bioconjugation.
34

 

 

1.2.4 The Need for the Development of New Bio-orthogonal Reactions 

While bioconjugation using native functionalities has been employed for a variety of 

biological applications, all suffer from inherent limitations. As many of these reactions are 

sensitive towards hydrolysis, high reagent concentrations are required to obtain the desired 

product at any reasonable yield. The reagents employed for functionalisation are often poorly 

soluble in water and require the addition of toxic co-solvents (e.g. DMF, DMSO, MeCN). 

These features prevent the application of these techniques within living systems. Complicating 

the issue further is the inability to accurately and consistently target a precise site or a particular 

molecule, as most biomolecules are polymers consisting of repeated sequences of a limited 

number of monomers (e.g. amino acids in proteins, saccharides in carbohydrates and 

nucleotides in nucleic acids). To overcome these limitations and expand bioconjugate 

chemistry into the realm of complex living organisms, research has focused on the 

development of bio-orthogonal strategies for bioconjugation. 

 

1.3 Bio-orthogonal Reactions Based on Extrinsic Functionalities 

A primary goal of bioconjugation research over the past 15 years has been to increase its 

efficiency by employing highly reactive, non-natural functional groups rather than the native 

functionalities present within cells (Figure 1.4).
10,20,38,39

 Research has focused on developing 

strategies using chemical functionalities which are unable to react with biological moieties and 

react specifically with one another under physiological conditions (ambient temperature and 

pressure, aqueous media, neutral pH). Moreover, as the target of bioconjugation is application 
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within living systems, these bio-orthogonal reagents should be non-toxic and metabolically 
stable. 
 

 
Figure 1.4. Bio-orthogonal reactions based on extrinsic functionalities.39  
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As with the strategies described for ligations using native functionalities, the concentration of 
reagents needed to successfully perform the bio-orthogonal ligation is directly correlated with 
its kinetics. Consequently, rapid ligation kinetics will minimise reagent concentrations, further 
limiting the potential for toxic side-effects. While the development of these novel 
methodologies has met with many challenges, remarkable progress has been reported for bio-
orthogonal ligations of biomolecules. This section will outline the most commonly used 
strategies for bioconjugation, detailing both their mode of action and limitations. 
 

1.3.1 Condensation of Ketones and Aldehydes 

 

 
 

One of the first strategies reported for the bio-orthogonal ligation of biomolecules was the 
acidic (pH = 4 – 6) condensation of ketones and aldehydes with an amine to afford Schiff base 
intermediates (Figure 1.4).40 While these functionalities are not completely absent from 
biomolecules, their small size and synthetic accessibility rendered them attractive for the 
development of bioconjugation methodologies. Additionally, they are easily integrated into 
living systems, further increasing their applicability. 
 
Displaying the utility of this methodology, Bertozzi et al. reported the integration of a ketone 
as a chemical handle for the modification of cell surface glycoproteins known to be 
overexpressed in a variety of cancers.41 Using a non-natural sialic acid, they were able to 
introduce a reactive ketone functionality onto cell surface sialic acid residues. These modified 
surface markers were then reacted with an aminooxy-derivatised probe containing an MRI 
enhancer (lanthanide ion chelate), providing a novel and general platform for cancer 
diagnostics. Tirrell et al. used a ketone-modified phenylalanine to site-specifically incorporate 
reactive aryl ketones into recombinant proteins, further demonstrating the application of this 
strategy.42  
 

While useful, the slow kinetics of ketone/aldehyde condensations (k ~ 10-4 to 10-3 M-1s-1) 

necessitates high concentrations of the reagents to ensure efficient labelling, resulting in 
increased toxicity of this strategy.43 Moreover, the requirement of acidic pH for successfully 
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performing the reaction limits this strategy to in vitro and cell-surface labelling, as optimal 
conditions are difficult to obtain intracellularly.39 Finally, intracellular applications of this 
methodology are limited due to off-target effects with carbonyl-bearing metabolites. 
 

1.3.2 Staudinger Ligation 

 

 
 

While the reaction between a phosphine and an azide was initially described in 1919 by 
Staudinger et al.,44 the rediscovery of this strategy by Bertozzi et al. in 2000 paved the way 
for numerous applications in chemical biology (Figure 1.4).45–47  
 
Although the original methodology afforded the formation of a primary amine, such as 1.48 
(Scheme 1.3),44 the revisited Staudinger ligation enables the formation of an amide bond 
(1.50), eliminating production of the hydrolysis-sensitive aza-ylide intermediate.45  
 

 
Scheme 1.3. The different variations of Staudinger reactions.44–46 

 
In this context, the Staudinger ligation employs a phosphine that also functions as an acyl 
donor. The phosphorus first attacks the azide to form an iminophosphorane, which is then 
acylated to release nitrogen gas. This results in the formation of an amidophosphonium salt 
which, upon hydrolysis, yields the desired amide 1.50.45 Another version of this reaction, the 
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“traceless” Staudinger ligation, employs a cleavable linker (typically an ester or a thioester) 
that yields an acyclic amidophosphonium salt, resulting in the amide product 1.29 lacking the 
phosphine oxide moiety.46 
 
One of the many benefits of the Staudinger ligation is its use of an azide. Azides are essentially 
absent from living systems and is wholly inert towards biological functionalities. Their small 
size, intermediate polarity and inability to participate in any significant hydrogen bonding 
make them unlikely to perturb biomolecular structure or function. Furthermore, the reaction 
between an azide and a phosphine is highly selective and proceeds efficiently under mild and 
physiological conditions, fulfilling most of the criteria necessary for selective bio-orthogonal 
ligation. 
 
While both azide and phosphine moieties are easily incorporated into biomolecules, azides are 
usually preferred due to their small size and higher stability under physiological conditions. 
The incorporation of an azide into proteins, glycans or oligonucleotides can be achieved via 
chemical modifications or biosynthetic pathways (Figure 1.5).47–52 To date, numerous azide-
modified biomolecules are available (Figure 1.5) and the choice of a specific one will depend 
on the target to be investigated.  
 
Bertozzi et al. successfully reported the use of an azide as a bio-orthogonal reporter for glycan 
imaging via incorporation of N-azidoacetylmannosamine 1.53 (Ac4ManNAz).45 Incubation of 
Jurkat cells with saccharide 1.53 resulted in its incorporation into glycans through the sialic 
acid biosynthetic pathway. ManNAz units were subsequently visualised by performing a 
Staudinger ligation with a phosphine–modified biotin probe which, upon treatment with 
fluorescein-labelled avidin, afforded an increase in the fluorescence of the biotin–avidin 
complex.  
 
The development of azide-containing thymidine analogues, such as 1.54 and 1.55, has also 
permitted the successful functionalisation of DNA. For example, Marx et al. reported the 
incorporation of azide-modified nucleoside triphosphate building blocks into a growing DNA 
strand via DNA polymerase.53 Functionalisation of the DNA was then successfully achieved 
via Staudinger ligations with phosphines bearing several functional groups, such as biotin. 
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Figure 1.5. Incorporation of azide functionality into biomolecules. a) Metabolic incorporation of azide 
functionality into biomolecules. b) Examples of azide-modified biomolecules.52  

 
Site-specific incorporation of modified-AAs has been reported by Schultz et al. using a unique 
codon–tRNA pair with a corresponding aminoacyl-tRNA synthetase.54 This strategy relies on 
the generation of an orthogonal tRNA that is not recognised by any natural aminoacyl 
synthetases. As a result, only its azide-modified AA is inserted in response to the amber stop 
codon. Next, a synthetase is fashioned to specifically recognise this unique tRNA. Therefore, 
its substrate specificity is evolved to recognise only the desired non-natural AA, and no 
endogenous AA. This strategy can be used to efficiently incorporate a large variety of non-
natural AA into proteins in Escherichia coli, yeast, and mammalian cells.54 By applying this 
strategy, Yokoyama et al. successfully introduced azido-modified phenylalanine into E. coli 

transcripts which, following Staudinger ligations, resulted in site-specific protein 
modifications.55  
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Although numerous examples of bioconjugation via the Staudinger ligation have been 
described,47 the oxidation-sensitive properties of phosphine towards air or metabolic enzymes 
dramatically decreases the applicability of the reaction in vivo. Moreover, kinetic studies have 
shown that the use of stabilised phosphines, such as 1.28 and 1.49 (Scheme 1.3), decreases the 
rate of reaction up to ten-fold, thus imposing the use of high concentrations of reagents.56 
 

1.3.3 CpO/CpS Phosphine Ligation 

 

 
 

An alternative to the Staudinger ligation is the cyclopropenone (CpO)/phosphine ligation, 
where a CpO is reacted with a soft nucleophile, such as triarylphosphine (Figure 1.4).57 The 
latter initiates a Michael-type addition to CpO 1.30 which, upon ring opening, forms a ketene 
ylide intermediate. While sensitive to nucleophilic attack, these ketene ylides have shown 
enough stability to be isolated under ambient, moisture-free conditions. However, these 
moieties are susceptible to rapid reaction with strong nucleophiles (e.g., amines). Therefore, 
the amine-containing phosphine 1.31 has been designed to increase the selectivity of this 
ligation. This hemiaminal can then undergo elimination/proton transfer to provide the final 
ligated product 1.32 and the regenerated phosphine.  
 
Similar to azides, CpOs are small and, depending on their substitutions, inert towards other 
biological functions.58 Furthermore, CpOs are found in natural products and synthetic drugs, 
suggesting that they are metabolically stable. Preschner et al. have shown that these 
functionalities could readily be incorporated into proteins via NHS ester chemistry.57 They 
prepared a non-canonical AA containing a CpO and incorporated it into GFP via amber codon 
suppression. The main advantage of this approach is that while CpOs are non-reactive toward 
other bio-orthogonal ligation strategies (e.g., cycloaddition), the ligated product, such as 1.32 
(Figure 1.4), has been shown to react with azides, suggesting compatibility with tandem 
labelling experiments.  
 

Despite the advantages of this methodology, the slow kinetics (~ 10-2 M-1s-1) and sensitivity 

towards oxidation limits application for in vivo experiments. Recently, Preschner et al. have 
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reported up to 300-fold faster ligations when replacing CpOs with cyclopropenethiones (CpS, 
Figure 1.4).59 CpS differs from CpO by only a single atom and therefore maintains minimal 
perturbation effect on target biomolecules. In addition, the products derived from the ligation 
of CpS with phosphine, thiocarbonyls, are widely used in fluorescence quenching and other 
biophysical experiments with proteins, demonstrating their stability and biocompatibility.60,61 
However, while this strategy has been shown to be efficient for labelling biomolecules in vitro 
and in cell lysate, the oxidation-sensitive property of phosphine still limits its applicability for 
in vivo studies.59 
 

1.3.4 Azide/Alkyne Cycloadditions 

 

 
 

The exploration of 1,3-dipolar cycloadditions began in the late nineteenth century when 
Curtius62 and, later, Buchner63 reported the first 1,3-dipolar cycloaddition of the diazoacetic 

ester with a,b-unsaturated esters. In the subsequent years, various 1,3-dipolar cycloadditions 

have been discovered, including the well-known Diels-Alder reaction.64 
 

In 1963, Huisgen reported the thermal cycloaddition between an azide and an alkyne to form 
both 1,4 and 1,5-substituted triazoles (1.60 and 1.61, Scheme 1.4). The formation of the two 
regioisomers was rationalised by the following phenomena. Firstly, organic azides contain 
three linear nitrogens and a C-N angle of 114°, which must bend during the activation process 

to make contact with the p-bond of the alkyne. This results in rotation around the C-N bond 

axis prior to ring closure.65 Secondly, organic azides react with angularly strained triple bonds 
with enthalpy values between 8 to 15 kcal/mol and entropy values between -30 to -50 cal/deg.66 
The moderate enthalpy lends credence to a concerted process while the high, negative entropy 
suggests that effective collisions with the correct orientation (cis) occur rarely, thus resulting 
in the formation of the two regioisomers. Finally, triazole formation results in the creation of 

two s-bonds ensuring a gain of free energy that compensates for the loss of p-bond energy of 

the reactants. 
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Scheme 1.4. Difference in regioselectivity of 1,3-dipolar cycloadditions under thermal66 and catalytic 
conditions.67 
  

In 2002, the groups of Fokin and Sharpless67 and Meldal68 independently reported that the rate 
of [3+2] cycloaddition of a terminal alkyne and an azide was enhanced 107-fold using 
copper(I) catalysis.69 This method also resulted in the exclusive formation of 1,4-substituted 
triazoles (Scheme 1.4).  CuAAC is now the most commonly used 1,3-dipolar cycloaddition in 
organic chemistry.70 This reaction has been investigated extensively, with over 3420 
publications reported by SciFinder as of 2018. The advantages of the CuAAC reaction include: 
(i) short reaction times, (ii) regiospecificity, producing exclusively the 1,4-triazole, (iii) bio-
orthogonality, i.e., the reaction is specific for the azide and alkyne functional groups, and (iv) 
the reaction can be carried out under mild conditions (room temperature in water without the 
need for inert conditions). As a result of these interesting attributes, CuAAC reactions have 
been employed in a variety of fields, including polymer and material sciences,71,72 drug 
discovery,73 combinatorial chemistry,74 and bioconjugation.20,75 
 

 Mechanistic Considerations in the Copper-Catalysed Azide/Alkyne Cycloaddition 

Copper chemistry is particularly rich because Cu(0), Cu(I), Cu(II) and Cu(III) oxidation states 
are easily accessible, enabling both one-electron and two-electron processes.76 Furthermore, 
the different oxidation states of copper allow for reactions with a wide range of functional 

groups via Lewis acid interactions or p-coordination. In 2002, Sharpless et al. reported that 

Cu(I) was required for the CuAAC reaction to proceed and proposed a stepwise mechanism 
for Cu(I) catalysis (Scheme 1.5).67 The stepwise mechanics of this reaction were explained 
using DFT calculations which predicted that the concerted [2+3] cycloaddition would be 

strongly disfavoured (DG = 15 kcal/mol). The authors suggested that the CuAAC mechanism 

involves the formation of copper-acetylide 1.62, a feature supported by the observation that 
cycloadditions failed to occur when using internal alkynes.67 The formation of 1.62 is followed 
by the chelation of the α-N of the azide 1.59. This chelation sets up the alkyne and azide for a 
cycloaddition to afford the six-membered, strained metallocycle 1.64 which, after 
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protodemetallation of intermediate 1.65, forms the desired triazole 1.60 and regenerates the 
copper catalyst.  
 

 
Scheme 1.5. Earlier mechanistic considerations reported by Sharpless et al.67 

 
While this mechanism offered valuable insights into the reaction, it failed to detailed the 
effects of either the nature of the counterion or the geometry of the copper.70 Structural data 
obtained from the Cambridge Crystal Database revealed around 35 different copper acetylide 
structures, which typically show the alkyne coordinating to 3 atoms of copper (structure C, 
Figure 1.6).70 
 

 
Figure 1.6. Examples of copper-acetylide crystal structures.70 
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The coordination number and angle of the three bonds in C-C-Cu (structure C) indicates that 
the π-electron density of the alkyne is strongly involved in the coordination, suggesting that 
the second carbon possesses a large partial positive charge (Figure 1.7).77 A dinuclear complex 
is also possible, with a C-C-Cu angle of approximately 130-140° (Figure 1.6, e.g., A, B, D).70 
Few mononuclear complexes have been found; the most well-known example is copper (I) 
chloride which has a C-C-Cu angle of 180°. These findings indicate that the copper source 
strongly influences the kinetics of copper acetylide formation and therefore the formation of 
the triazole. 
 

 
Figure 1.7. Partial charges of copper-acetylide mononuclear 1.66 and dinuclear 1.67 complexes.77 

 
Initially, copper(I) salts, such as CuI, were used to catalysed CuAAC,67,68 generally requiring 
one equivalent of a nitrogenous base (e.g., 2,6-lutidine, triethylamine, pyridine). However, the 
formation of by-products (diacetylenes, bis-triazole and 5-hydroxytriazoles) was often 
observed.67,68 Additionally, the use of Cu(I) salts required an inert atmosphere and/or 
anhydrous solvent to prevent aggregation and/or oxidation of the catalyst. To bypass these 
drawbacks, alternative routes to access the catalytically competent Cu(I) were investigated. 
The in-situ oxidation of Cu(0) is possible, although the time to reach completion of the reaction 
can be long (48 h).70 Disproportionation of Cu(0) and Cu(II) is another route to produce the 
unstable Cu(I) oxidation state in situ.78,79 However, the most extensively applied strategy to 
produce Cu(I) is via the reduction of copper (II) sulfate with sodium ascorbate (NaAsc). 
Indeed, this system is effective for a range of different alkynes (aliphatic, aromatic) at room 
temperature with low catalyst loading (typically 5 - 10 mol %), producing the 1,4-triazole 
product in 82 - 94% yield.73  
 
Despite the benefits associated with this strategy, a key limiting factor when using NaAsc has 
been the variable reaction times observed for unactivated azides and alkynes. This effect is 
exacerbated for bioconjugation, where the toxicity of copper (classified as a Class 2 metal by 
the European Medicines Agency, maximum oral exposure of 250 ppm per day) and its 
reduction by NaAsc, leading to the formation of deleterious reactive oxygen species (ROS), 
prevent its widespread use in vivo.80 ROS can cleave the phosphodiester backbone of nucleic 
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acids non-specifically, resulting in disintegration via radical-induced reactions.81 As a 
consequence, a key unmet challenge in the development of bio-orthogonal reactions is to 
minimise the inherent toxicity of Cu(I) in cells (i.e. reducing ROS formation). To this end, 
research has been focused on the synthesis of copper-ligands to mitigate the formation of ROS 
in CuAAC reactions.70 

 
Early mechanistic studies of CuAAC reactions revealed that certain bases/ligands, such as 2,6-
lutidine, exhibited unusually high reaction rates, suggesting that these reactions could be 
autocalytic.67 Building from this, Sharpless et al. showed that the triazole ligand TBTA (Figure 
1.8) accelerated the CuAAC reaction between phenylacetylene and benzyl azide, resulting in 
formation of the 1,4-triazole product with 84% yield after 24 h compared to 1% in the 
uncatalysed version.82  
 

 
Figure 1.8. Examples of Cu(I) ligands for CuAAC reactions. 

 
Sharpless et al. suggested that the observed rate acceleration arose from the tetradentate 
chelation of TBTA to the Cu(I) centre, producing a mononuclear complex. The tertiary amine 
of TBTA would accelerate the reaction rate by increasing the electron density on the copper 
centre, while the more labile triazole groups temporarily disassociate from the metal centre to 
allow the formation of the copper(I)-acetylide/ligand complex. Since the discovery of TBTA, 
a variety of CuAAC ligands have been developed to prevent the biological damage caused by 
copper ions and overcome the solubility limitations of TBTA in aqueous media. Some of the 
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most notable examples are THPTA83, BTTP84, BTTAA85 and BTTES86 (Figure 1.8). Recently, 
Cegla et al. reported a new water soluble ligand, AMTC (Figure 1.8), which is readily 
synthesised, and more importantly, requires even lower copper loading than TBTA/THPTA 
(1 mol % compared to 10 mol %).87  
 
One of the defining characteristics of CuAAC is the wide range of solvents in which the 
reaction can be performed, including non-coordinating (toluene, chloroform, DCM), weakly 
coordinating (THF, pyridine, dioxane), polar (acetone, MeCN, DMF, DMSO, alcohols), and 
aqueous solvents and mixtures of the same.68 Protic and aprotic solvents lead to Cu(I) 
formation via two different pathways. In aprotic solvent, the generation of Cu(I) is produced 
via formation of the Glaser product.88,89 When protic solvents are used, the formation of Cu(I) 
occurs via a redox-equilibrium between the solvent and copper species; this method is 
typically observed with alcohols.88 In their mechanistic study of the copper(II)-mediated 
oxidative coupling of arylboronic acids and heteroatom nucleophiles, Stahl et al. showed that 
using methanol as the solvent with copper (II) acetate breaks the dinuclear copper complex 
1.68 to form the mononuclear complex 1.69 (Scheme 1.6).90 It should be noted that protonation 
of the triazole, the final step of the mechanism, would be kinetically less favourable in an 
aprotic solvent, which may explain the difference in reactivity between protic and aprotic 
solvents.88  
 

 
Scheme 1.6. Mononuclear complex formation with MeOH.90 

 
Zhu et al. published a mechanistic study on a chelate-assisted copper(II) acetate-accelerated 
azide-alkyne cycloaddition.88 Fluorescence and NMR assays showed that Cu(OAc)2 reacted 
as a dinuclear complex, which led to the conclusion that the acetate group was facilitating 
reduction to the catalytically-active copper(I) species when in a non-oxidisable solvent, such 
as MeCN. Kinetic and NMR studies showed that in MeCN, chelating azides have a zero-order 
reaction rate, indicating that they are the first to react with copper (Scheme 1.7). The use of 
chelating azides enhances the strength of the interaction with copper, which in turn facilitates 
the formation of the corresponding copper(I) acetylide 1.72, presumed to be the rate-
determining step of the reaction. Reduction of copper complex 1.73 is then made through the 
formation of the Glaser product 1.74.91    
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Scheme 1.7. Reduction of copper (II) acetate by Glaser reaction.88 

 
Considering the second-order kinetics92 of copper observed by Finn et al.93 and Zhu et al.,88 it 
is unlikely that only a single atom of copper is engaged in CuAAC catalysis. However, it had 
not been determined if the azide and alkyne were chelating the same copper atom. Fokin et al. 
confirmed the need for two atoms of copper by carrying out CuAAC reactions directly with 
copper-acetylide 1.77 in catalysed and non-catalysed conditions (Scheme 1.8).94  
 

 
Scheme 1.8. Fokin’s mechanistic studies supporting the necessity for a second copper atom for CuAAC reactions. 
a) Direct evidence for the requirement of a second copper atom. b) 63Cu-labelling studies.94 

 
Kinetic studies have shown that only catalytic conditions allowed the formation of the 
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complex (63Cu(MeCN)4PF6) was used to catalyse the CuAAC reaction. Isotopic studies on the 
intermediate 1.78 unexpectedly showed 50% isotopic enrichment, disproving independent 
roles for the two copper atoms (Scheme 1.8). Reactions between 63Cu and 1.79 have shown 
no isotopic enrichment, proving that the enrichment must occur during the cycloaddition steps, 
and therefore that the two atoms of copper must chelate the alkyne. 
 
Based on these results, a plausible mechanism of the reaction is presented in Scheme 1.9.94 
 

 
Scheme 1.9. Plausible mechanism of CuAAC.94 

 
In 2015, mono- and bis(copper) intermediates were isolated by Bertrand et al., further 
improving our understanding of the CuAAC mechanism (Figure 1.9).95 Crystal structures of 
these intermediates allowed confirmation of alkyne chelation by two atoms of copper 
(structures A and C, Figure 1.9) but also showed, for the first time, the presence of a 
bis(copper)triazole intermediate (structure B, Figure 1.9). Kinetic studies have shown a 
dramatic rate acceleration of benzyl azide-copper chelation when the bimetallic complex is 
used (1.76 x 10-2 s-1) over the monometallic (1.86 x 10-4 s-1). Furthermore, kinetic studies of 
the catalytic reaction between phenylacetylene and benzyl azide confirmed the superior 
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catalytic activity of dinuclear complexes (quantitative yield after 600 min) over their 
mononuclear counterparts (20% yield after 2100 min).95 
 

 
Figure 1.9. Crystal structures of copper-complex intermediates in the reaction between phenylacetylene and benzyl 
azide in the presence of (CAAC)CuOAc. CAAC = cyclic (alkyl)(amino) carbene.95 

 

 Applications and Limitations of CuAAC Ligation for Bioconjugation 

The CuAAC reaction has been widely employed across many scientific disciplines. It has been 
used in the development of self-healing polymers96 and solar cells.97 It has been essential for 
the production of a variety of biomolecular sensors of carbohydrates,98,99 proteins100 and 
antibodies.101 It is in bioconjugation, however, that the CuAAC reaction has had its greatest 
effect.  
 
In 2003, Finn et al. reported the first successful biological application of CuAAC.102 The 
authors introduced azide or alkyne moieties on the surface of Cowpea Mosaic Virus (CPMV) 
through ligation to lysine103 or engineered cysteine residues.104 Cycloaddition efficiency was 
quantified by the use of an alkyne- or azide-modified fluorescein. Importantly, the authors 
established that addition of a ligand, such as TBTA, was critical for efficient conjugation. 
Subsequently, extensive studies using CuAAC reactions for selectively labelling biomolecules 
were reported, illustrating its application both in vitro and in vivo and throughout the spectrum 
of biomolecules.42,54,105  
 
CuAAC methodology has benefited the field of activity-based protein profiling (ABPP) by 
promoting its use in vivo. ABPP employs chemical probes that interact with and label the 
active site of target proteins on a whole proteome level.106 Limited cellular uptake and poor 
distribution, in addition to the potential perturbation of natural enzyme structure and activity, 
have limited the application of traditional, biotin-based probes (Figure 1.10). The advantage 
of using CuAAC methodology derives from its use of a small azide or alkyne moiety, which 
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is less likely to interfere with the biological target (Figure 1.10).107 The small moiety is then 
reacted with its CuAAC surrogate to allow for protein capture. This approach helps to ensure 
that enrichment and visualisation are only achieved on the target site due to the bio-
orthogonality of the probe’s functionalities.     
 

 
Figure 1.10. Activity-based protein profiling methodologies. a) Standard ABPP. b) ABPP using CuAAC 
chemistry. 

 
While both the alkyne and azide moieties are easily incorporated into biomolecules, the higher 
stability of azides within biological systems render them more attractive. Indeed, undesired 
side reactions between alkynes and glutathione (GSH) have previously been reported.83 
Unfortunately, copper toxicity remains a serious limitation of this methodology. The copper-
mediated formation of reactive oxygen species (ROS) leads to oxidative damage to 
biomolecules (Figure 1.11). Exacerbating this situation, (super)stoichiometric loading of 
copper is generally necessary due to inhibition of the catalyst when in the presence of abundant 
biomolecules possessing copper-chelation sites (Figure 1.11).81,108 The subsequently high 
copper concentration required to efficiently ligate biomolecules results in increased cellular 
toxicity.   
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Figure 1.11. Examples of copper-mediated oxidative damage (red arrows) and potential copper-chelation sites 
(blue arrows) in nucleic acids a) and peptides b). 
 

 Strain-Promoted Azide/Alkyne Cycloaddition 

 

 
 

To overcome the limitations observed in the CuAAC reaction, Bertozzi et al. have exploited 
the increased reactivity conferred by strained alkynes, such as cyclooctyne 1.33 (Figure 1.4), 
to develop a copper-free alternative for bioconjugation.109 When reacted with an azide, ground 
state destabilisation owing to bond angle deformation of the acetylene to 163° skews the 
reaction equilibrium, favouring product formation without the need for catalyst or 
additive.110,111  
 

This strategy has been extensively used for bioconjugation, in particular for labelling 
carbohydrates, in a variety of in vivo contexts, including mammalian cells and animals.112 
Undeniably, carbohydrates’ incompatibility with genetically encoded reporters has strongly 
limited their development as molecular imaging targets; therefore, bio-orthogonal strategies 
are particularly important for the study of these biomolecules. SPAAC methodology has 
successfully been employed for studying the dynamics of glycan trafficking in live cells, 
allowing identification of a population of sialoglycoconjugates with unexpectedly rapid 
internalisation kinetics.113 SPAAC bioconjugation has also been used for non-invasive 
imaging of carbohydrates in live, developing zebrafish.114 
 
Significant efforts have been made to overcome SPAAC limitations by increasing the rate, 
biocompatibility and pharmacokinetic properties of cyclooctynes in order to obtain the optimal 
balance between reactivity and stability (Figure 1.12). Superior reaction rates were observed 
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by generating amplified strain energy through the addition of either electron withdrawing 
groups (MOFO, DIFO)113,115 or aryl rings (DIBO, DIBAC and BARAK) at the propargylic 
position.116–118 Addition of a ring fusion cyclopropyl (BCN) has also proven to dramatically 
increase cyclooctyne’s reactivity.119 Unfortunately, higher reactivity is often accompanied by 
lower stability; BARAC, for example, has a 100-fold increase in kinetics, yet, intramolecular 
rearrangement under acidic conditions and hydrolysis in phosphate buffered saline has limited 
its application in vivo.120 Moreover, side reactions between cyclooctynes and native biological 
functions have been observed. Reactions with cellular nucleophiles, such as glutathione and 
cysteine sulfenic acid, remain a serious limitation for SPAAC as they proceed up to 100-fold 
faster than the desired cycloaddition.51,121,122 
 

 
Figure 1.12. Cyclooctynes commonly employed in SPAAC reaction and their rate constants (k) when reacted with 
benzyl azide.20 
 
Further limitations of SPAAC derive from the large size and hydrophobic nature of 
cyclooctynes. These features result in decreased cell permeability, limited intracellular 
distribution, and an increased capacity to perturb the properties of the biological target. For 
example, Lemke et al. have reported that dibenzocyclootynes, such as DIBO or DIBAC, could 
not be site-specifically incorporated into proteins via amber stop codons.123 Finally, the 
formation of the 1,4- and 1,5-regioisomers obtained during SPAAC ligations remains a 
significant limitation of this strategy.109 
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1.3.5  Strain-Promoted Alkyne/Nitrone Cycloaddition 

 

 
 

To improve the kinetics and biocompatibility of the SPAAC reaction, alternative 1,3-dipoles, 
such as nitrones124,125 or nitrile oxides126,127 have been employed. The strain-promoted 
alkyne/nitrone cycloaddition (SPANC) has allowed for a 1000-fold increase in reaction rate 
compared to Bertozzi’s original SPAAC ligation.   
 
SPANC methodology has been used to effectively label the N-terminus of chemokine 
interleukin-8 (IL-8), a potent promoter of angiogenesis.125 Previous labelling strategies of IL-
8 relied on random lysine-targeted methodologies, resulting in variable labelling at the many 
lysine sites. In this study, Delft et al. demonstrated a one-pot, three-step approach for the site-
selective ligation of IL-8. First, nitrones were introduced via aldehyde condensation with the 
N-terminal serine, followed by reaction with N-methylhydroxylamine. A PEG-modified 
dibenzocyclooctyne was then introduced to the media affording full conversion to the expected 
N-alkylated isoxazoline after 20 hours. 
 
The use of nitrile oxides has also been explored as an alternative to SPAAC, resulting in the 
formation of an isoxazole product. However, nitrile oxide must be generated in-situ due to its 
high reactivity. Nonetheless, this alternative strategy has successfully been employed for the 
selective ligation of peptides,128 nucleotides128 and carbohydrates.126  
 

1.3.6 Inverse Electron-Demand Diels-Alder with Tetrazine and Strained 

Alkene/Alkyne 
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The remarkable kinetics observed when 1,2,4,5-tetrazines are reacted with electron-rich 
dienophiles via an inverse electron-demand Diels-Alder, followed by a retro [4 + 2] 
cycloaddition,129,130 has established a new standard within bioconjugation chemistry.131 The 
choice of dienophiles is vast (Figure 1.4), ranging from trans-cyclooctene (TCO),132,133 
cyclooctyne (BCN),134 cyclopropene (Cyp),135 norbornene (Nor),136–138 and cyclobutene139 to 
azetidine140 and isonitrile.141 Early kinetics studies revealed that the use of TCO dramatically 
increases reaction rates.131 In fact, owing to its strained angle, its reaction rate is 7-fold faster 
than cis-cyclooctene. However, isomerisation of the alkene and product instability toward 
hydrolysis have limited its potential application to bioconjugation.142  
 
Research has focused on improving tetrazine and product stability, reaction kinetics and cell 
permeability of this technique.142 Addition of an electron-withdrawing group at position 3 or 
6 of tetrazines dramatically increases the kinetics of the reaction (from 10-2 M-1 s-1 to 10-5 M-1 
s-1).142 The use of non-encumbered substituents has also been found to increase reaction rates. 
Unfortunately, increasing tetrazine’s reactivity results in diminished stability towards 
hydrolysis (from days to only hours).38 Exchanging the dienophile can improve product 
stability, however, this is at the cost of reaction rate.142   
 
The extremely fast kinetics observed during the reaction between TCO and tetrazine is 
particularly useful for tracking fast biological processes and labelling low-abundance proteins. 
In 2010, Weissleder et al. reported an elegant alternative to the gold-standard 
biotin/streptavidin pulldown assay by combining the use of antibodies, nanoparticles and 
TCO/tetrazine chemistry (Figure 1.13). This platform, called “BioOrthogonal Nanoparticle 
Detection” (BOND) provides higher nanoparticle binding compared to conventional strategies 
due to the high reactivity and small size of TCO as compared to avidin.  
 
The use of TCO/terazine chemistry has also found application in the synthesis of biomedical 
imaging markers.143 Half-lives of radioisotopes are generally short (e.g. 110 min for 18F), 
therefore fast reaction rates are critical for connecting the probe to the target. However, while 
high chemical yields were obtained when using TCO/tetrazine chemistry for PET imaging, the 
introduction of a large hydrophobic group (TCO) dramatically decreased the probe’s affinity.  
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Figure 1.13. Bioorthogonal nanoparticle detection (BOND) platform. a) Strategy for the conjugation of an antibody 
to a nanoparticle. b) Comparison between TCO-modified mouse IgG2a antibody and avidin. c) Use of the BOND 
platform for direct (one-step) or indirect (two-step) cell targeting.  
 

1.3.7 Tandem [3 + 2] Cycloaddition-Retro-Diels-Alder 

 

 
 

The spontaneous formation of 1,2,3-triazoles via a tandem [3 + 2] cycloaddition-retro-Diels-

Alder reaction between azides and oxanorbornadienes, such as 1.43, was recently reported by 
Rutjes et al. (Figure 1.4).144 In this strategy, the authors take advantage of the ring strain and 
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Nanoparticles have emerged as key materials for biomedical
applications because of their unique and tunable physical prop-
erties, multivalent targeting capability, and high cargo
capacity1,2. Motivated by these properties and by current clini-
cal needs, numerous diagnostic3–10 and therapeutic11–13 nano-
materials have recently emerged. Here we describe a novel
nanoparticle targeting platform that uses a rapid, catalyst-
free cycloaddition as the coupling mechanism. Antibodies
against biomarkers of interest were modified with trans-
cyclooctene and used as scaffolds to couple tetrazine-modified
nanoparticles onto live cells. We show that the technique is
fast, chemoselective, adaptable to metal nanomaterials, and
scalable for biomedical use. This method also supports ampli-
fication of biomarker signals, making it superior to alternative
targeting techniques including avidin/biotin.

It is often the case that affinity ligands and bioconjugation strat-
egies must be optimized for each new preparation to maximize the
binding properties of the targeted conjugates14,15. To streamline
these efforts, there remains a critical need to develop advanced con-
jugation techniques that simplify operation, as well as extend detec-
tion limits by improving the efficiency of targeting and amplifying
marker signals. Moreover, successful translation into clinical set-
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We have named this technique ‘bioorthogonal nanoparticle detec-
tion’ (BOND).
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electron deficiency of oxanorbornadienes to overcome the copper toxicity and cyclooctyne 
hydrophobicity usually encountered during triazole formation. 
 

The spontaneous formation of 1,2,3-triazoles via a tandem [3 + 2] cycloaddition-retro-Diels-
Alder reaction between azides and oxanorbornadienes, such as 1.43, was recently reported by 

Rutjes et al. (Figure 1.4).144 In this strategy, the authors take advantage of the ring strain and 
electron deficiency of oxanorbornadienes to overcome the copper toxicity and cyclooctyne 
hydrophobicity usually encountered during triazole formation.  
 
An investigation into the kinetics of the reaction has shown a strong correlation with the 
substituents of oxanorbornadienes.144 The authors reported a 20-fold decrease in the reaction 
rate when the oxanorbornadiene’s R2 substituent (Figure 1.4h) was changed from an ester to 

an amide (23.8 M-1 s-1 and 1.9 M-1 s-1, respectively). This observation may be due to the greater 
electron-withdrawing ability of the amide bond to alter the electron density of the adjacent 
carbon.  
 
While this strategy has been used to successfully label biomolecules, such as the hen egg white 
lysozyme (HEWL), an enzyme responsible for antibacterial protection, the formation of 
multiple products during the ligation remains a critical limitation. Mechanistic investigations 

have shown that the cycloaddition between azide 1.27 and oxanorbornadiene 1.43 can occur 
at both alkene positions, potentially resulting in the production of three different triazoles 
(Scheme 1.10).144 No selectivity of one triazole over another was observed, even when using 
the authors’ optimal conditions, affording a ratio of 57/40/3 of triazoles 1.44/1.45/1.46.  
 

 
Scheme 1.10. Mechanism of the tandem [3 + 2] cycloaddition-retro-Diels-Alder ligation.144 
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1.4 Hypothesis  

Bio-orthogonal chemistry has been revealed as a critical tool for studying and understanding 
living systems. While extensive efforts have been made to enhance current strategies, crucial 

limitations remain. Many strategies are not inert towards native nucleophiles (e.g., cysteine, 
lysine, glutathione), resulting in the formation of undesired side-products. Cellular uptake and 
probe affinity are negatively-impacted by scaffold size, thus limiting the available reagents. 
Despite the fact that research has focused on increasing the kinetics of the different 
bioconjugation strategies, very few display better kinetics than the native thiol/maleimide 
conjugation (734 M-1 s-1).108 Furthermore, cross-reactivity between the different strategies 
prevents their use in sequential ligations. 

 
The CuAAC ligation remains the gold-standard for bioconjugation, despite the toxicity 
associated with the use of copper. It is one of the very few bio-orthogonal cycloadditions that 
combines the formation of a single product, fast kinetics and minimal perturbation of living 
systems. It has been widely demonstrated that increasing the reactivity of the bio-orthogonal 
reagents dramatically increases reaction kinetics, reducing the concentration of reagents and 
catalysts needed to efficiently perform bioconjugation. In fact, Ting et al. have demonstrated 
that using a metal-chelated strategy to activate the azide decreased the copper loading by 18-

fold when targeting cell-surface proteins using CuAAC.85 While this strategy is less damaging 
to the cells, it does not make the desired impact on reaction rate as copper acetylide formation 
has been reported by Fokin et al. to be the rate determining step of CuAAC reactions.94  
The hypothesis that was tested in this project is that modifying the reactivity of the alkyne 
surrogate would (i) increase the reaction rate, thus decreasing biomolecule/catalyst interaction 
times, (ii) reduce copper loading and (iii) modulate chemoselectivity to allow sequential 
bioconjugation (Figure 1.14). The work described herein focuses on the development of 

CuAAC bioconjugation using ynamines, alkynyl derivatives of enamines, where a nitrogen 
atom is directly conjugated to the alkyne, resulting in superior reactivity due to the electron-
donating ability of the nitrogen strongly polarising the triple bond.145 
 



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 44 

 
Figure 1.14. Proposed enhancement of CuAAC ligation reactivity through the use of ynamines. 
 
 

1.5 Aims of This Project 

The specific aims of this project are: 
 
(i) Optimise the synthesis of a focused series of aromatic ynamines (Figure 1.15 – 

Chapter 2). 
 

 
Figure 1.15. Examples of aromatic ynamines synthesised in this work.  

 
(ii) Determine the appropriate conditions for the chemoselective reaction of an aromatic 

ynamine in the presence of representative alkynes (Figure 1.16 – Chapter 2). 
 

 
Figure 1.16. Determining optimal conditions for chemoselective CuAAC reaction.  

 
 

(iii) Establish chemoselective, sequential ligations of oligodeoxribonucleotides (ODNs) 
using the enhanced reactivity of aromatic ynamines (Figure 1.17 – Chapter 3). 
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Figure 1.17. Determining optimal conditions for chemoselective, sequential CuAAC ligation of ODNs.  

 

 
(iv) Develop a flow-based platform for the fast, mild, degradation-free bioconjugation of 

peptide and oligonucleotide derivatives (Figure 1.18 – Chapter 4). 
 

 
Figure 1.18. Flow-based platform for fast, mild, degradation-free bioconjugation. 
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The work in this chapter is based on the following publications: 
(i) M. Z. C. Hatit, J. C. Sadler, M. L. McLean, B. C. Whitehurst, C. P. Seath, L. D. 

Humphreys, R. J. Young, A. J. B. Watson, G. A. Burley, Org. Lett. 2016, 18, 1694–
1697. 

(ii) M. Z. C. Hatit, C. P. Seath, A. J. B. Watson, G. A. Burley, J. Org. Chem. 2017, 82, 
5461–5468. 

 
The work describe herein has been made in collaboration with Dr Joanna Sadler (substrate 
scope of ynamine CuAAC in MeCN), Liam McLean (azide syntheses), Dr Ben Whitehurst 
(bifunctional system synthesis) and Dr Ciaran Seath (kinetic data). 

 

2.1 Chemoselectivity of Alkyne and Azide Substrates in CuAAC Reactions 

As stated previously, copper-catalysed azide-alkyne cycloadditions are the gold-standard for 
biomolecule conjugation owing to their high efficiency and bio-orthogonality.67,68 Azide and 
alkyne functionalities are extremely rare in nature, making them ideal for chemistry within 
biological environments.146,147 Moreover, with but a single exception, these reactions 
consistently and specifically produce the desired 1,4-triazole targets.68 Unfortunately, the high 
efficiency of  CuAAC reactions results in limited chemoselectivity toward other alkyne/azide 

substrates, minimising the ability to employ distinct azide/alkyne moieties for targeted, 
sequential ligations.  
 
As the rate-determining step of CuAAC reactions is the formation of the copper-acetylide,94  
the chemoselectivity of alkyne/azide substrates in CuAAC reactions is influenced by the 
reactivity of the alkyne component. Finn et al. performed an in-depth study investigating the 
relative reactivity of various alkyne substrates in CuAAC reactions.148 One of their hypotheses 

was that propiolate derivatives and ethynyl ketone/aldehyde groups would enhance the rate of 
cycloaddition in CuAAC reactions owing to the contributions of the electron-withdrawing 
ester groups towards [3 + 2] cycloadditions.66 However, acetylenic ketones/aldehydes and 
alkylpropiolates are difficult to synthesise and, more importantly, result in cross-reactivity 
with biological macromolecules as they are excellent Michael acceptors.149,150 They therefore 
used propiolamides 2.1 as an alternative functionality because these are more synthetically 
accessible, have decreased Michael reactivity, and retain the potential for electronic activation 

as alkyne moieties in CuAAC reactions. Their work showed that secondary propiolamides, 
such as 2.1, are the fastest alkyne substrates, followed by aromatic propargyl-ether derivatives 
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(Scheme 2.1a). Tertiary propiolamides, propargylamines and propargyl alcohols, such as 2.2, 
showed similar reactivity, while aromatic and aliphatic alkynes substrates, such as 2.3, were 
slower. However, differences in reactivity of these alkyne substrates were too little to ensure 
complete chemoselectivity when multiple alkynes were in competition.  
 

 
Scheme 2.1. Reactivity difference of alkynes substrates in CuAAC reactions.148 
 

Alternatively, chemoselectivity in CuAAC reactions could be directed by the azide 
component. Organic azides are considerably more reactive than their inorganic counterparts, 

which permits one-pot strategies in which NaN3 reacts first with an arylhalide followed by the 
triazole formation.151 Some organic azides, such as the allylic azide 2.5, are so reactive that 
triazole formation is compromised by 1,3-sigmatropic rearrangements, which appear to be 
faster than the CuAAC reaction (Scheme 2.2).152 Differences in reactivity also exist between 
primary and secondary azides, indicating differential coordination of the azide with copper. 
However, these properties are not sufficient to ensure complete chemoselectivity of one azide 
over another. 
 

 
Scheme 2.2. 1,3-sigmatropic rearrangements of allylic azides.152 

 

2.1.1 Sequential Chemoselective CuAAC Reactions Using Alkyne Protecting 
Groups 

The high reactivity of CuAAC leads to limitations in chemoselectivity between different 
alkynes or azides. Few examples of chemoselective CuAAC reactions can be found in 
literature, and those that are reported generally rely on protection/deprotection strategies, 
disregarding any potential reactivity preferences that exist between alkyne subtypes. For 
example, Leigh et al. have employed a labile TMS-protecting group strategy for one-pot, 
consecutive, regiospecific CuAAC (Scheme 2.3).153  
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Using equimolar TMS-protected alkyne 2.9, unprotected alkyne 2.8, and azide 2.10 in the 
presence of catalytic Cu(MeCN)4PF6 provided the expected 1,4-triazole 2.11 in 95% yield 
after 18 h (Scheme 2.3a). In-situ deprotection of 2.9 followed by CuAAC reaction with 2.10 
allowed the subsequent formation of 2.12 in 95% yield, indicating that TMS-deprotection does 
not affect the azide or CuAAC reaction reactivity (Scheme 2.3a). This work was then applied 
to the bifunctional system 2.13 in which a TMS-protected alkyne and unprotected alkyne 

existed within the same molecule (Scheme 2.3b). These reactions required reoptimisation of 
solvent system, catalyst identity and load, as well as temperature due to partial deprotection of 
the TMS group, which obliterates the chemoselectivity profile of this strategy. Following 
optimisation, the desired bistriazole pseudononapeptides 2.17a-c were obtained in 88-93% 
yields (Scheme 2.3b).  
 

 
Scheme 2.3. Chemoselective control of triazole formation via protection/deprotection methodology. a) 
Intermolecular competition reaction between free and TMS-protected alkynes. b) Intramolecular competition 
reaction between free and TMS-protected alkynes.153 
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While this strategy has been shown to efficiently allow sequential CuAAC ligations of 
bifunctional systems, such as 2.13, addition of protecting/deprotecting steps and chemical 
reagents to perform the silyl deprotection limit its applicability in biological systems.  
 

2.1.2 Sequential Chemoselective CuAAC Reactions Using Iodo/Bromo-Alkynes 

Haloalkynes offer another potential route for modifying the chemoselectivuty of CuAAC 
reactions. Fokin et al. reported copper-catalysed, rapid, regioselective formation of 5-iodo-
1,4,5-trisubstituted-1,2,3-triazole 2.20 using 1-iodoalkyne 2.19 (Scheme 2.4).154 While 
efficient, the use of supraequivalent triethylamine or catalytic tris((1-tert-butyl-1H-1,2,3-
triazolyl)methyl)amine (TTTA) was necessary to avoid the formation of 5-proto and 5-alkynyl 

side products. 

 

 
Scheme 2.4. Triazole formation using 1-iodoalkyne.154  

 
Taking advantage of the increased reaction rate offered by 1-iodoalkyne compared to terminal 

alkynes in CuAAC reactions, Lautens et al. described the one pot, chemoselective, tandem 
Cu- and Pd-catalysis to form the alkynyl-trisubstituted-triazole 2.23 (Scheme 2.5).155 Using 
benzyl azide and catalytic CuI and TBTA in the presence of equimolar alkynes 2.21 and 2.22, 
they were able to form predominantly the expected 5-iodotriazole, which was then reacted in 
a Sonogashira coupling to afford the final compound 2.23 in 73% yield. However, formation 
of numerous side products occurred using this method, rendering it unsuitable for 
bioconjugation.   
 

 
Scheme 2.5. Chemoselective CuAAC reaction using 1-iodoalkyne.155  
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Recently, Xu et al. reported reverse selectivity in CuAAC reactions by taking advantage of 
the less activated 1-bromoalkyne 2.24 in competition with terminal alkyne 2.22 (Scheme 
2.6).156 Using catalytic CuCl and LiOtBu as a base, they were able to synthesise 
chemoselectively the alkynyltriazole 2.25 in 88% yield. The crystal structure of 2.25 shows 
that the CuAAC reaction occurred with alkyne 2.22 (Scheme 2.6). 
 

   
Scheme 2.6. Chemoselective CuAAC reaction using 1-bromoalkyne.156  

 

2.1.3 Sequential Chemoselective CuAAC Reactions Using Chelate-Directed 
Azides  

Zhu et al. has reported a chemoselective, three-component CuAAC reaction using a chelate-

directed strategy which exploited the enhanced reactivity of azide groups in close proximity 
to a metal-chelating atom (Scheme 2.7).157 This chelate-assisted approach enhances the 
reaction rate of picolyl azides and provides a reproducible platform for sequential ligation of 
two different alkynes. For example, both phenylacetylene 2.28 and chelating alkyne 2.29 react 
selectively with 2-picolylazide 2.26 over benzylazide 2.27, showing that chelation by the azide 
directs the chemoselectivity of the reaction (Scheme 2.7a). 
 

Unsymmetrical bisazides such as 2.35 containing both chelating and non-chelating azido 
groups were investigated for probing chemoselectivity in an intramolecular system. Crystal 
structures of unsymmetrical bisazides with Cu2Cl4 confirmed a selective azido-copper 
interaction with the chelating azido-group, leaving the nonchelating one unbound (Figure 2.1). 
Additionally, one-pot double click ligation experiments were performed using bisazide 2.35, 
producing the expected bistriazole products 2.37a-c in 70-98% yields (Scheme 2.7b).  
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Scheme 2.7. Chemoselective CuAAC reaction via a chelate-directed azide strategy. a) Intermolecular competition 
reaction between chelating and non-chelating azides. b) Intramolecular competition reaction between chelating and 
non-chelating azides.157 

 

 
Figure 2.1. Crystal structure of unsymmetrical bisazides 2.35 with Cu2Cl4.157 
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2.1.4 Sequential Chemoselective CuAAC Reactions using Transient Copper 
Complexation 

In 1961, Wittig and Krebs reported that the neat reaction between cyclooctyne 2.38 and phenyl 

azide 2.39 “proceeded like an explosion to give a single triazole product” 2.40 (Scheme 2.8).110 
The considerable bond angle deformation of the acetylene to 163° provides approximately 18 
kcal/mol release of ring strain.110,111 This destabilisation of the ground state versus the 
transition state significantly enhances the reaction rate compared to unstrained alkynes.158 
 

 
Scheme 2.8. Reaction between cyclooctyne 2.38 and phenyl azide 2.39.110 

 

Bertozzi et al. exploited this property to develop the strain-promoted [3 + 2] cycloaddition of 
azides and cyclooctynes (SPAAC) reaction.109 SPAAC offers a copper-free route to 
discriminate between alkyne subtypes (Scheme 2.9) which makes it attractive for use in 
biological systems; however, this reaction produces a regioisomeric mixture of triazole 
products which is generally undesirable.  
 

 
Scheme 2.9. Discriminating alkyne reactivity by transient copper complexation of cyclooctyne.109,159 

 
Hosoya et al. developed a method to mask the “clickability” of a cyclooctyne by using the 
cationic copper(I) salt (MeCN)4CuBF4 (Scheme 2.9).159 Treatment of the copper-cyclooctyne 
complex with excess aqueous ammonia regenerated the cyclooctyne. The utility of copper 
complexation to protect strained alkynes for chemoselective, sequential conjugation was then 
demonstrated in a one-pot, three-step procedure on the bifunctional system 2.46 (Scheme 

2.10). Initial treatment of bifunctional system 2.46 with (MeCN)4CuBF4 results in the 
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protection of cyclooctyne only (Scheme 2.10, crystal structure). Azide 2.47 and catalytic 
TBTA were then added to the mixture to direct CuAAC exclusively at the terminal alkyne, 
followed by aqueous ammonia treatment to give the expected mono-triazole 2.48 with 88% 
yield. 
 

   
Scheme 2.10. Click-modified cyclooctyne synthesis via transient strained alkyne protection.159 

 

Based on these observed differences in the reactivity of alkynes, a working hypothesis is that 
more strongly acidic terminal alkynes would react faster, potentially chemoselectively, with 
azides in CuAAC reactions. 
 

2.2 Aromatic Ynamines as Synthons for CuAAC Reactions  

2.2.1 Ynamine Reactivity 

Ynamines are alkynyl derivatives of enamines (Figure 2.2), where a nitrogen atom is in direct 
conjugation with an alkyne. These were first reported and characterised by Zaugg et al. as a 
fortuitous accident in 1958.160 In 1963, Viehe et al. reported the first general synthesis of 

ynamines.161 From that point, ynamines have been studied for their unique electronic 
properties. In particular, the electron-donating ability of the nitrogen strongly polarises the 
triple bond, giving it highly nucleophilic characteristics.145 
 

 
Figure 2.2. Structure of different N-alkynylheteroarenes. 

 
The reactivity and stability of ynamines are modulated by nitrogen substituents.162 Substitution 
with a strongly electron withdrawing group diminishes the electron-donating effect of the 
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such as ethyl or methyl groups. Unfortunately, the high reactivity of alkyl ynamines makes 
them highly susceptible to hydrolysis (Scheme 2.11).163 
 

 
Scheme 2.11. Hydrolysis of ynamines.163 

 
In order to reduce the electron-donating effects of the nitrogen, research has focused on the 
synthesis of ynamides (Figure 2.2). Ynamides employ the use of an additional electron 
withdrawing carbonyl substituent onto the nitrogen atom, which reduces the nitrogen’s ability 
to donate electron density into the alkynyl group. Cintrat et al. used this strategy to prepare 
1,4-disubstituted triazoles, such as 2.55, in moderate yields using N-benzyl N-tosyl ynamide 
2.53 and azide 2.54 (Scheme 2.12).164 
 

 
Scheme 2.12. The first example of CuAAC reaction with an ynamide.164 

 

2.2.2 Synthesis of Aromatic Ynamines 

Comparable to ynamides, aromatic ynamines provide the ability to modulate the reactivity of 
ynamines. Ficini et al. have shown that aromatic substitution at the nitrogen diminishes 

ynamine reactivity.162 Aromatic ynamines, especially benzimidazole ynamine, have been 
shown to be stable towards hydrolysis. This stability likely results from the reduction of the 
nitrogen’s ability to donate electron density into the triple bond due to delocalisation of its free 
electron pair into the aromatic system.  
 
Burley et al. reported a step-efficient, Cu-catalysed synthesis of aromatic ynamines in which 
a key additive, PEG-400, was included and likely acts as both ligand and phase transfer agent 

(Scheme 2.13, 2.58a-c and 2.58a’-c’).165,166 
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Scheme 2.13. Example of ynamines synthesised using conditions reported by Burley et al.165 

 
Preliminary studies, within the Burley group, have revealed that these aromatic ynamines are 
excellent substrates for CuAAC reactions. For example, reacting aromatic ynamines 2.60 with 
hexyl azide 2.61 in the presence of CuSO4 and NaAsc provides the expected triazoles 2.62a 
and 2.62b in 80% and 84% yield, respectively, after only 5 min.167 (Scheme 2.14). 
 

 
Scheme 2.14. The first example of CuAAC reaction with aromatic ynamine.167 

 

2.3 Hypothesis to Be Tested 

There is extensive literature precedent showing that terminal ynamides are excellent substrates 
for a variety of Cu-catalysed C-C bond formations, such as Glaser couplings168 or nucleophilic 
addition to mild electrophiles.168 Terminal ynamide substrates such as 2.53 and aromatic 
ynamines 2.60 also display superior reactivity in CuAAC reactions (Scheme 2.12 and Scheme 
2.14).164,167 The work described herein seeks to exploit the enhanced reactivity of aromatic 

ynamines as a new route for chemoselective, sequential CuAAC reactions by demonstrating 
that: 
 
(i) enhanced reactivity of aromatic ynamines will enable the preferential reaction of 2.63, 

even in the presence of a competing alkyne such as 2.64 (Scheme 2.15).  
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(ii) natural electronic bias present in aromatic ynamines would strike a balance with its 
enhanced reactivity in CuAAC reactions relative to an aliphatic alkyne.  

 
 

 
Scheme 2.15. Hypothetical chemoselective CuAAC reaction based on the enhanced reactivity of ynamines. 

 

2.4 Aims of this Chapter 

The specific aims of this chapter are: 
 
(i) Optimize the synthesis of a focused series of aromatic ynamines (e.g., 2.68-71) and 

representative alkynes 2.64 and 2.72 (Figure 2.3). 
 

 
Figure 2.3. Example of ynamines and alkynes synthesised. 

 
(ii) Determine appropriate conditions for the chemoselective reaction of an aromatic 

ynamine (e.g., 2.63) in the presence of representative alkynes 2.64 and 2.72 (Scheme 

2.16). 
 

 
Scheme 2.16. Determining optimal conditions for chemoselective CuAAC reaction. 
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(iii) Explore orthogonality of the reaction using silyl protecting groups (Scheme 2.17). 
 

 
Scheme 2.17. Exploration of orthogonality of the CuAAC reaction. 
 

2.5 Results and Discussion  

2.5.1 Optimisation of Aromatic Ynamine Synthesis 

Initial work focused on the optimisation of conditions for the formation of aromatic ynamines 
2.70a-b (Table 2.1). DMSO and DMF were shown to solubilise starting material 2.75 but 
afforded numerous side products (Entry 2-3). Attempts to increase the reactivity of 2.76 by 
forming in-situ iodo-TIPS-acetylene resulted in the formation of only side products (Entry 4-
6). Impurities were formed during ynamine synthesis from the dioxane-insoluble starting 
materials. The addition of 0.4% DMF to dioxane resulted in 81% conversion of the starting 
material 2.75, producing the expected compounds 2.70a-b after 48 h at 110 °C (Entry 7).  

 
In order to decrease reaction times, we explored ynamine production via microwave-assisted 
synthesis (Entry 8-17). Repeating the reported conditions165 resulted in only 34% conversion 
(by HPLC) after 20 min (Entry 8). Raising the temperature to 160 °C increased conversion 
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improvement to the reaction (Entry 10-14). Interestingly, increasing the concentration of DMF 
above 50% resulted in the formation of an unknown compound as the major product (Entry 

15-16). Zhao et al. recently published a study on the use of ynamides as coupling agents for 
the formation of amide bonds.169 In the context of their findings, this observed impurity may 
be an amide derived from reaction with the free amine of 2.70a-b.  
The reaction scope confirmed that dioxane was required for the synthesis. Indeed, dioxane 
may function as a bidentate ligand for copper. To verify this hypothesis, the reaction was 
performed without PEG-400 which decreased the yield of expected products from 80% to only 
7% (Entry 17). This result demonstrates that PEG-400 is required for an efficient reaction, 
which suggests that PEG-400 functions in the reaction as a copper chelator, which cannot be 

replaced by dioxane alone, or as a phase transfer reagent. To further explore the roles of 
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dioxane and PEG-400 within this reaction, a non-chelating phase transfer reagent, such as an 
ammonium salt, will be tested. 
 
Table 2.1. Optimisation of the ynamine synthesis.170 

 
Entry Conditions  (%) 

1 dioxane, 90 °C, 48 h 0[a] 
2 DMSO, 90 °C, 48 h 20[a] 
3 DMF, 90 °C, 48 h 37[a] 
4 DMF, KI, without PEG-400, 160 °C, 48 h 0[a] 
5 DMF, KI, 160 °C, 48 h 0[a] 
6 DMF/dioxane (1/1), KI, 160 °C, 48 h 0[a] 
7 DMF/dioxane (0.4/9.6), 110 °C, 48 h 81[a] 
8 2.76 (2.2 equiv.), dioxane, 90 °C, MW, 20 min 34[a] 
9 2.76 (2.2 equiv.), dioxane, 160 °C, MW, 20 min 80[b] 
10 2.76 (2.2 equiv.), 0.1% DMF in dioxane, 160 °C, MW, 20 min 73[b] 
11 2.76 (2.2 equiv.), 1% DMF in dioxane, 160 °C, MW, 20 min 72[b] 
12 2.76 (2.2 equiv.), 2% DMF in dioxane, 160 °C, MW, 20 min 68[b] 
13 2.76 (2.2 equiv.), 4% DMF in dioxane, 160 °C, MW, 20 min 59[b] 
14 2.76 (2.2 equiv.), 10% DMF in dioxane, 160 °C, MW, 20 min 74[b] 
15 2.76 (2.2 equiv.), DMF/dioxane (1/1), 160 °C, MW, 20 min 23[b] 
16 2.76 (2.2 equiv.), DMF, 160 °C, MW, 20 min 11[b] 
17 2.76 (2.2 equiv.), dioxane, without PEG-400, 160 °C, MW, 20 min 7[b] 

[a]Isolated yield. [b]Conversion calculated by RP-HPLC. 
 

Having optimised the general reaction conditions, an additional screen was performed to 

increase atom efficiency by reducing the amount of bromo-TIPS-acetylene 2.76. 
Unfortunately, using fewer than 2.2 equivalents of 2.76 was found to decrease the reaction 
rate dramatically. Extending the reaction time resulted in only a small increase in the 
conversion of 2.75, suggesting that 2.76 is likely reacting with itself to form the Glaser 
compound.88,91 
 
To confirm that our optimised conditions were suitable for different substrates, a variety of 
benzimidazole ynamines were prepared (Scheme 2.18). Despite high conversions, low yields 

were obtained when using benzimidazoles 2.75 and 2.77 due to difficulties during extraction 
and purification. Nevertheless, ynamines 2.70a-b and 2.71a-b were obtained with yields 
between 14 and 22%. High yields were obtained after 5 min of reaction when less polar 
benzimidazoles were used, such as 2.78 or 2.79 (81 and 89%, respectively).170 
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Scheme 2.18. Synthesis of different ynamines using optimised conditions. Isolated Yields.170 

 

2.5.2 Aromatic Ynamine as a Synthon for CuAAC Reactions – Optimisation of the 
Reaction 

 Reaction Optimization for Formation of Ynamine-1,4-Triazoles 

A screen was conducted to test the reactivity of aromatic ynamines as compared to 

aliphatic/aromatic alkynes in CuAAC reactions (Table 2.2).171 A variety of parameters 
including copper source, solvent, reductant, and ligand were explored. Initial evaluations for 
optimal CuAAC conditions were performed using benzimidazole ynamine 2.63. 5 mol % of 
copper(II) acetate (Cu(OAc)2) was shown to be sufficient to catalyse the reaction. While other 
sources of copper(II) and copper(I) were able to catalyse the reaction, the rate of the reaction 
was dramatically decreased compared to Cu(OAc)2 (Entries 15-26).  
 
Having established Cu(OAc)2 as the optimal catalyst for this reaction, the impact of the solvent 
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best solvent systems. In particular, MeOH significantly increased the rate of the reaction, 

producing triazole 2.66a in quantitative yield within 2 h as compared to 4 h for MeCN. 

Visually, reactions using protic versus aprotic solvents differed; protic solvents (e.g., MeOH) 

resulted in yellow to blue homogenous solutions, whereas aprotic solvents (e.g., MeCN) 

produced heterogeneous mixtures ranging from blue to green. These observations suggest that 

the reduction of copper(II) to the active copper(I) in protic versus aprotic environments 

proceeds via different pathways.  

 

The addition of a reductant, such as sodium ascorbate, to Cu(OAc)2 and copper (II) sulfate 

(CuSO4; Entries 27-32) significantly decreased the reaction rate and afforded a variety of side-

products. The inclusion of TBTA as a ligand (Entry 34) ameliorated the formation of the 

undesired side products, affording 2.66a in 81% yield. However, even with the benefits 

associated with TBTA, the presence of the reductant negatively impacts the efficiency of the 

Cu(OAc)2-catalysed production of 2.66a (80% compared to 95%, Entry 33-vs-Entry 4), 

suggesting that the acetate itself plays a role in the formation and stability of copper (I).  

 

Table 2.2. Optimisation of ynamine CuAAC reaction.171 

 

Entry Catalyst Solvent Additive Yield (%) 
1 Cu(OAc)2 MeCN  92 
2 Cu(OAc)2 MeCN/H2O (1/1)  91 

3 Cu(OAc)2 MeOH  Quant 
4 Cu(OAc)2 MeOH/H2O (1/1)  95 
5 Cu(OAc)2 EtOH  83 

6 Cu(OAc)2 EtOH/H2O (1/1)  88 

7 Cu(OAc)2 iPrOH  89 

8 Cu(OAc)2 iPrOH/H2O (1/1)  62 

9 Cu(OAc)2 DMSO  84 

10 Cu(OAc)2 DMSO/H2O (1/1)  98 
11 Cu(OAc)2 DMF  86 

12 Cu(OAc)2 DMF/H2O (1/1)  90 

13 Cu(OAc)2 dioxane  73 

14 Cu(OAc)2 dioxane/H2O (1/1)  85 

15 CuSO4 MeCN  50 

16 CuSO4 MeCN/H2O (1/1)  58 

17 CuSO4 MeOH  70 

18 CuSO4 MeOH/H2O (1/1)  66 

19 CuSO4 DMSO  54 
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20 CuSO4 DMSO/H2O (1/1)  63 

21 CuI MeOH  90 

22 CuI MeOH/H2O (1/1)  Quant 
23 CuBr MeOH  62 

24 CuBr MeOH/H2O (1/1)  47 

25 CuCl MeOH  55 

26 CuCl MeOH/H2O (1/1)  69 

27 Cu(OAc)2 MeCN/H2O (1/1) NaAsc 47 

28 Cu(OAc)2 MeOH/H2O (1/1) NaAsc 50 

29 Cu(OAc)2 DMSO/H2O (1/1) NaAsc 21 

30 CuSO4 MeCN/H2O (1/1) NaAsc 19 

31 CuSO4 MeOH/H2O (1/1) NaAsc 24 

32 CuSO4 DMSO/H2O (1/1) NaAsc 14 

33 Cu(OAc)2 MeOH/H2O (1/1) NaAsc/TBTA 80 

34 CuSO4 MeOH/H2O (1/1) NaAsc/TBTA 81 

Compound 2.63 (1.0 equiv., 0.5 mmol, 0.25 M), 2.65a (1 equiv., 0.5 mmol, 0.25 M), Air, rt. Cu catalyst 5 mol %, 

additives 10 mol %.  Isolated yields. 

 

 Reaction Optimization for the Formation of Alkyne-1,4-Triazoles 

To compare the reactivity of aromatic ynamines to an aliphatic alkyne, our CuAAC 

optimisation screen was repeated using N-phenyl-6-heptynamide 2.64 (1 equiv.) and benzyl 

azide 2.65a (1 equiv.) (Table 2.3).171 The expected product was not observed after 4 h; in fact, 

at least 16 h was required for formation of 2.67a. Using Cu(OAc)2 as the catalyst, solvent 

screening showed the expected triazole 2.67a was only produced in MeOH (76%, entry 3), 

DMSO (79%, entry 9), dioxane (73%, entry 13) and aqueous mixtures of these solvents (entry 

4, 10 and 14). All other solvent systems contained only starting materials, even after 16 h. As 

expected, the use of standard CuAAC conditions (CuSO4 5 mol %, NaAsc 10 mol %, TBTA 

10 mol %) produced 2.67a in quantitative yield (entry 17); however, these conditions are sub-

optimal for ynamine 2.63. As TBTA was not as beneficial ligand for the ynamine reaction, 

alternative ligands were explored, such as AMTC which has shown to be extremely effective, 

even in the context of alkyne substrates (93%, entry 19). Moreover, as it is water-soluble, 

purification of the reaction is simplified. Interestingly, the ynamine click product 2.66a 

functions as well as TBTA in this reaction (quantitative yield, entry 20), suggesting that 2.66a 

contributes to its own production and therefore explains why aromatic ynamines, such as 2.63, 

do not require the addition of a ligand for efficient CuAAC ligations. 
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Table 2.3. Optimisation of alkyne CuAAC reaction.171 

 

Entry Catalyst Solvent Additive Yield (%) 
1 Cu(OAc)2 MeCN  0 

2 Cu(OAc)2 MeCN/H2O (1/1)  0 

3 Cu(OAc)2 MeOH  76 

4 Cu(OAc)2 MeOH/H2O (1/1)  88 
5 Cu(OAc)2 iPrOH  0 

6 Cu(OAc)2 iPrOH/H2O (1/1)  0 

7 Cu(OAc)2 EtOH  0 

8 Cu(OAc)2 EtOH/H2O (1/1)  0 

9 Cu(OAc)2 DMSO  79 

10 Cu(OAc)2 DMSO/H2O (1/1)  84 

11 Cu(OAc)2 DMF  0 

12 Cu(OAc)2 DMF/H2O (1/1)  0 

13 Cu(OAc)2 dioxane  73 

14 Cu(OAc)2 dioxane/H2O (1/1)  97 
15 Cu(OAc)2 MeOH/H2O (1/1) NaAsc 64 

16 CuSO4 MeOH/H2O (1/1) NaAsc 77 

17 CuSO4 MeOH/H2O (1/1) NaAsc/TBTA Quant 
18 CuSO4 MeOH/H2O (1/1) NaAsc/THPTA 75 

19 CuSO4 MeOH/H2O (1/1) NaAsc/AMTC 93 
20 CuSO4 MeOH/H2O (1/1) NaAsc/2.66a Quant 

Compound 2.64 (1.0 equiv., 0.5 mmol, 0.25 M), 2.65a (1 equiv., 0.5 mmol, 0.25 M), Air, rt. Cu catalyst 5 mol %, 

additive (10 mol %). Isolated yields.  

 

2.5.3 Aromatic Ynamine as a Synthon for CuAAC Reactions – Substrate Scope 

 

The substrate scope of ynamine 2.63 was investigated using our optimised CuAAC conditions 

of 5 mol % copper(II) acetate in MeOH or MeCN (Scheme 2.19).171 The reaction tolerated a 

wide range of azides containing varied steric constraints (e.g., b, c, d), oxidisable 

functionalities (e, l), potential Cu-chelating substrates (e, f, h, i, l, m, n) and fluorophores (m, 

n). 
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Scheme 2.19. Substrate scope of ynamine CuAAC reaction. a Isolated yields. b NMR yields. Fc = Ferrocene.171 

 

2.5.4 Aromatic Ynamine as a Synthon for CuAAC Reactions – Chemoselective 
Profile 

 Intermolecular Chemoselective CuAAC Ligations 

To explore the ability of an aromatic ynamine to react preferentially with an azide, 

intermolecular competition reactions between ynamine 2.63 and alkyne 2.64 were 

investigated.171 Products were resolved and identified by gradient HPLC. In MeCN, benzyl 

azide 2.65a was fully converted to triazole 2.66a rather than triazole 2.67a (Scheme 2.20i). 

On the other hand, a small loss of chemoselectivity was observed in MeOH, where 10% of the 

product composition was attributable to triazole 2.67a. Complete selectivity for the ynamine 

click product 2.66c was observed in both MeCN and MeOH when cyclohexyl azide 2.65c was 
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used as the corresponding azide (Scheme 2.20ii), which could be attributed either to the lower 

reactivity of aliphatic azides or to its increased steric component. 

 

 

Scheme 2.20. Intermolecular competition reaction between 2.63 and 2.64 with two different azides (2.65a and 

2.65c). HPLC ratios.171 

 

 Intramolecular Chemoselective CuAAC Ligations 

To further define the ynamine chemoselectivity profile, a CuAAC reaction using bifunctional 

scaffold 2.82 containing both an aromatic ynamine and a corresponding aliphatic alkyne was 

explored (Scheme 2.21).171  

 

 

Scheme 2.21. Synthesis of the bifunctional system 2.82. Isolated yields.171 
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bromo-TIPS-acetylene 2.76 produced 2.70a and 2.70b (22% and 15%, respectively). Notably, 

no coupling of 2.76 at the anilinic site was observed. The major product 2.70a was then used 

to form 2.82 via coupling with the corresponding acid 2.81, followed by TIPS deprotection to 

produce 2.82 in 76% over two steps. 

 

Two biologically-relevant azides 2.65g-2.65m were chosen to test the chemoselectivity of the 

bifunctional system 2.82. Ferrocene azide 2.65g has been used extensively as an 

electrochemical reporter,172 while the green dye of NBD azide 2.65m is widely used as a 

fluorescent probe for lipid membranes.173 Consistent with the intermolecular competition 

reactions (Scheme 2.20), the reaction of 2.82 with 2.65m, followed by 2.65g, resulted in the 

exclusive formation of 2.83a in a final yield of 96% (Scheme 2.22). Following the first click 

reaction, a workup procedure was conducted to confirm that it had occurred exclusively at the 

ynamine functionality. Reversing the sequence of addition (i.e., 2.65g followed by 2.65m) 

produced the reverse click product 2.83b in 92% yield, exemplifying the flexibility of the 

sequential ligation approach. Finally, the formation of 2.83a and 2.83b was achieved in a one-

pot process controlled simply by the sequence of addition of the corresponding azide. 

Exclusive formation of the first CuAAC reaction at the ynamine position was observed in the 

presence of one equivalent of azide and Cu(OAc)2. Addition of the second azide with ligand 

AMTC (10 mol %) and NaAsc (10 mol %), resulted in a second CuAAC reaction at the 

aliphatic alkyne position. This modular one-pot process resulted in the formation of 2.83a and 

2.83b (97% and 92%, respectively).171 

 

 

Scheme 2.22. Chemoselective sequential and one-pot CuAAC reactions with bifunctional system 2.82. Isolated 

yields. Fc = Ferrocene.171 
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2.5.5 Aromatic Ynamine as a Synthon for CuAAC Reactions – Orthogonality 
Profile 

 Establishing Reaction Conditions for In-Situ TIPS-Deprotection/CuAAC Reactions 

with Aromatic Ynamines 

It has been demonstrated that ynamines can be efficiently used in CuAAC reactions in a variety 

of standard conditions and with a wide range of azides. The reactivity differences between 

ynamines and aliphatic alkynes have also been established, allowing discrimination between 

the two alkynes in intermolecular and intramolecular contexts, even without protecting groups. 

In order to explore the orthogonality of the reaction, sequential CuAAC ligations using 

aromatic ynamine protecting groups is investigated below. The unique reactivity of aromatic 

ynamines may eliminate the need for conventional protecting group strategies through the use 

of a rapid in-situ deprotection of the silyl-protecting group, allowing improved modularity in 

the reaction. To test this hypothesis, a screen of in-situ TIPS-deprotection strategies followed 

by CuAAC reaction was investigated using 2.69 and benzyl azide 2.65a.174 Copper source, 

deprotecting agent, solvent, reductant, and ligand were surveyed (Table 2.4).  

 

TIPS-deprotection was monitored by TLC and products were isolated upon reaction 

completion. TBAF resulted in extremely fast deprotection (< 2 min), whereas 3 h were 

required when using fluoride on polymer. DMSO was chosen as the solvent as protic solvents 

dramatically decrease the rate of deprotection when TBAF is used (1 h in MeOH, 2 h in 

DMSO/H2O).175,176 Following deprotection, benzyl azide 2.65a and Cu(OAc)2 were added, 

affording the expected triazole 2.73a after 30 min (66% with TBAF, 83% with fluoride on 

polymer, Entry 1-2). KHF2 was also investigated as a deprotecting agent, giving a similar 

deprotection rate as TBAF, however, no subsequent CuAAC reaction was observed (Entry 3). 

Altering the solvent or adding reductant/ligand in the context of KHF2 was not able to recover 

CuAAC reactivity and produced only the deprotected ynamine even after 16 h of reaction 

(Entry 4-5). The use of copper(II) fluoride (1 equiv.) in the presence of sodium ascorbate 

(NaAsc) and AMTC afforded the expected triazole 2.73a after 16 h (90%, Entry 6). Attempts 

to decrease the amount of CuF2 resulted in incomplete deprotection of the starting material 

2.69. 
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Table 2.4. Optimisation of in-situ TIPS-deprotection/CuAAc reaction.174 

 

Entry Catalyst Solvent Additive Deprotecting agent Yield (%) 
1 Cu(OAc)2 DMSO  TBAF 66 

2 Cu(OAc)2 DMSO  Fluoride on polymer 83 

3 Cu(OAc)2 DMSO  KHF2 0 

4 Cu(OAc)2 DMSO/H2O NaAsc/AMTC KHF2 0 

5 Cu(OAc)2 MeOH  KHF2 0 

6 CuF2 MeOH/H2O NaAsc/AMTC  90 

2.69 (1.0 equiv., 0.15 mmol, 0.15 M), 2.65a (1 equiv., 0.15 mmol, 0.15 M), Air, rt. Cu(OAc)2 5 mol %, CuF2 (1 

equiv.), (CH3CN)4Cu+PF6
- (1 equiv.), additives (1.1 equiv.), deprotecting agents (1.1 equiv.). Isolated yields.  

 

 Controlling CuAAC Ligations using Aromatic Ynamine Protecting Groups  

The chemoselectivity profile of TIPS-protected aromatic ynamine 2.69 and terminal alkyne 

2.72 in the presence of benzyl azide 2.65a was then investigated (Figure 2.4).174  

 

 

 

 

Figure 2.4. Optimisation of competition reaction between 2.69 and 2.72. 2.69 (1.0 equiv., 0.031 mmol, 0.031 M), 

2.72 (1.0 equiv., 0.031 mmol, 0.031 M), 2.65a (1 equiv., 0.031 mmol, 0.031 M), Air, rt. Cu(OAc)2 5 mol %, additives 

(10 mol %), deprotecting agents (1.1 equiv.). NMR ratios.174 
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with or without reductant/ligand, afforded a mixture of both triazoles 2.73a and 2.74a. 

Negligeable selectivity was observed in protic solvents, affording products 2.73a and 2.74a in 

a 16/84 mixture. A decrease in the rate of the CuAAC reaction was observed when MeCN was 

used as a solvent.171 An aprotic solvent presumably slows down the reduction of copper(II) 

(through the formation of the Glaser product)88,91 but also slows down the protonation of the 

copper-triazole complex.88 Complete selectivity, in favour of 2.73a, was obtained when 

Cu(OAc)2 and TBAF were used in MeCN. 

 

 Substrate Scope of In-Situ TIPS-Deprotection/CuAAC Reactions 

With the conditions for orthogonal, chemoselective CuAAC reactions established, the 

substrate scope was explored using the two optimised conditions (Scheme 2.23).174 To 

promote the synthesis of ynamine triazoles 2.73a-s, 5 mol % Cu(OAc)2 and 1.1 equivalents of 

TBAF in MeCN were used. To promote the synthesis of alkyne triazoles 2.74a-s, 5 mol % 

Cu(OAc)2, 10 mol % NaAsc, and 10 mol % AMTC in DMSO/H2O (1/1) were used. The 

reaction conditions tolerated a wide range of azides with varying steric bulk (e.g., d, o), 

oxidisable functionalities (i) or potential Cu-chelating substrates (h, m, p, q, r, s). Reaction 

conditions also tolerated fluorophore azides (m, q, r), affording the expected triazoles in high 

yields. No loss of chemoselectivity was observed using either condition A or B. A notable 

exception was the CuAAC reactions of both 2.69 and 2.72 with azide 2.65r which, due to the 

limited solubility of the FITC group, were conducted in MeOH and MeOH/H2O, respectively. 

As seen previously during reaction optimisation (Figure 2.4), the use of MeOH results in a 

reduction of chemoselectivity. In situ TIPS-deprotection/CuAAC reaction between 2.69 and 

2.65i in these conditions still allowed the formation of the expected triazole 2.73r with 85% 

yield after 16 h. 
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Scheme 2.23. CuAAC reactions of 2.69 and 2.72 with a variety of azides using conditions A or B. Isolated yields.174 

 

 Orthogonal CuAAC in an Intramolecular System 

With the substrate scope established, the orthogonality of the reaction was applied to an 

intramolecular context (Scheme 2.24).174 The bifunctional system 2.84 (synthesis previously 

described in 2.4.4.2) was reacted either with 2.65a, Cu(OAc)2, NaAsc, and AMTC in 

DMSO/H2O, affording triazole 2.85a in 98% yield, or with 2.65c, Cu(OAc)2 and TBAF in 

MeCN, affording triazole 2.85b in 96% yield. When the corresponding orthogonal reactions 

were carried out, product 2.86 could be isolated in high yields in both systems (98% and 94%, 

respectively; Scheme 2.24). 
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Scheme 2.24. Orthogonal CuAAC reactions using bifunctional system 2.84, azides 2.65a and 2.65c. 2.84 (1.0 

equiv., 0.2 M), 2.65a/2.65c (1 equiv.), Cu(OAc)2 (5 mol %), NaAsc (10 mol %), AMTC (10 mol %), TBAF (1.1 

equiv.). Isolated yields.174 

 

2.5.6  Exploring Ynamine Reactivity vs Representative Terminal Alkynes in 
CuAAC Reactions 

In order to compare the reactivity of aromatic ynamines with the different classes of alkynes 

present in the literature, competition reactions between aromatic ynamine 2.69 and alkynes 

2.87a-e were performed (Scheme 2.25).174 Ynamide 2.87a, developed by Hsung et al.,177 
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triazole 2.73a. Only 21% of ynamide triazole 2.88a and 14% of the propiolamide triazole 
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Scheme 2.25. Competition reactions between 2.69 with a variety of representative alkynes. 2.69/2.87a-e (1.0 equiv., 

0.41 mmol, 0.2 M), 2.65a (1 equiv., 0.41 mmol), Cu(OAc)2 (5 mol %), NaAsc (10 mol %), AMTC (10 mol %), TBAF 

(1.1 equiv.). Isolated yields.174 

 

2.5.7  Ynamine Chemoselectivity vs Azide Chelate-Directed Strategy 

With the orthogonal chemoselectivity of the CuAAC reaction demonstrated in both 

intermolecular and intramolecular contexts, 2 + 2 competition reactions were explored using 
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by using the enhanced reactivity of aromatic ynamines in conjunction with a chelate-directed 

strategy at the ynamine and azide moieties, our optimised conditions allow chemoselective 

and orthogonal CuAAC ligations.  
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Scheme 2.26. 2 + 2 competition reaction using aromatic ynamine 2.69, aromatic alkyne 2.87d, azides 2.65a and 

2.65h. 2.69/2.87d (1.0 equiv., 0.2 M), 2.65a/2.65h (1 equiv.), Cu(OAc)2 (5 mol %), NaAsc (10 mol %), AMTC (10 

mol %), TBAF (1.1 equiv.). Isolated yields.174 

 

2.6 Summary 

This work describes the optimisation of orthogonal, chemoselective CuAAC reactions using 

the enhanced reactivity of aromatic ynamines. The rapid preparation of aromatic ynamines 

was facilitated by microwave-assisted synthesis (5 min versus 48 h for benzimidazole 

ynamine). Ynamines were shown to be reactive substrates in CuAAC reactions in a variety of 

conditions and with a wide range of azides. The reactivity differences between ynamines and 

aliphatic alkynes was established, allowing discrimination between the two alkynes in both 

intermolecular and intramolecular contexts without the need for protecting groups. 

Additionally, silyl protection of aromatic ynamines enabled CuAAC reactions to take place 

with less reactive alkyne substrates first. The higher reactivity of aromatic ynamines was 

further demonstrated in competition reactions with representative terminal alkynes, even in 

the presence of the most competitive alkynes previously described in the literature. Finally, 

the utility of an azide chelate-directed strategy was shown to be limited when a reductant and 

ligand were included in the reaction, whereas similar yields were obtained with or without the 
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use of reductant/ligand when aromatic ynamines are used. These findings represent a novel 

strategy for the chemoselective ligation of biomolecules.  

 

2.7 Experimental 

2.7.1 Reagents and Solvents 

All reagents were used as supplied from commercial sources (Fisher, Fluorochem, Sigma-

Aldrich) and used without further purification unless otherwise stated. PEG-400 was supplied 

from ABCR. Solvents were all HPLC grade and were used without further purification, unless 

otherwise stated. 

2.7.2 Analysis of Products 

 NMR Spectroscopy 

NMR spectroscopy was carried out using either a Bruker AV3 400 MHz UltraShield™ B-

ACS 60 spectrometer or AV Bruker DRX 500 MHz. All chemical shifts (d) were referenced 

to the deuterium lock and are 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), t (triplet), q (quartet), app. quint (apparent quintuplet) and m (multiplet). All NMR 

data was processed using TopSpin 3.2 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). 

 

 Liquid Chromatography-Mass Spectrometry (LC-MS) and High-Performance 

Liquid Chromatography (HPLC) 

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent 

Quadrupole mass detector. Electrospray ionization (ESI) was used in all cases. HPLC was 

carried out on a Dionex Ultimate 3000 series instrument (see Appendix for method and column 

parameters).  
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 Infra-Red (IR) Spectroscopy  

IR data was collected on an Agilent spectrometer and the data processed using Spectrum One 

software. Only major absorbances are reported (> 50 %).  

2.7.3 General Procedures 

 

General Procedure A: General conditions for the synthesis of aromatic ynamines (Scheme 

2.18) 

To a degassed solution of amine (1 equiv.), PEG-400 (0.1 equiv.), CuI (0.05 equiv.) and 

Cs2CO3 (1.2 equiv.) in 1,4-dioxane (0.2 M) under argon was added bromo-TIPS-acetylene 

2.76 (2.2 equiv.). The mixture was heated to 160 °C in a microwave (Biotage Initiator+ Sixty) 

and stirred for 1 h, after which Et2O (50 mL) was added. The mixture was washed with aq. 

EDTA (10 mg/mL, 10 mL), and brine (2 x 10 mL), dried over Na2SO4 and then concentrated 

under reduced pressure. The resulting residue was purified by flash chromatography (silica 

gel) to provide the desired compound. 

 

General Procedure B: Optimisation of the synthesis of 2.66a (Table 2.2) 

To a solution of 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 mg, 0.5 mmol, 1 equiv.) and benzyl 

azide 2.65a (63 μL, 0.5 mmol, 1 equiv.) in 2 mL of solvent was added 5 mol % catalyst. The 

reaction was stirred at rt for 4 h, after which EtOAc was added. The mixture was washed with 

aq. EDTA (10 mg/mL, 10 mL) and brine (2 x 10 mL), dried over Na2SO4 and then concentrated 

under reduced pressure. The resulting residue was purified by flash chromatography (silica 

gel, hexane/EtOAc 3/7) to provide the desired compound. 

 

General Procedure C: Optimisation of the synthesis of 2.67a (Table 2.3) 

To a solution of N-phenyl-6-heptynamide 2.64 (11 mg, 0.05 mmol, 1 equiv.) and benzyl azide 

2.65a (6 μL, 0.05 mmol, 1 equiv.) in 1 mL of solvent was added 5 mol % catalyst. The reaction 

was stirred at rt for 16 h, after which EtOAc was added. The mixture was washed with aq. 

EDTA (10 mg/mL, 10 mL) and brine (2 x 10 mL), dried over Na2SO4 and then concentrated 

under reduced pressure. The resulting residue was purified by flash chromatography (silica 

gel, hexane/EtOAc 3/7) to provide the desired compound. 

 

General Procedure D: Synthesis of compounds 2.66a-n (Scheme 2.19) 

To a solution of 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 mg, 0.5 mmol, 1 equiv.) and azide 

2.65a-n (0.5 mmol, 1 equiv.) in 2 mL of solvent was added Cu(OAc)2 (4.5 mg, 0.03 mmol, 
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0.05 equiv.). The reaction was stirred at rt for 16 h, before being filtered through celite and 

concentrated under reduced pressure. The resulting residue was purified by flash 

chromatography (silica gel) to provide the desired compounds. 

 

General Procedure E: Optimisation of the synthesis of 2.73a (Table 2.4) 

To a solution of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole 2.69 (50 

mg, 0.15 mmol, 1 equiv.) and benzyl azide 2.65a (19 μL, 0.15 mmol, 1 equiv.) in 1 mL of 

solvent was added deprotecting agent (1.1 equiv.) followed by copper catalyst (0.05 equiv.). 

The reaction was stirred at rt and monitored by TLC (hexane/EtOAc 1/1) until completion, 

after which EtOAc was added. The mixture was washed with aq. EDTA (10 mg/mL, 10 mL) 

and brine (2 x 10 mL), dried over Na2SO4 and then concentrated under reduced pressure. The 

resulting residue was purified by flash chromatography (silica gel, hexane/EtOAc 3/7) to 

provide the desired compound. 

 

General Procedure F: Optimisation of the synthesis of 2.73a/2.74a (Figure 2.3) 

To a solution of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole 2.69 (10 

mg, 0.031 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 (5 mg, 0.031 mmol, 1 equiv.) and 

benzyl azide 2.65a (4 μL, 0.031 mmol, 1 equiv.) in 1 mL of solvent was added deprotecting 

agent (0.034 mmol, 1.1 equiv.) followed by copper catalyst (0.05 equiv.). The reaction was 

stirred at rt for 16 h, after which EtOAc was added. The mixture was washed with aq. EDTA 

(10 mg/mL, 5 mL) and brine (2 x 5 mL), dried over Na2SO4 and then concentrated under 

reduced pressure. NMR of crude material was used to determine compound identity and 

composition. 

 

General Procedure G: Synthesis of compounds 2.73a-s (Scheme 2.23)  

To a solution of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole 2.69 (45 

mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 (20 mg, 0.14 mmol, 1 equiv.) and 

azide 2.65a-s (0.14 mmol, 1 equiv.) in MeCN (1 mL) was added TBAF (49 µL, 0.15 mmol, 

1.1 equiv.) followed by Cu(OAc)2 (1 mg, 0.007 mmol, 0.05 equiv.). The reaction was stirred 

at rt for 16 h, after which EtOAc was added. The mixture was washed with aq. EDTA (10 

mg/mL, 10 mL) and brine (2 x 10 mL), dried over Na2SO4 and then concentrated under 

reduced pressure. The resulting residue was purified by flash chromatography (silica gel) to 

provide the desired compounds. 
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General Procedure H: Synthesis of compounds 2.74a-s (Scheme 2.23) 

To a solution of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole 2.69 (45 

mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 (20 mg, 0.14 mmol, 1 equiv.) and 

azide 2.65a-s (0.14 mmol, 1 equiv.) in DMSO/H2O (1/1, 1 mL) was added AMTC (3 mg, 

0.014 mmol, 0.1 equiv.) followed by Cu(OAc)2 (1 mg, 0.007 mmol, 0.05 equiv.) and NaAsc 

(3 mg, 0.014 mmol, 0.1 equiv.). The reaction was stirred at rt for 16 h, after which EtOAc was 

added. The mixture was washed with aq. EDTA (10 mg/mL, 10 mL) and brine (2 x 10 mL), 

dried over Na2SO4 and then concentrated under reduced pressure. The resulting residue was 

purified by flash chromatography (silica gel) to provide the desired compounds. 

 

General Procedure I: Synthesis of compound 2.73a (Scheme 2.25).  

To a solution of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole 2.69 (132 

mg, 0.41 mmol, 1 equiv.), alkyne 2.87a-e (0.41 mmol, 1 equiv.) and benzyl azide 2.65a (53 

μL, 0.41 mmol, 1 equiv.) in MeCN (2 mL) was added TBAF (147 µL, 0.45 mmol, 1.1 equiv.) 

followed by Cu(OAc)2 (3 mg, 0.02 mmol, 0.05 equiv.). The reaction was stirred at rt for 16 h, 

after which EtOAc was added. The mixture was washed with aq. EDTA (10 mg/mL, 10 mL) 

and brine (2 x 10 mL), dried over Na2SO4 and then concentrated under reduced pressure. The 

resulting residue was purified by flash chromatography (silica gel) to provide the desired 

compound. 

 

General Procedure J: Synthesis of compounds 2.88a-e (Scheme 2.25).  

To a solution of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole 2.69 (132 

mg, 0.41 mmol, 1 equiv.), alkyne 2.87a-e (0.41 mmol, 1 equiv.) and benzyl azide 2.65a (53 

μL, 0.41 mmol, 1 equiv.) in DMSO/H2O (1/1, 1 mL) was added AMTC (9 mg, 0.041 mmol, 

0.1 equiv.) followed by Cu(OAc)2 (3 mg, 0.02 mmol, 0.05 equiv.) and NaAsc (9 mg, 0.041 

mmol, 0.1 equiv.). The reaction was stirred at rt for 16 h, after which EtOAc was added. The 

mixture was washed with aq. EDTA (10 mg/mL, 10 mL) and brine (2 x 10 mL), dried over 

Na2SO4 and then concentrated under reduced pressure. The resulting residue was purified by 

flash chromatography (silica gel) to provide the desired compounds. 

 

2.7.4  Synthetic procedures 

 Product from Scheme 2.18 

2.70a: 1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-amine  
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Prepared according to General Procedure A using 1H-benzo[d]imidazol-5-amine 2.75 (1 g, 

7.5 mmol, 1 equiv.), cesium carbonate (3 g, 9 mmol, 1.2 equiv.), copper iodide (72 mg, 0.38 

mmol, 0.05 equiv.), PEG-400 (1.3 g) and (bromoethynyl)triisopropylsilane 2.76 (4.3 g, 16.5 

mmol, 2.2 equiv.) in dioxane (10 mL). The resulting residue was purified by flash 

chromatography (silica gel, 0-30% EtOAc/hexane) to provide the desired product as a white 

solid (0.5 g, 22%).  

1H-NMR (CDCl3, 400 MHz): δ 7.86 (s, 1H, Ar-H), 7.53 (d, J = 8.4 Hz, 1H, Ar-H), 6.77 (d, J 

= 1.5 Hz, 1H, Ar-H), 6.70 (dd, J = 8.5, 1.5 Hz, 1H, Ar-H), 3.86 (br. s, 2H, NH2), 1.15 (br. s, 

21H, TIPS).  

13C-NMR (CDCl3, 100 MHz): δ 144.2, 141.2, 135.4, 134.5, 120.7, 112.9, 95.4, 90.0, 71.9, 

18.1, 10.7.  

IR νmax (neat): 3361, 3209, 2941, 2863, 2185, 1619, 1498, 1459, 1209, 1072, 884, 821, 746 

cm-1. 

HRMS (ESI): C18H28N3Si [M+H]+ calculated 314.2052, found 314.2047. 

 

2.70b: 1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-5-amine  

 

 

Prepared according to General Procedure A using 1H-benzo[d]imidazol-5-amine 2.75 (1 g, 

7.5 mmol, 1 equiv.), cesium carbonate (3 g, 9 mmol, 1.2 equiv.), copper iodide (72 mg, 0.38 

mmol, 0.05 equiv.), PEG-400 (1.3 g) and (bromoethynyl)triisopropylsilane 2.76 (4.3 g, 16.5 

mmol, 2.2 equiv.) in dioxane (10 mL). The resulting residue was purified by flash 

chromatography (silica gel, 50-100% EtOAc/hexane) to provide the desired product as a white 

solid (0.3 g, 15%).  

1H-NMR (CDCl3, 400 MHz): δ 7.97 (s, 1H, Ar-H), 7.29 (d, J = 8.4 Hz, 1H, Ar-H), 7.06 (s, 

1H, Ar-H), 6.79 (d, J = 8.2 Hz, 1H, Ar-H), 3.75 (br. s, 2H, NH2), 1.15 (br. s, 21H, TIPS).  

13C-NMR (CDCl3, 100 MHz): δ 144.0, 143.8, 143.1, 128.2, 114.4, 111.3, 105.6, 90.6, 72.4, 

18.7, 11.3.  

IR νmax (neat): 3330, 3208, 2943, 3864, 2181, 1621, 1594, 1486, 1450, 1238, 1141, 994, 854 

cm-1. 
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HRMS (ESI): C18H28N3Si [M+H+] calculated 314.2052, found 314.2045. 

 

2.71a: (1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)methanol 

 

 

Prepared according to General Procedure A using (1H-benzo[d]imidazol-6-yl)methanol 2.77 

(1 g, 6.8 mmol, 1 equiv.), cesium carbonate (2.6 g, 8.1 mmol, 1.2 equiv.), copper iodide (64 

mg, 0.34 mmol, 0.05 equiv.), PEG-400 (1.1 g) and (bromoethynyl)triisopropylsilane 2.76 (3.9 

g, 14.9 mmol, 2.2 equiv.) in dioxane (11 mL). The resulting residue was purified by flash 

chromatography (silica gel, 50-70% EtOAc/hexane) to provide the desired product as a yellow 

oil (304 mg, 14%).  

1H-NMR (CDCl3, 400 MHz): δ 8.02 (s, 1H, Ar-H), 7.68 (d, J = 8.3 Hz, 1H, Ar-H), 7.56 (s, 

1H, Ar-H), 7.30 (dd, J = 8.3, 1.5 Hz, 1H, Ar-H), 4.83 (s, 2H, CH2), 3.23 (br. s, 1H, OH), 1.14 

(br. s, 21H, TIPS).  

13C-NMR (CDCl3, 100 MHz): δ 144.3, 138.3, 123.4, 121.0, 109.6, 65.6, 18.8, 11.4. 

IR νmax (neat): 3290, 2937, 2885, 2859, 2181, 1621, 1500, 1444, 1281, 1219, 1074, 883, 818 

cm-1. 

HRMS (ESI): C19H28N2OSi [M+H]+ calculated 329.2044, found 329.2045. 

 

2.71b: (1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-5-yl)methanol 

 

 

Prepared according to General Procedure A using (1H-benzo[d]imidazol-6-yl)methanol 2.77 

(1 g, 6.8 mmol, 1 equiv.), cesium carbonate (2.6 g, 8.1 mmol, 1.2 equiv.), copper iodide (64 

mg, 0.34 mmol, 0.05 equiv.), PEG-400 (1.1 g) and (bromoethynyl)triisopropylsilane 2.76 (3.9 

g, 14.9 mmol, 2.2 equiv.) in dioxane (11 mL). The resulting residue was purified by flash 

chromatography (silica gel, 50-70% EtOAc/hexane) to provide the desired product as a white 

solid (0.4 mg, 18%).  

N

N

TIPS

HO

N

N

TIPS

HO



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 

Marine Hatit 

 

 80 

1H-NMR (CDCl3, 400 MHz): δ 8.08 (s, 1H, Ar-H), 7.80–7.79 (m, 1H, Ar-H), 7.53 (d, J = 8.3 

Hz, 1H, Ar-H), 7.43 (dd, J = 8.3, 1.4 Hz, 1H, Ar-H), 4.82 (d, J = 5.6 Hz, 2H, CH2), 1.93 (t, J 

= 5.9 Hz, 1H, OH), 1.17 (br. s, 21H, TIPS).  

13C-NMR (CDCl3, 100 MHz): δ 137.4, 124.4, 119.4, 111.2, 73.3, 65.6, 60.5, 21.2, 18.8, 11.4. 

IR νmax (neat): 3296, 2937, 2885, 2859, 2188, 1498, 1463, 1439, 1277, 1203, 1095, 883, 786 

cm-1. 

HRMS (ESI): C19H28N2OSi [M+H]+ calculated 329.2044, found 329.2045. 

 

2.69: 5,6-Dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole165 

 

 

Prepared according to General Procedure A using 5,6-dimethyl-1H-benzo[d]imidazole 2.78 

(1 g, 6.8 mmol, 1 equiv.), cesium carbonate (2.7 g, 8.2 mmol, 1.2 equiv.), copper iodide (65 

mg, 0.34 mmol, 0.05 equiv.), PEG-400 (1.1 g) and (bromoethynyl)triisopropylsilane 2.76 (2 

g, 7.5 mmol, 1.1 equiv.) in dioxane (11 mL). The resulting residue was purified by flash 

chromatography (silica gel, hexane/EtOAc 9/1) to provide the desired product as an orange oil 

(1.8 g, 81%).  

1H-NMR (CDCl3, 500 MHz): δ 7.96 (s, 1H, Ar-H), 7.55 (s, 1H, Ar-H), 7.29 (s, 1H, Ar-H), 

2.41 (s, 3H, CH3), 2.38 (s, 3H, CH3), 1.72–1.64 (m, 21H, TIPS). 

13C-NMR (CDCl3, 100 MHz): δ 143.1, 140.4, 134.3, 133.1, 133.0, 120.9, 111.2, 90.7, 72.5, 

20.7, 20.3, 18.8, 11.4. 

 

2.68: 1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole165 

 

 

Prepared according to General Procedure A using 5,6-dimethyl-1H-benzo[d]imidazole 2.79 

(2 g, 16.9 mmol, 1 equiv.), cesium carbonate (6.6 g, 20.3 mmol, 1.2 equiv.), copper iodide 

(160 mg, 0.85 mmol, 0.05 equiv.), PEG-400 (2.2 g) and (bromoethynyl)triisopropylsilane 2.76 

(4.9 g, 18.6 mmol, 1.1 equiv.) in dioxane (10 mL). The resulting residue was purified by flash 
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chromatography (silica gel, hexane/EtOAc 9/1) to provide the desired product as an orange oil 
(4.5 g, 89%).  
1H-NMR (CDCl3, 500 MHz): δ 8.08 (s, 1H, Ar-H), 7.81 (d, J = 8.3 Hz, 1H, Ar-H), 7.56 (d, J 

= 8.1 Hz, 1H, Ar-H), 7.43–7.40 (m, 1H, Ar-H), 7.36 (td, J = 7.9, 1.1 Hz, 1H, Ar-H), 1.17 (br. 
s, 21H, TIPS).  
13C-NMR (CDCl3, 100 MHz): δ 143.7, 141.8, 134.6, 124.8, 124.0, 120.8, 111.0, 90.1, 73.0, 

18.6, 17.7. 
 

 Product from Table 2.3 

2.67a: 5-(1-Benzyl-1H-1,2,3-triazol-4-yl)-N-phenylpentanamide  

 

 
Prepared according to General Procedure C using N-phenyl-6-heptynamide 2.64 (11 mg, 0.05 
mmol, 1 equiv.), benzyl azide 2.65a (6 μL, 0.05 mmol, 1 equiv.), AMTC (1 mg, 0.005 mmol, 
0.1 equiv.), CuSO4 (0.4 mg, 0.0025 mmol, 0.05 equiv.) and NaAsc (1 mg, 0.005 mmol, 0.1 

equiv.) in MeOH/H2O (1/1, 1 mL). The resulting residue was purified by flash chromatography 
(silica gel, hexane/EtOAc 3/7) to provide the desired product as a white solid (108 mg, 93%).  
1H-NMR (CDCl3, 400 MHz): δ 8.11 (s, 1H, triazole-H), 7.59–7.56 (m, 2H, Ar-H), 7.35–7.34 
(m, 5H, Ar-H), 7.29–7.22 (m, 2H, Ar-H), 7.07–7.04 (m, 1H, Ar-H), 5.46 (s, 2H, benzylic CH2), 
2.73 (t, J = 7.0 Hz, 2H, triazole-CH2), 2.39 (t, J = 6.7 Hz, 2H, CO-CH2), 1.75 (br. s, 4H, CH2). 
13C-NMR (CDCl3, 125 MHz): δ 171.6, 138.4, 134.8, 129.2, 129.0, 128.8, 128.1, 124.0, 119.9, 
54.3, 37.1, 29.8, 28.6, 25.3, 25.0.  

IR νmax (neat): 3294, 3110, 3062, 3036, 2932, 2855, 1653, 1602, 1545, 1532, 1444, 1316, 
1178, 1132, 1056, 1030, 710, 693 cm-1. 
HRMS (ESI): C20H22N4NaO [M+Na]+ calculated 357.1672, found 357.1672. 
 

 Products from Scheme 2.19 

2.66a: 1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole  
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Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), benzyl azide 2.65a (63 μL, 0.5 mmol, 1 equiv.) and Cu(OAc)2 (5 mg, 
0.025 mmol, 0.05 equiv.). The resulting residue was purified by flash chromatography (silica 
gel, hexane/EtOAc 3/7) to provide the desired product as a white solid (126 mg, 92% in 
MeCN). 
1H-NMR (CDCl3, 400 MHz): δ 8.32 (s, 1H, Ar-H), 7.84–7.82 (m, 1H, Ar-H), 7.70 (s, 1H, 

triazole-H), 7.64–7.62 (m, 1H, Ar-H), 7.42–7.31 (m, 7H, 7 x Ar-H), 5.61 (s, 2H, benzylic 
CH2).  
13C-NMR (CDCl3, 125 MHz): δ 143.9, 142.8, 141.4, 133.9, 129.5, 129.3, 128.3, 124.3, 123.3, 
120.8, 113.8, 111.1, 55.2.  
IR νmax (neat): 2924, 2855, 1615, 1584, 1496, 1495, 1455, 1302, 1264, 1214, 1212, 1200, 950, 
764, 745, 713 cm-1.  
HRMS (ESI): C16H14N5 [M+H]+ calculated 276.1249, found 276.1244. 

 
2.66b: 1-(1-Octyl-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole 
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), 1-azidooctane 2.65b (78 mg, 0.5 mmol, 1 equiv.) and Cu(OAc)2 (5 
mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by flash chromatography 
(silica gel, 20-90% EtOAc/petroleum ether) to provide the desired product as a colourless oil 
(118 mg, 80%).  
1H-NMR (CDCl3, 500 MHz): δ 8.38 (s, 1H, Ar-H), 7.87 (d, J = 7.4 Hz, 1H, Ar-H), 7.79 (s, 

1H, triazole-H), 7.67 (d, J = 7.5 Hz, 1H, Ar-H), 7.38 (app. quint, J = 6.8 Hz, 2H, Ar-H), 4.47 
(t, J = 7.3 Hz, 2H, triazole-CH2), 2.01 (app. quint, J = 7.1 Hz, 2H, CH2), 1.43–1.26 (m, 10H, 
CH2), 0.88 (t, J = 6.7 Hz, 3H, CH3).  
13C-NMR (CDCl3, 126 MHz): δ 144.0, 142.5, 141.4, 132.8, 124.4, 123.4, 120.9, 113.8, 111.1, 
51.5, 31.8, 30.4, 29.2, 29.1, 26.6, 22.7, 14.2. 
IR νmax (neat): 3120, 2925, 2855, 1614, 1584, 1493, 1454, 1301, 1204, 1136, 1055, 948, 740 
cm-1.  

HRMS (ESI): C17H24N5 [M+H]+ calculated 298.2032, found 298.2032. 
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2.66c: 1-(1-Cyclohexyl-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole 
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), azidocyclohexane 2.65c (63 mg, 0.5 mmol, 1 equiv.) and Cu(OAc)2 
(5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by flash chromatography 
(silica gel, hexane/EtOAc 3/7) to provide the desired product as a white solid (112 mg, 83%). 
1H-NMR (CDCl3, 500 MHz): δ 8.37 (s, 1H, Ar-H), 7.87 (dd, J = 7.2, 2.3 Hz, 1H, Ar-H), 7.80 
(s, 1H, triazole-H), 7.69 (dd, J = 6.7, 1.8 Hz, 1H, Ar-H), 7.40–7.34 (m, 2H, Ar-H), 4.56 (tt, J 

= 12.0, 4.6 Hz, 1H, CH), 2.33 (dd, J = 13.4, 2.4 Hz, 2H, CH2), 2.00 (dt, J = 13.5, 3.0 Hz, 2H, 

CH2), 1.87–1.81 (m, 3H, CH2 and 1 x H from diastereotopic CH2), 1.55–1.51 (m, 2H, CH2), 
1.35 (tt, J = 13.3, 3.5 Hz, 1H, 1 x H from diastereotopic CH2). 
13C-NMR (CDCl3, 126 MHz): δ 143.9, 142.1, 141.5, 124.3, 123.4, 120.8, 112.0, 111.1, 61.3, 
33.6, 25.2. 
IR νmax (neat): 2927, 2854, 1610, 1579, 1448, 1293,1125, 1055, 1203, 948, 756, 773 cm-1.  
HRMS (ESI): C15H18N5 [M+H]+ calculated 268.1557, found 268.1548. 
 

2.66d: 1-(1-(Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole 
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), 1-azidoadamantane 2.65d (89 mg, 0.5 mmol, 1 equiv.) and Cu(OAc)2 
(5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by flash chromatography 
(silica gel, hexane/EtOAc 3/7) to provide the desired product as a white solid (103 mg, 65%).  
1H-NMR (CDCl3, 500 MHz): δ 8.40 (s, 1H, Ar-H), 7.89 (d, J = 5.0 Hz, 1H, Ar-H), 7.84 (s, 
1H, triazole-H), 7.73 (br. s, 1H, Ar-H), 7.38–7.37 (m, 2H, Ar-H), 2.35 (app. s, 10H, 2 x CH 

and 4 x CH2), 1.85 (s, 5H, 1 x CH and 2 x CH2).  
13C-NMR (CDCl3, 126 MHz): δ 124.3, 123.3, 120.8, 111.3, 111.0, 61.1, 43.1, 35.9, 31.0, 29.6.  
IR νmax (neat): 3131, 2913, 2850, 1614, 1580, 1453, 1296, 1212, 1134, 1013, 815, 739 cm-1.  
HRMS (ESI): C19H22N5 [M+H]+ calculated 320.1870, found 320.1862. 
 

N

N

N
N N

c-Hex

N

N

N
N N

Ad



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 84 

2.66e: 1-(1-((Phenylthio)methyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole  
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), azidomethylphenylsulfane 2.65e (83 mg, 0.5 mmol, 1 equiv.) and 
Cu(OAc)2 (5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by flash 
chromatography (silica gel, hexane/EtOAc 3/7) to provide the desired product as a white solid 
(133 mg, 89%).  
1H-NMR (CDCl3, 500 MHz): δ 8.39 (s, 1H, Ar-H), 7.88 (s, 1H, triazole-H), 7.68 (s, 2H, Ar-
H), 7.46–7.35 (m, 7H, Ar-H), 5.65 (s, 2H, benzylic CH2).  
13C-NMR (CDCl3, 126 MHz): δ 133.8, 129.6, 129.4, 128.4, 124.4, 123.3, 120.9, 113.8, 111.4, 
55.3. 
IR νmax (neat): 2922, 1613, 1584, 1455, 1297, 1208, 1031, 945, 869, 813, 747 cm-1.  
HRMS (ESI): C16H14N5S [M+H]+ calculated 308.0964, found 308.0956. 
 

2.66f: 3-(4-(1H-Benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-N,N-dimethylpropan-1-amine  
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), 3-azido-N,N-dimethylpropan-1-amine 2.65f (64 mg, 0.5 mmol, 1 
equiv.) and Cu(OAc)2 (5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by 
flash chromatography (silica gel, MeOH/DCM 1/9) to provide the desired product as a 
colourless solid (117 mg, 87%).  
1H-NMR (CDCl3, 500 MHz): δ 8.39 (s, 1H, Ar-H), 7.89–7.87 (m, 2H, Ar-H and triazole-H), 

7.69 (dd, J = 6.8, 1.5 Hz, 1H, Ar-H), 7.40–7.35 (m, 2H, Ar-H), 4.56 (t, J = 6.9 Hz, 2H, a-

CH2), 2.35 (t, J = 6.6 Hz, 2H, g-CH2), 2.26 (s, 6H, CH3), 2.17 (app. quint, J = 6.7 Hz, 2H, b-

CH2).  
13C-NMR (CDCl3, 126 MHz): δ 143.9, 142.2, 141.4, 132.7, 124.4, 123.4, 120.9, 114.6, 111.0, 
55.6, 49.0, 45.4, 28.0. 
IR νmax (neat): 3098, 2937, 2765, 1584, 1454, 1301, 1204, 1041, 950, 743 cm-1. 
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HRMS (ESI): C14H19N6 [M+H]+ calculated 271.1666, found 271.1660.  
 
2.66g: N-(3-(4-(1H-Benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)ferrecenyl 
carboxamide  
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), N-(3-azidopropyl)ferrecenylcarboxamide 2.65g (156 mg, 0.5 mmol, 

1 equiv.) and Cu(OAc)2 (5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified 
by flash chromatography (silica gel, MeOH/DCM 1/9) to provide the desired product as a 
yellow solid (224 mg, 96%).   
1H-NMR (MeOD, 400 MHz): δ 8.57 (s, 1H, Ar-H), 8.55 (br. s, 1H, triazole-H), 7.84 (d, J = 

8.0 Hz, 1H, Ar-H), 7.78 (d, J = 7.8 Hz, 1H, Ar-H), 7.45–7.37 (m, 2H, Ar-H), 4.78 (t, J = 1.9 

Hz, 2H, 2 x CH), 4.63 (t, J = 6.9 Hz, 2H, a-CH2), 4.39 (t, J = 1.9 Hz, 2H, 2 x CH), 4.21 (br. 

s, 5H, 5 x CH), 3.44 (t, J = 6.7 Hz, 2H, CONH-CH2), 2.32 (app. quint, J = 6.8 Hz, 2H, CH2). 
13C-NMR (CDCl3, 126 MHz): δ 171.3, 142.6, 124.4, 123.4, 120.8, 115.1, 111.3, 75.6, 70.9, 
69.9, 68.2, 48.9, 36.6, 30.7, 29.8.  
IR νmax (neat): 3751, 1621, 1600, 1535, 1297, 825, 740 cm-1. 
HRMS (ESI): C25H20FeN6O [M+H]+ calculated 454.1204, found 454.1191. 
  
2.66h: 1-(1-(Pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole  
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), 2-(azidomethyl)pyridine 2.65h (67 mg, 0.5 mmol, 1 equiv.) and 
Cu(OAc)2 (5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by flash 
chromatography (silica gel, MeOH/DCM 1/9) to provide the desired product as a pale brown 

solid (101 mg, 73%). 
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1H-NMR (CDCl3, 500 MHz): δ 8.64 (d, J = 4.8 Hz, 1H, Ar-H), 8.39 (br. s, 1H, triazole-H), 
8.06 (s, 1H, Ar-H), 7.86 (d, J = 7.3 Hz, 1H, Ar-H), 7.75 (td, J = 7.8, 1.8 Hz, 1H, Ar-H), 7.69 
(d, J = 7.5 Hz, 1H, Ar-H), 7.38–7.30 (m, 4H, Ar-H), 5.75 (s, 2H, CH2).  
13C-NMR (CDCl3, 126 MHz): δ 153.6, 150.2, 144.0, 142.8, 141.4, 124.4, 124.0, 123.4, 123.0, 
120.9, 114.6, 111.2, 56.6.  
IR νmax (neat): 3069, 1597, 1459, 1418, 1054, 892, 766, 743 cm-1. 

HRMS (ESI): C15H12N6Na [M+Na]+ calculated 299.1016, found 299.1006. 
 
2.66i: 1-(1-(Pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole 

 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), 4-(azidomethyl)pyridine 2.65i (67 mg, 0.5 mmol, 1 equiv.) and 

Cu(OAc)2 (5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by flash 
chromatography (silica gel, MeOH/DCM 1/9) to provide the desired product as an orange oil 
(98 mg, 71%). 
1H-NMR (CDCl3, 500 MHz): δ 8.69 (dd, J = 4.6, 1.6 Hz, 2H, Ar-H), 8.39 (s, 1H, Ar-H), 7.88–
7.87 (m, 1H, Ar-H), 7.79 (s, 1H, triazole-H), 7.67–7.65 (m, 1H, Ar-H), 7.40–35 (m, 2H, Ar-
H), 7.22 (d, J = 5.7 Hz, 2H, Ar-H), 5.68 (s, 2H, CH2). 
13C-NMR (CDCl3, 126 MHz): δ 151.0, 143.9, 143.3, 142.8, 141.2, 132.5, 124.5, 123.6, 122.3, 
121.0, 113.9, 111.0, 53.8.  

IR νmax (neat): 3067, 2934, 1597, 1457, 1418, 1288, 1139, 743 cm-1. 
HRMS (ESI): C15H12N6Na [M+Na]+ calculated 299.1016, found 299.1009. 
 
2.66j: 3-(4-(1H-Benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-2-oxo-2H-chromen-7-yl 
acetate  
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Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), 3-azido-2-oxo-2H-chromen-7-yl acetate 2.65j (123 mg, 0.5 mmol, 1 
equiv.) and Cu(OAc)2 (5 mg, 0.025 mmol,0.05 equiv.). The reaction mixture was dissolved in 
hot EtOAc (50 mL) and filtered over Celite. The filtrate was concentrated under vacuum to 
provide the desired product as a yellow solid (90 mg, 95%).   
1H-NMR-(DMSO-d6, 500 MHz): δ 9.26 (s, 1H, Ar-H), 8.90 (s, 1H, Ar-H), 8.83 (br. s, 1H, 

triazole-H), 8.04 (d, J = 8.5 Hz, 1H, Ar-H), 7.95 (d, J = 8.1 Hz, 1H, Ar-H), 7.82 (d, J = 8.0 

Hz, 1H, Ar-H), 7.50, (d, J = 1.7 Hz, 1H, Ar-H), 7.44 (t, J = 7.3 Hz, 1H, Ar-H), 7.38 (t, J = 7.6 

Hz, 1H, Ar-H), 7.33 (dd, J = 8.4, 2.0 Hz, 1H, Ar-H), 2.35 (s, 3H, CH3). 
13C-NMR (DMSO-d6, 126 MHz): δ 169.2, 156.1, 154.4, 153.7, 143.9, 143.2, 142.5, 136.1, 
133.0, 131.1, 124.6, 123.6, 123.0, 120.5, 120.2, 117.7, 116.4, 112.3, 110.8, 21.4.  
IR νmax (neat): 3133, 3077, 1770, 1729, 1615, 1584, 1497, 1453, 1367, 1306, 1225, 1185, 
1145, 1053, 990, 909, 814, 739 cm-1.  

HRMS (ESI): C20H14N5O4 [M+H]+ calculated 388.1040, found 388.1105. 
 
2.66k: 1-(1-(((3aR,5R,5aS,8aS,8bR)-2,2,7,7-Tetramethyltetrahydro-5H-bis([1,3]dioxolo) 
[4,5-b:4',5'-d]pyran-5-yl)methyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole  
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), (3aR,5R,5aS,8aS,8bR)-5-(azidomethyl)-2,2,7,7-
tetramethyltetrahydro-3aH-bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran 2.65k (143 mg, 0.5 mmol, 1 

equiv.) and Cu(OAc)2 (5 mg, 0.025 mmol, 0.05 equiv.). The resulting residue was purified by 
flash chromatography (silica gel, hexane/EtOAc 3/7) to provide the desired product as a 
colourless oil (145 mg, 68%).  
1H-NMR (CDCl3, 500 MHz): δ 8.41 (s, 1H, Ar-H), 8.07 (s, 1H, triazole-H), 7.88 (dd, J = 6.7, 
1.7 Hz, 1H, Ar-H), 7.69 (dd, J = 6.4, 1.1 Hz, 1H, Ar-H), 7.40–7.34 (m, 2H, Ar-H), 5.58 (d, J 

= 5.0 Hz, 1H, O-CH), 4.77 (dd, J = 14.5, 3.3 Hz, 1H, CH), 4.69 (dd, J = 7.8, 2.5 Hz, 1H, 1 x 
H of diastereotopic CH2), 4.58 (dd, J = 14.5, 9.0 Hz, 1H, 1 x H of diastereotopic CH2), 4.38 
(dd, J = 5.0, 2.6 Hz, 1H, O-CH), 4.30 (dd, J = 7.8, 1.8 Hz, 1H, CH), 4.26–4.23 (m, 1H, CH), 

1.52 (s, 3H, CH3), 1.41 (s, 3H, CH3), 1.39 (s, 3H, CH3), 1.31 (s, 3H, CH3).  
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13C-NMR (CDCl3, 126 MHz): δ 142.2, 141.5, 124.3, 123.3, 120.9, 115.4, 111.1, 110.2, 109.4, 
96.4, 71.4, 70.9, 70.4, 67.4, 51.7, 26.2, 26.1, 25.0, 24.5.  
IR νmax (neat): 2923, 1615, 1589, 1455, 1371, 1202, 1075, 1005, 888, 745 cm-1. 
HRMS (ESI): C21H26N5O5 [M+H]+ calculated 428.1928, found 428.1913. 
 

2.66l: 1-((2R,4S,5S)-4-(4-(1H-Benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-5-

(hydroxylmethyl)-tetrahy drofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione  
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), 1-((2S,4S,5S)-4-azido-5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-
methylpyrimidine-2,4(1H,3H)-dione 2.65l (134 mg, 0.5 mmol, 1 equiv.) and Cu(OAc)2 (5 mg, 
0.025 mmol, 0.05 equiv.). The reaction mixture was dissolved in MeOH, filtered and 
concentrated under vacuum. The resulting residue was purified by flash chromatography 
(silica gel, hexane/EtOAc 1/1 then MeOH/DCM 2/8) to provide the desired product as a white 
solid (178 mg, 88%).  
1H-NMR (DMSO-d6, 500 MHz): δ 11.40 (s, 1H, NH), 8.97 (s, 1H, Ar-H), 8.70 (s, 1H, triazole-
H), 7.91 (d, J = 8.0 Hz, 1H, Ar-H), 7.86 (d, J = 0.9 Hz, 1H, N-CH), 7.80 (d, J = 8.0 Hz, 1H, 
Ar-H), 7.41 (t, J = 7.8 Hz, 1H, Ar-H), 7.37–7.34 (m, 1H, Ar-H), 6.48 (t, J = 6.6 Hz, 1H, CH), 
5.50 (dt, J = 8.8, 5.2 Hz, 1H, CH), 5.34 (t, J = 5.3 Hz, 1H, CH), 4.38–4.35 (m, 1H, OH), 3.79–
3.69 (m, 2H, CH2), 2.92–2.86 (m, 1H, 1 x H diastereotopic CH2), 2.78–2.72 (m, 1H, 1 x H 
diastereotopic CH2), 1.83 (d, J = 0.7 Hz, 3H, CH3). 
13C-NMR (DMSO-d6, 126 MHz): δ 163.8, 150.5, 141.8, 136.3, 124.0, 123.0, 120.0, 115.8, 
111.7, 109.7, 84.3, 83.9, 60.8, 60.3, 37.0, 12.3.  

IR νmax (neat): 3441, 3099, 2838, 1707, 1656, 1600, 1407, 1277, 1264, 1143, 1111, 1037, 881 
cm-1. 
HRMS (ESI): C19H20N7O4 [M+H]+ calculated 410.1571, found 410.1555. 
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2.66m: N-(2-(4-(1H-Benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)ethyl)-N-
methylbenzo[c][1,2,5]oxadia zol-4-amine  

 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (71 
mg, 0.5 mmol, 1 equiv.), N-(2-azidoethyl)-N-methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-
amine 2.65m (132 mg, 0.5 mmol, 1 equiv.) and Cu(OAc)2 (5 mg, 0.025 mmol, 0.05 equiv.). 
The reaction mixture was filtered, and the solid residue was washed with an excess of MeCN 
to provide the desired product as an orange solid (192 mg, 95%).  
1H-NMR (CDCl3, 500 MHz): δ 8.74 (s, 1H, Ar-H), 8.55 (s, 1H, triazole-H), 8.49 (d, J = 9.1 

Hz, 1H, Ar-H), 7.77–7.76 (m, 1H, CH), 7.55-7.53 (m, 1H, Ar-H), 7.33–7.32 (m, 2H, Ar-H), 
6.43 (d, J = 9.2 Hz, 1H, CH), 4.94 (t, J = 5.3 Hz, 2H, CH2), 4.71 (s, 2H, CH2), 3.37 (s, 3H, 
CH3). 
IR νmax (neat): 3119, 1613, 1558, 1534, 1271, 1217, 1002, 768, 756, 742 cm-1. 
HRMS (ESI): C18H15N9NaO [M+Na]+ calculated 428.1190, found 428.1176. 
 
2.66n: 5-(N-(3-(4-(1H-Benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)sulfamoyl)-2-
(6-(dithylamin o)-3-(diethyliminio)-3H-xanthen-9-yl)benzenesulfonate 
 

 
Prepared according to General Procedure D using 1-ethynyl-1H-benzo[d]imidazole 2.63 (10 

mg, 0.07 mmol, 1 equiv.), 5-(N-(3-azidopropyl)sulfamoyl)-2-(6-(diethylamino)-3-
(diethyliminio)-3H-xanthen-9-yl)benzenesulfonate 2.65n (45 mg, 0.07 mmol, 1 equiv.) and 
Cu(OAc)2 (0.7 mg, 0.035 mmol, 0.05 equiv.). The resulting residue was purified by flash 
chromatography (silica gel, DCM/MeOH 15/1) to provide the desired product as a dark purple 
solid (36 mg, 65%). 
IR νmax (neat): 3876, 1595, 1418, 1320, 1173, 1074, 1026, 724, 686 cm-1. 
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HRMS (ESI):  C39H43N8O6S2 [M+H]+ calculated 783.2741, found 783.2710. C39H42N8NaO6S2 

[M+Na]+ calculated 805.2561, found 805.2530. 
 

 Products from Scheme 2.21 

2.84: N-(1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 
 

 
To a solution of hept-6-ynoic acid 2.81 (61 µL, 0.5 mmol, 1 equiv.) in DMF (3 mL) was added 

DIPEA (0.3 mL, 1.9 mmol, 4 equiv.) and HATU (0.18 g, 0.5 mmol, 1 equiv.). The resulting 
mixture was stirred at rt for 30 minutes, after which 1-((triisopropylsilyl)ethynyl)-1H-
benzo[d]imidazol-6-amine 2.70a (0.15 g, 0.5 mmol, 1 equiv.) was added. The reaction was 
then stirred at rt for 20 h, after which EtOAc (100 mL) was added. The mixture was washed 
with sat. aq. NaHCO3 (1 x 50 mL) and brine (1 x 50 mL), dried over Na2SO4 and concentrated 
under reduced pressure. The resulting residue was purified by flash chromatography (silica 

gel, hexane/EtOAc 7/3) to provide the desired product as an orange oil (0.2 g, 97%). 
 1H-NMR (CDCl3, 400 MHz): δ 8.12 (s, 1H, Ar-H), 8.09 (br. s, 1H, NH), 8.02 (s, 1H, Ar-H), 
7.64 (d, J = 8.6 Hz, 1H, Ar-H), 7.24 (dd, J = 8.6, 1.9 Hz, 1H, Ar-H), 2.41 (t, J = 7.6 Hz, 2H, 

a-CH2), 2.20 (td, J = 7.0, 2.6 Hz, 2H, d-CH2), 1.94 (t, J = 2.6 Hz, 1H, alk-H), 1.85 (app. quint, 

J = 7.6 Hz, 1H, b-CH2), 1.59 (app. quint, J = 7.0 Hz, 1H, c-CH2), 1.14–1.13 (m, 21H, TIPS).  

13C-NMR (CDCl3, 100 MHz): δ 171.3, 143.9, 138.3, 135.8, 135.1, 120.8, 116.9, 102.7, 89.9, 

84.1, 68.8, 37.2, 28.0, 24.9, 18.7, 11.3. 
IR νmax (neat): 3306, 3080, 2943, 2865, 2186, 1664, 1604, 1550, 1485, 1442, 1217, 882, 677 
cm-1. 
HRMS (ESI): C25H36N3OSi [M+H]+ calculated 422.2628, found 422.2628. 
 
2.82: N-(1-Ethynyl-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 
 

 
To a solution of N-(1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 
2.84 (2.2 g, 5.2 mmol, 1 equiv.) in THF (285 mL) was added TBAF (1 M in THF, 5.5 mL, 5.5 

mmol, 1.05 equiv.). The reaction was then stirred at rt for 30 minutes, after which the solution 
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was concentrated under reduced pressure in the dark. The resulting residue was purified by 
flash chromatography (silica gel, hexane/EtOAc 4/6) to provide the desired product as a white 
solid that was stored at 0 °C (1.3 g, 91%). 
1H-NMR (400 MHz, MeOD): δ 8.38 (s, 1H, Ar-H), 8.26 (d, J = 2.0 Hz, 1H, Ar-H), 7.65 (d, J 

= 8.6 Hz, 1H, Ar-H), 7.33 (dd, J = 8.6, 2.0 Hz, 1H, Ar-H), 4.07 (s, 1H, ynamine-H), 2.44 (t, J 

= 7.6 Hz, 2H, a-CH2), 2.27–2.22 (m, 3H, Alk-H and d-CH2), 1.88–1.80 (m, 2H, b-CH2), 1.63–

1.57 (m, 2H, c-CH2).  

13C-NMR (100 MHz, MeOD): δ 174.4, 145.9, 138.6, 136.0, 135.9, 121.0, 118.3, 103.3, 84.6, 
70.5, 69.8, 64.2, 37.4, 29.2, 25.9,18.8.  
IR νmax (neat): 3278, 3193, 2938, 2156, 1655, 1620, 1596, 1529, 1500, 1488, 1446, 1414, 
1309, 1281, 1252, 1212, 1177, 969, 848, 817, 657 cm-1.  
HRMS (ESI): C16H16N3O [M+H]+ calculated 266.1293, found 266.1320. 

 

 Products from Scheme 2.22 

S1: N-(1-(1-(2-(Methyl(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)-1H-1,2,3-triazol-
4-yl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 

 

 
To a solution of N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 2.82 (50 mg, 0.19 
mmol, 1 equiv.) and N-(2-azidoethyl)-N-methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine 
2.65m (50 mg, 0.19 mmol, 1 equiv.) in MeCN (2 mL) was added Cu(OAc)2 (1.7 mg, 0.0094 
mmol, 0.05 equiv.). The reaction was stirred at rt for 16 h, after which EtOAc (20 mL) was 
added. The mixture was washed with aq. EDTA (10 mg/mL, 20 mL) and brine (2 x 20 mL), 
dried over Na2SO4 and concentrated under reduced pressure to provide the desired product as 

an orange solid (92 mg, 93%). 
1H-NMR (DMSO-d6, 400 MHz): δ 10.04 (s, 1H, NH), 8.66 (s, 1H, Ar-H), 8.49 (d, J = 8.3 Hz, 
1H, Ar-H), 8.42 (s, 1H, triazole-H), 8.27 (s, 1H, Ar-H), 7.66 (d, J = 8.0 Hz, 1H, Ar-H), 7.34 
(d, J = 7.6 Hz, 1H, Ar-H), 6.43 (d, J = 9.3 Hz, 1H, Ar-H), 4.95 (t, J = 5.6 Hz, 2H, triazole-
CH2-CH2), 4.68 (br. s, 2H, triazole-CH2-CH2), 3.36 (s, 3H, CH3), 2.75 (t, J = 2.6 Hz, 1H, Alk-
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H), 2.34 (t, J = 7.3 Hz, 2H, a-CH2), 2.20 (dt, J = 6.9, 2.2 Hz, 2H, d-CH2), 1.69 (app. quint, J 

= 7.7 Hz, 2H, b-CH2), 1.50 (app. quint, J = 7.3 Hz, 2H, g-CH2).  

IR νmax (neat): 3300, 3263, 3237, 3125, 2847, 1679, 1613, 1582, 1554, 1539, 1496, 1483, 
1435, 1275, 1219, 1095, 1043, 1006, 829, 816, 805, 740, 669 cm-1.  
HRMS (ESI): C25H24N10NaO4 [M+Na]+ calculated 551.1874, found 551.1861. 

 

2.83a: 5-(1-((3-Propyl)ferrecenylcarboxamide)-1H-1,2,3-triazol-4-yl)-N-(1-(1-(2-(methyl(7-
nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)-1H-1,2,3-triazol-4-yl)-1H-
benzo[d]imidazol-6-yl)pentanamide                                                                   

 

 
Procedure A: To a solution of N-(1-(1-(2-(methyl(7-nitrobenzo[c][1,2,5]oxadiazol-4-
yl)amino)ethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide S1 (30 

mg, 0.06 mmol, 1 equiv.), N-(3-azidopropyl)ferrecenylcarboxamide 2.65g (18 mg, 0.06 mmol, 
1 equiv.) and AMTC (1.3 mg, 0.006 mmol, 0.1 equiv.) in MeOH/H2O (1/1, 2 mL) were added 
CuSO4 (0.5 mg, 0.003 mmol, 0.05 equiv.) and NaAsc (1.1 mg, 0.006 mmol, 0.1 equiv.). The 
reaction was stirred at rt for 16 h, after which EtOAc was added (20 mL). The mixture was 
washed with aq. EDTA (10 mg/mL, 20 mL) and brine (2 x 20 mL), dried over Na2SO4 and 
concentrated under reduced pressure to provide the desired product as a brown solid (48 mg, 
98%). 

Procedure B: To a solution of N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 2.82 
(20 mg, 0.08 mmol, 1 equiv.) and N-(2-azidoethyl)-N-methyl-7-
nitrobenzo[c][1,2,5]oxadiazol-4-amine 2.65m (20 mg, 0.08 mmol, 1 equiv.) in MeCN (2 mL) 
was added Cu(OAc)2 (0.7 mg, 0.004 mmol, 0.05 equiv.). The reaction was stirred at rt for 16 
h, after which MeOH/H2O (1/1, 2 mL) was added followed by N-(3-
azidopropyl)ferrecenylcarboxamide 2.65g (23 mg, 0.008 mmol, 1 equiv.), AMTC (2 mg, 
0.008 mmol, 0.1 equiv.) and NaAsc (1.5 mg, 0.008 mmol, 0.1 equiv.). The reaction was then 

stirred at rt for an additional 16 h, after which EtOAc (20 mL) was added. The mixture was 
washed with aq. EDTA (10 mg/mL, 20 mL) and brine (2 x 20 mL), dried over Na2SO4, and 
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concentrated under reduced pressure to provide the desired product as a brown solid (61 mg, 
97%). 
 
1H-NMR (DMSO-d6, 400 MHz): δ 10.24 (s, 1H, NH), 8.82 (s, 1H, NH), 8.53 (s, 1H, Ar-H), 
8.44 (d, J = 9.2 Hz, 1H, Ar-H), 8.39 (s, 1H, Ar-H), 8.12 (s, 1H, triazole-H), 7.88 (br. s, 1H, 
triazole-H), 7.66 (d, J = 8.2 Hz, 1H, Ar-H), 7.49 (d, J = 8.7 Hz, 1H, Ar-H), 6.35 (d, J = 8.8 

Hz, 1H, Ar-H), 4.84 (s, 2H, 2 x CH), 4.74 (br. s, 2H, ynamine-triazole-CH2-CH2), 4.58–4.57 
(m, 4H, Alk-triazole-CH2-CH2-CH2 and ynamine-triazole-CH2-CH2), 4.34 (s, 2H, 2 x CH), 
4.19–4.18 (m, 5H, 5 x CH), 3.29 (br. s, 5H, Alk-triazole-CH2-CH2-CH2 and CH3), 2.39–2.31 

(m, 4H, a-CH2 and d-CH2), 2.19–2.14 (m, 2H, Alk-triazole-CH2-CH2-CH2), 1.51–1.49 (m, 4H, 

b-CH2 and g-CH2).  

IR νmax (neat): 3417, 3396, 3385, 3289, 3110, 2948, 2058, 1615, 1554, 1539, 1472, 1442, 

1370, 1290, 1217, 1119, 1091, 1004, 820, 781, 742, 697, 684, 675, 662 cm-1. 
HRMS (ESI): C39H40FeN14NaO5 [M+Na]+ calculated 863.2548, found 863.2521. 
 
S2: N-(1-(1-((3-Propyl)ferrecenylcarboxamide)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazol-
6-yl)hept-6-ynamide 

 

 
To a solution of N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 2.82 (50 mg, 0.19 
mmol, 1 equiv.) and N-(3-azidopropyl)ferrecenylcarboxamide 2.65g (60 mg, 0.19 mmol, 1 

equiv.) in MeCN (2 mL) was added Cu(OAc)2 (1.7 mg, 0.0094 mmol, 0.5 equiv.). The reaction 
was stirred at rt for 16 h, after which EtOAc (20 mL) was added. The mixture was washed 
with aq. EDTA (10 mg/mL, 20 mL) and brine (2 x 20 mL), dried over Na2SO4 and 
concentrated under reduced pressure to provide the desired product as a brown solid (101 mg, 
93%). 
1H-NMR (DMSO-d6, 400 MHz): δ 10.06 (s, 1H, NH), 8.73 (s, 1H, NH), 8.52 (s, 1H, Ar-H), 
8.36 (s, 1H, Ar-H), 7.94 (br. s, 1H, triazole-H), 7.68 (d, J = 8.6 Hz, 1H, Ar-H), 7.43 (d, J = 

8.6 Hz, 1H, Ar-H), 4.80 (s, 2H, 2 x CH), 4.58 (t, J = 6.7 Hz, 2H, triazole-CH2-CH2-CH2), 4.36 

(s, 2H, 2 x CH), 4.19 (s, 5H, 5 x CH), 3.42–3.37 (m, 2H, triazole-CH2-CH2-CH2), 2.77 (s, 1H, 
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Alk-H), 2.35 (t, J = 6.8 Hz, 2H, a-CH2), 2.20–2.18 (m, 4H, triazole-CH2-CH2-CH2 and d-

CH2), 1.69 (app. quint, J = 8.1 Hz, 2H, g-CH2), 1.50 (app. quint, J = 7.6 Hz, 2H, b-CH2).   

IR νmax (neat): 3287, 3090, 2930, 2861, 2115, 1623, 1587, 1539, 1496, 1487, 1437, 1353, 
1299, 1225, 1191, 1108, 1004, 946, 818, 734, 702 cm-1. 
HRMS (ESI): C30H32FeN7O2 [M+H]+ calculated 577.1889, found 577.1910. 

 

2.83b: N-(1-(1-((3-Propyl)ferrecenylcarboxamide)1H-1,2,3-triazol-4-yl)-1H-
benzo[d]imidazol-6-yl)-5-(1-(2-(methyl(7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)ethyl)-
1H-1,2,3-triazol-4-yl)pentanamide 

 

 
Procedure A: To a solution of N-(1-(1-((3-propyl)ferrecenylcarboxamide)-1H-1,2,3-triazol-
4-yl)-1H-benzo[d]imidazole-6-yl)hept-6-ynamide S2 (23 mg, 0.09 mmol, 1 equiv.), N-(2-
azidoethyl)-N-methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine 2.65m (11 mg, 0.09 mmol, 1 
equiv.) and AMTC (4 mg, 0.009 mmol, 0.1 equiv.) in MeOH/H2O (1/1, 2 mL) were added 
CuSO4 (0.8 mg, 0.004 mmol, 0.05 equiv.) and NaAsc (2 mg, 0.009 mmol, 0.1 equiv.). The 
reaction was stirred at rt for 16 h, after which EtOAc (20 mL) was added. The mixture was 
washed with aq. EDTA (10 mg/mL, 20 mL) and brine (2 x 20 mL), dried over Na2SO4 and 

concentrated under reduced pressure to provide the desired product as a brown solid (66 mg, 
90%). 
Procedure B: To a solution of N-(1-ethynyl-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 2.82 
(20 mg, 0.08 mmol, 1 equiv.) and N-(3-azidopropyl)ferrecenylcarboxamide 2.65g (23 mg, 
0.008 mmol, 1 equiv.) in MeCN (2 mL) was added Cu(OAc)2 (0.7 mg, 0.004 mmol, 0.05 
equiv.). The reaction was stirred at rt for 16 h, after which MeOH/H2O (1/1, 2 mL) were added 
followed by N-(2-azidoethyl)-N-methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine 2.65m (20 

mg, 0.08 mmol, 1 equiv.), AMTC (2 mg, 0.008 mmol, 0.1 equiv.) and NaAsc (2 mg, 0.008 
mmol, 0.1 equiv.). The reaction was stirred at rt for an additional 16 h, after which EtOAc (20 
mL) was added. The mixture was washed with aq. EDTA (10 mg/mL, 20 mL) and brine (2 x 

N

N
H
N

O

4

N
N N

N

Me

O2N
N O

N

NN
N

HN

Fc

O



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 95 

20 mL), dried over Na2SO4 and concentrated under reduced pressure to provide the desired 
product as a brown solid (58 mg, 92%). 
 
1H-NMR (DMSO-d6, 400 MHz ): δ 10.23 (s, 1H, NH), 8.81 (s, 1H, NH), 8.52 (s, 1H, Ar-H), 
8.43 (d, J = 9.4 Hz, 1H, Ar-H), 8.37 (s, 1H, Ar-H), 8.11 (s, 1H, triazole-H), 7.87 (br. s, 1H, 
triazole-H), 7.65 (d, J = 8.7 Hz, 1H, Ar-H), 7.48 (d, J = 8.7 Hz, 1H, Ar-H), 6.34 (d, J = 8.7 

Hz, 1H, Ar-H), 4.83 (s, 2H, 2 x CH), 4.72 (t, J = 5.5 Hz, 2H, triazole-CH2-CH2-N-CH3), 4.57 
(t, J = 5.9 Hz, 4H, triazole-CH2-CH2-CH2-NHCO and triazole-CH2-CH2-N-CH3), 4.33 (s, 2H, 
3 x CH), 4.17 (s, 5H, 5 x CH), 3.25 (br. s, 5H, triazole-CH2-CH2-CH2-NHCO and CH3), 2.33 

(br. s, 4H, a-CH2 and d-CH2), 2.18–2.13 (m, 2H, triazole-CH2-CH2-CH2-NHCO), 1.64–1.50 

(m, 4H, b-CH2 and g-CH2).  

IR νmax (neat): 3417, 3396, 3385, 3289, 3110, 2948, 2058, 1615, 1554, 1539, 1472, 1442, 

1370, 1290, 1217, 1119, 1091, 1004, 820, 781, 742, 697, 684, 675, 662 cm-1. 
HRMS (ESI): C39H40FeN14NaO5 [M+Na]+ calculated 863.2548, found 863.2521. 
 

 Products from Scheme 2.23 

2.73a: 1-(1-Benzyl-1H-1,2,3-triazol-4-yl)-5,6-dimethyl-1H-benzo[d]imidazole  

 

 
Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (50 mg, 0.15 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(22 mg, 0.15 mmol, 1 equiv.), benzyl azide 2.65a (19 μL, 0.15 mmol, 1 equiv.), TBAF (56 
μL, 0.17 mmol, 1.1 equiv.) and Cu(OAc)2 (1.5 mg, 0.0077 mmol, 0.05 equiv.). The resulting 
residue was purified by flash chromatography (silica gel, hexane/EtOAc 3/7) to provide the 
desired product as a white solid (31 mg, 66%).  
1H-NMR (CDCl3, 400 MHz): δ 8.20 (br. s, 1H, triazole-H), 7.67 (s, 1H, Ar-H), 7.58 (br. s, 
1H, Ar-H), 7.39–7.45 (m, 4H, Ar-H), 7.37–7.34 (m, 2H, Ar-H), 5.62 (s, 2H, CH2), 2.37 (s, 6H, 
CH3). 
13C-NMR (CDCl3, 100 MHz): δ 143.2, 142.4, 140.4, 134.0, 133.6, 132.2, 131.1, 129.5, 129.3, 
128.3, 120.7, 113.5, 111.3, 55.2, 20.7, 20.3. 
IR νmax (neat): 3086, 2922, 2854, 1724, 1584, 1495, 1459, 1407, 1284, 1213, 1053, 867, 718 
cm-1.  
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HRMS (ESI): C18H17N5 [M+H]+ calculated 304.1557, found 304.1551. 
 
2.73b: 5,6-Dimethyl-1-(1-octyl-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole  
 

 

Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (45 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), 1-azidooctane 2.65b (21 mg, 0.14 mmol, 1 equiv.), TBAF (49 
μL, 0.15 mmol, 1.1 equiv.) and Cu(OAc)2 (1.2 mg, 0.007 mmol, 0.05 equiv.). The resulting 
residue was purified by flash chromatography (silica gel, hexane/EtOAc 3/7) to provide the 
desired product as a white solid (88 mg, 98%).  
1H-NMR (CDCl3, 500 MHz): δ 8.62 (br. s, 1H, triazole-H), 7.77–7-68 (m, 3H, Ar-H), 4.45 (t, 
J = 7.1 Hz, 2H, Ar-H), 2.40 (s, 3H, CH3), 2.38 (s, 3H, CH3), 2.00 (app. quint, J = 6.6 Hz, 2H, 
CH2), 1.40–1.26 (m, 10H, CH2), 0.87 (t, J = 7.2 Hz, 3H, CH3). 
13C-NMR (CDCl3, 100 MHz): δ 133.9, 132.0, 113.8, 51.5, 31.8, 30.4, 29.8, 29.2, 29.1, 26.6, 
22.7, 20.7, 20.4, 14.2. 
IR νmax (neat): 3135, 2924, 2857, 1740, 1597, 1500, 1470, 1383, 1292, 1206, 1156, 1091, 
1053, 1033, 949, 869, 785 cm-1.  
HRMS (ESI): C19H27N5 [M+H]+ calculated 326.2339, found 326.2323. 

 
2.73d: 1-(1-((3s,5s,7s)-Adamantan-1-yl)-1H-1,2,3-triazol-4-yl)-5,6-dimethyl-1H-
benzo[d]imidazole 
 

 
Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (45 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), 1-azidoadamantane 2.65d (24 mg, 0.14 mmol, 1 equiv.), TBAF 
(49 μL, 0.15 mmol, 1.1 equiv.) and Cu(OAc)2 (1.2 mg, 0.007 mmol, 0.05 equiv.). The resulting 
residue was purified by flash chromatography (silica gel, hexane/EtOAc 3/7) to provide the 
desired product as a white solid (95 mg, 99%).  
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1H-NMR (CDCl3, 400 MHz): δ 8.22 (br. s, 1H, triazole-H), 7.82 (s, 1H, Ar-H), 7.60 (s, 1H, 
Ar-H), 7.47 (s, 1H, Ar-H), 2.39 (s, 3H, CH3), 2.38 (s, 3H, CH3), 2.33 (br. s, 9H, CH), 1.83 (br. 
s, 6H, CH). 
13C-NMR (CDCl3, 100 MHz): δ 142.4, 142.1, 140.7, 133.5, 132.1, 131.4, 120.7, 111.4, 110.6, 
61.0, 43.1, 35.9, 29.8, 29.6, 20.7, 20.4. 
IR νmax (neat): 3080, 2917, 2852, 1725, 1586, 1495, 1467, 1448, 1281, 1216, 1149, 1019, 948, 

861, 844 cm-1.  
HRMS (ESI): C21H26N5 [M+H]+ calculated 348.2183, found 348.2179. 
 
2.73h: 5,6-Dimethyl-1-(1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole  
 

 

Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (45 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), 2-(azidomethyl)pyridine 2.65h (18 mg, 0.14 mmol, 1 equiv.), 

TBAF (49 μL, 0.15 mmol, 1.1 equiv.) and Cu(OAc)2 (1.2 mg, 0.007 mmol, 0.05 equiv.). The 
resulting residue was purified by flash chromatography (silica gel, hexane/EtOAc 3/7) to 
provide the desired product as a yellow oil (83 mg, 99%).  
1H-NMR (CDCl3, 500 MHz): δ 8.61 (d, J = 4.5 Hz, 1H, Ar-H), 8.24 (s, 1H, triazole-H), 8.03 
(s, 1H, Ar-H), 7.72 (dt, J = 7.7, 1.7 Hz, 1H, Ar-H), 7.57 (s, 1H, Ar-H), 7.45 (s, 1H, Ar-H), 
7.33 (d, J = 7.7 Hz, 1H, Ar-H), 7.30–7.27 (m, 1H), 5.72 (s, 2H, benzylic CH2), 2.36 (app. s, 
6H, 2 x CH3). 
13C-NMR (CDCl3, 100 MHz): δ 153.6, 150.1, 143.0, 142.3, 140.4, 137.6, 132.2, 132.1, 123.8, 

122.8, 120.6, 114.3, 111.3, 56.4, 20.6, 20.3.  
IR νmax (neat): 3105, 2960, 2917, 2852, 1586, 1502, 1465, 1435. cm-1.  
HRMS (ESI): C17H16N6 [M+H]+ calculated 305.1509, found 305.1508. 
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2.73m: N-(2-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)ethyl)-N-
methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-amine 
 

 

Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (50 mg, 0.29 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(41 mg, 0.29 mmol, 1 equiv.), N-(2-azidoethyl)-N-methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-
amine 2.65m (77 mg, 0.29 mmol, 1 equiv.), TBAF (104 μL, 0.31 mmol, 1.1 equiv.) and 

Cu(OAc)2 (2.5 mg, 0.015 mmol, 0.05 equiv.). The resulting residue was purified by flash 
chromatography (silica gel, hexane/EtOAc 1/9) to provide the desired product as a red solid 
(119 mg, 95%). 
1H-NMR (CDCl3, 400 MHz): δ 8.49–8.48 (m, 2H, Ar-H), 7.63 (s, 1H, Ar-H), 7.49 (br. s, 1H, 
Ar-H), 6.38 (d, J = 9.3 Hz, 1H, Ar-H), 4.98 (t, J = 4.5 Hz, 2H, triazole-CH2-CH2), 3.45–3.42 
(m, 2H, triazole-CH2-CH2), 2.40–2.39 (m, 6H, 2 x CH3), 2.03 (s, 3H, CH3).  
IR νmax (neat): 3599, 3108, 3082, 2917, 2852, 1613, 1597, 1550, 1424, 1288, 1216, 1149, 

1087, 1002, 918, 732 cm-1.  
HRMS (ESI): C20H20N9O3 [M+H]+ calculated 434.1684, found 434.1613. 
 

2.73o: (S)-5,6-Dimethyl-1-(1-(1-phenylethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole 

 

 

Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (50 mg, 0.15 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 

(22 mg, 0.15 mmol, 1 equiv.), (S)-(1-azidoethyl)benzene 2.65o (23 mg, 0.15 mmol, 1 equiv.), 
TBAF (56 μL, 0.17 mmol, 1.1 equiv.) and Cu(OAc)2 (1.7 mg, 0.008 mmol, 0.05 equiv.). The 
resulting residue was purified by flash chromatography (silica gel, hexane/EtOAc 3/7) to 
provide the desired product as a white solid (46 mg, 95%).  
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1H-NMR (CDCl3, 400 MHz): δ 8.20 (br. s, 1H, triazole-H), 7.63 (s, 1H, Ar-H), 7.59 (br. s, 
1H, Ar-H), 7.45–7-35 (m, 6H, Ar-H), 5.88 (q, J = 7.0 Hz, 1H, CH), 2.37 (s, 6H, CH3), 2.09 (d, 
J = 7.1 Hz, 3H, CH3).  
13C-NMR (CDCl3, 100 MHz): δ 139.3, 133.6, 132.3, 129.4, 126.7, 120.7, 112.6, 111.5, 61.5, 
29.8, 21.3, 20.7, 20.4.  
IR νmax (neat): 3110, 2926, 2857, 1724, 1590, 1498, 1459, 1383, 1286, 1212, 1143, 910, 731 

cm-1.  
HRMS (ESI): C19H19N5 [M+H]+ calculated 318.1713, found 318.1704. 
 

2.73p: (S)-2-((Tert-butoxycarbonyl)amino)-6-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-
1H-1,2,3-triazol-1-yl)hexanoic acid 

 

 

Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (44 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 

(20 mg, 0.14 mmol, 1 equiv.), Boc-Lys(N3)-OH 2.65p (50 mg, 0.14 mmol, 1 equiv.), TBAF 
(42 μL, 0.16 mmol, 1.1 equiv.) and Cu(OAc)2 (1.2 mg, 0.006 mmol, 0.05 equiv.). The resulting 
residue was purified by flash chromatography (silica gel, DCM/MeOH 9/1 + 0.01% AcOH) 
to provide the desired product as a yellow solid (56 mg, 94%).  
1H-NMR (CDCl3, 400 MHz): δ 9.80 (br. s, 1H, triazole-H), 8.79 (s, 1H, Ar-H), 7.91 (s, 1H, 
Ar-H), 7.71 (s, 1H, Ar-H), 4.60 (br. s, 2H, triazole-CH2-CH2-CH2-CH2-CH), 4.08 (br. s, 1H, 
triazole-CH2-CH2-CH2-CH2-CH), 2.48 (s, 6H 2 x CH3), 2.08 (br. s, 2H, triazole-CH2-CH2-
CH2-CH2-CH), 1.89 (br. s, 1H, triazole-CH2-CH2-CH2-CH2-CH), 1.74 (br. s, 1H, triazole-CH2-

CH2-CH2-CH2-CH), 1.51 (br. s, 2H, triazole-CH2-CH2-CH2-CH2-CH), 1.41 (s, 9H, Boc).  
13C-NMR (CDCl3, 100 MHz): δ 175.9, 158.1, 141.0, 139.2, 138.9, 119.9, 116.0, 114.8, 80.4, 
54.6, 52.4, 32.2, 30.6, 28.7, 23.9, 20.7, 20.5. 
IR νmax (neat): 3382, 3127, 2974, 2867, 2485, 2233, 2071, 1686, 1591, 1422, 1392, 1368, 
1247, 1165, 1119, 1052, 974 cm-1.  
HRMS (ESI): C22H31N6O4 [M+H]+ calculated 443.2401, found 443.2389. 
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2.73q: N-(3-(4-(5,6-Dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)-5-
(dimethylamino)naphthalene-1-sulfonamide 
 

 

Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (30 mg, 0.09 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(13 mg, 0.09 mmol, 1 equiv.), N-(3-azidopropyl)-5-(dimethylamino)naphthalene-1-
sulfonamide 2.65q (31 mg, 0.09 mmol, 1 equiv.), TBAF (30 μL, 0.1 mmol, 1.1 equiv.) and 
Cu(OAc)2 (0.8 mg, 0.004 mmol, 0.05 equiv.). The resulting residue was purified by flash 
chromatography (silica gel, DCM/MeOH 9/1) to provide the desired product as a yellow solid 

(43 mg, 92%).  
1H-NMR (CDCl3, 500 MHz): δ 8.52 (d, J = 8.6 Hz, 1H, Ar-H), 8.27 (d, J = 8.6 Hz, 1H, Ar-
H), 8.24 (s, 1H, triazole-H), 8.21 (d, J = 8.6 Hz, 1H, Ar-H), 7.80 (s, 1H, Ar-H), 7.61 (s, 1H, 
Ar-H), 7.55 (t, J = 7.6 Hz, 1H, Ar-H), 7.50–7.46 (m, 2H, Ar-H), 7.16 (d, J = 7.6 Hz, 1H, Ar-

H), 5.38 (t, J = 6.5 Hz, 1H, Ar-H), 4.54 (t, J = 5.5 Hz, 2H, a-CH2), 2.94 (q, J = 6.2 Hz, 2H, b-

CH2), 2.86 (s, 6H, CH3), 2.39 (s, 6H, CH3), 2.16–2.14 (m, 2H, g-CH2).  
13C-NMR (CDCl3, 100 MHz): δ 152.4, 142.6, 142.4, 140.5, 134.2, 133.8, 132.4, 131.0, 130.1, 
129.9, 129.6, 128.9, 123.4, 120.7, 118.3, 115.5, 114.7, 111.4. 
IR νmax (neat): 3127, 2924, 2857, 2794, 1750, 1597, 1457, 1396, 1325, 1312, 1234, 1146, 
1092, 1042, 951, 789 cm-1.  
HRMS (ESI): C26H30N7O2S [M+H]+ calculated 504.2176, found 504.2153. 
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2.73r: 1-(3',6'-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)-3-(3-(4-(5,6-
dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)thiourea 
 

 
Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (39 mg, 0.12 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(17 mg, 0.12 mmol, 1 equiv.), 1-(3-azidopropyl)-3-(3',6'-dihydroxy-3-oxo-3H-
spiro[isobenzofuran-1,9'-xanthen]-5-yl)thiourea 2.65r (56 mg, 0.12 mmol, 1 equiv.), TBAF 
(38 μL, 0.13 mmol, 1.1 equiv.) and Cu(OAc)2 (1.1 mg, 0.006 mmol, 0.05 equiv.) in MeOH (2 
mL). After 16 h, DCM (10 mL) was added, and the mixture was washed with HCl (1 M, 10 
mL), aq. EDTA (10 mg/mL, 10 mL) and brine (10 mL). The resulting residue was purified by 
flash chromatography (silica gel, DCM/MeOH 9/1) to provide the desired product as a red 
solid (66 mg, 85%).  
1H-NMR (CDCl3, 400 MHz): δ 9.32 (br. s, 1H, triazole-H), 9.00 (s, 1H, Ar-H), 8.45 (s, 1H, 
Ar-H), 7.86 (d, J = 8.0 Hz, 1H, Ar-H), 7.82 (s, 1H, Ar-H), 7.65–7.62 (m, 2H, Ar-H), 7.16 (d, 
J = 8.3 Hz, 1H, Ar-H), 6.72–6.68 (m, 2H, Ar-H), 6.60–6.56 (m, 3H, Ar-H), 4.66 (t, J = 6.9 
Hz, 2H, triazole-CH2-CH2-CH2-NH), 3.51 (s, 2H, triazole-CH2-CH2-CH2-NH), 3.16 (s, 2H, 
triazole-CH2-CH2-CH2-NH), 2.40 (s, 3H, CH3), 2.38 (s, 3H, CH3). 
IR νmax (neat): 2924, 2113, 1716, 1593, 1541, 1457, 1381, 1303, 1245, 1210, 854 cm-1.  
HRMS (ESI): C35H29N7O5S [M+H]- calculated 658.1878, found 642.1632 [M-OH]-. 
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2.73s: N-(2-(2-(2-(2-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-
yl)ethoxy)ethoxy)ethoxy)ethyl)-5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-
4-yl)pentanamide 
 

 
Prepared according to General Procedure G using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (15 mg, 0.05 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 (7 
mg, 0.05 mmol, 1 equiv.), biotin-PEG3-N3 2.65s (20 mg, 0.05 mmol, 1 equiv.), TBAF (14 μL, 
0.06 mmol, 1.1 equiv.) and Cu(OAc)2 (0.4 mg, 0.002 mmol, 0.05 equiv.). The resulting residue 
was purified by flash chromatography (silica gel, DCM/MeOH 9/1) to provide the desired 
product as a white solid (24 mg, 87%).  
1H-NMR (CDCl3, 400 MHz): δ 8.52 (s, 2H, triazole-H and Ar-H), 7.63 (br. s, 1H, Ar-H), 7.55 
(br. s, 1H, Ar-H), 4.71 (t, J = 5.2 Hz, 2H, triazole-CH2-CH2-O), 4.45 (dd, J = 7.8, 4.9 Hz, 1H, 
S-CH-CH-NH), 4.25 (dd, J = 7.9, 4.5 Hz, 1H, S-CH2-CH-NH), 3.99 (t, J = 4.9 Hz, 2H, triazole-
CH2-CH2-O), 3.69–3.66 (m, 2H, CONH-CH2-CH2-O), 3.64–3.62 (m, 2H, O-CH2-CH2-O), 
3.58–3.55 (m, 2H, O-CH2-CH2-O), 3.49–3.47 (m, 2H, O-CH2-CH2-O), 3.38 (t, J = 5.4 Hz, 2H, 
O-CH2-CH2-O), 3.24 (t, J = 5.4 Hz, 2H, CONH-CH2-CH2-O), 3.17–3.12 (m, 1H, S-CH-CH-
NH), 2.88 (dd, J = 12.8, 5.0 Hz, 1H, S-CH2-CH-NH), 2.68 (d, J = 12.7 Hz, 1H, S-CH2-CH-
NH), 2.41 (s, 3H, CH3), 2.40 (s, 3H, CH3), 2.17–2.13 (m, 2H, CO-CH2-CH2-CH2-CH2-CH-S), 
1.73–1.50 (m, 4H, CO-CH2-CH2-CH2-CH2-CH-S), 1.42–1.34 (m, 2H, CO-CH2-CH2-CH2-
CH2-CH-S). 
13C-NMR (CDCl3, 100 MHz): δ 176.0, 166.1, 135.2, 133.9, 120.6, 118.2, 112.9, 71.5, 71.4, 
71.1, 70.5, 63.3, 61.6, 57.0, 52.3, 41.0, 40.2, 36.7, 29.7, 29.4, 26.8, 20.7, 20.3. 
IR νmax (neat): 3375, 3124, 2922, 2867, 2470, 2068, 1690, 1645, 1591, 1454, 1098, 1055 cm-

1.  
HRMS (ESI): C28H43N8O5S [M+H]+ calculated 615.3072, found 615.3149. 
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2.74a: 1-Benzyl-4-(2-phenoxyethyl)-1H-1,2,3-triazole 
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (45 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), benzylazide 2.65a (18 μL, 0.14 mmol, 1 equiv), AMTC (3 mg, 
0.014 mmol, 0.1 equiv.), Cu(OAc)2 (1 mg, 0.007 mmol, 0.05 equiv.) and NaAsc (3 mg, 0.014 
mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography (silica gel, 
hexane/EtOAc 3/7) to provide the desired product as a white solid (81 mg, Quant.). 
1H-NMR (CDCl3, 400 MHz): δ 7.40–7.34 (m, 4H, 3 x Ar-H and 1 x triazole-H), 7.29-7.26 
(m, 2H, Ar-H), 7.25–7.24 (m, 2H, Ar-H), 6.94 (tt, J = 7.4, 1.1 Hz, 1H, Ar-H), 6.89–6.85 (m, 

2H, Ar-H), 5.50 (s, 2H, CH2), 4.23 (t, J = 6.5 Hz, 2H, a-CH2), 3.19 (t, J = 6.5 Hz, 2H, b-CH2).  
13C-NMR (CDCl3, 100 MHz): δ 158.8, 135.0, 129.6, 129.2, 128.8, 128.1, 122.0, 121.1, 114.7, 
66.8, 54.2, 26.4.  
IR νmax (neat): 3120, 3071, 3038, 2958, 2935, 1604, 1590, 1496, 1459, 1251, 1219, 1176, 
1059, 1042, 890, 828, 789, 752, 720 cm-1.  
HRMS (ESI): C17H17N3NaO [M+Na]+ calculated 302.1264, found 302.1256.  
 
2.74b: 1-Octyl-4-(2-phenoxyethyl)-1H-1,2,3-triazole 
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (45 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), 1-azidooctane 2.65b (21 mg, 0.14 mmol, 1 equiv.), AMTC (3 
mg, 0.014 mmol, 0.1 equiv.), Cu(OAc)2 (1 mg, 0.007 mmol, 0.05 equiv.) and NaAsc (3 mg, 
0.014 mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography (silica 
gel, hexane/EtOAc 3/7) to provide the desired product as a white solid (78 mg, 94%). 
1H-NMR (CDCl3, 400 MHz): δ 7.41 (s, 1H, triazole-H), 7.29–7.25 (m, 2H, Ar-H), 6.96–6.89 

(m, 3H, Ar-H), 4.30 (t, J = 7.2 Hz, 2H, a-CH2), 4.24 (t, J = 6.5 Hz, 2H, CH2), 3.21 (t, J = 6.5 

Hz, 2H, b-CH2), 1.87 (app. quint, J = 7.1 Hz, 2H, CH2), 1.30–1.25 (m, 10H, 5 x CH2), 0.87 (t, 

J = 6.6 Hz, 3H, CH3).  
13C-NMR (CDCl3, 100 MHz): δ 158.7, 144.6, 129.6, 121.7, 121.0, 114.6, 66.8, 50.3, 31.8, 
30.4, 29.1, 29.0, 26.6, 26.3, 22.7, 14.1.   
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IR νmax (neat): 3142, 2956, 2922, 2852, 1604, 1591, 1500, 1487, 1388, 1247, 1217, 1176, 
1057, 1035, 886, 817, 756, 694 cm-1.  
HRMS (ESI): C18H27N3NaO [M+Na]+ calculated 324.2046, found 324.2035. 
 
2.74d: 1-((3s,5s,7s)-Adamantan-1-yl)-4-(2-phenoxyethyl)-1H-1,2,3-triazole 
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (45 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), 1-azidoadamantane 2.65d (24 mg, 0.14 mmol, 1 equiv.), AMTC 
(3 mg, 0.014 mmol, 0.1 equiv.), Cu(OAc)2 (1 mg, 0.007 mmol, 0.05 equiv.) and NaAsc (3 mg, 
0.014 mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography (silica 
gel, hexane/EtOAc 3/7) to provide the desired product as a white solid (81 mg, Quant.). 
1H-NMR (CDCl3, 400 MHz): δ 7.49 (s, 1H, triazole-H), 7.30–7.28 (m, 2H, Ar-H), 7.00–6.90 

(m, 3H, Ar-H), 4.25 (t, J = 6.6 Hz, 2H, a-CH2), 3.22 (t, J = 6.6 Hz, 2H, b-CH2), 2.25–2.23 (m, 

9H, CH), 1.82–1.75 (m, 6H). 
13C-NMR (CDCl3, 100 MHz): δ 158.9, 143.7, 129.6, 121.0, 118.2, 114.7, 67.1, 59.4, 43.1, 
36.1, 29.6, 26.5.  
IR νmax (neat): 2909, 2857, 1599, 1590, 1556, 1500, 1476, 1457, 1420, 1348, 1292, 1243, 
1035, 1016, 780, 759, 694 cm-1.  
HRMS (ESI): C20H25N3NaO [M+Na]+ calculated 346.1890, found 346.1881. 
 
2.74h: 2-((4-(2-Phenoxyethyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine 
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (45 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), 2-(azidomethyl)pyridine 2.65h (18 mg, 0.14 mmol, 1 equiv.), 
AMTC (3.1 mg, 0.014 mmol, 0.1 equiv.), Cu(OAc)2 (1.2 mg, 0.007 mmol, 0.05 equiv.) and 
NaAsc (2.7 mg, 0.014 mmol, 0.1 equiv.). The resulting residue was purified by flash 
chromatography (silica gel, hexane/EtOAc 3/7) to provide the desired product as a white solid 
(60 mg, 79%). 

O N
NN

Ad
2

O N
NN

2 N



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 105 

1H-NMR (CDCl3, 400 MHz): δ 8.60 (s, 1H, triazole-H), 7.67 (tt, J = 7.8, 1.8 Hz, 1H, Ar-H), 
7.60 (s, 1H, Ar-H), 7.29–7.24 (m, 4H, Ar-H), 7.15 (d, J = 7.7 Hz, 1H, Ar-H), 6.93 (tt, J = 7.3, 
1.2 Hz, 1H, Ar-H), 6.92–6.87 (m, 1H, Ar-H), 5.63 (s, 2H, benzylic CH2), 4.25 (t, J = 6.5 Hz, 

2H, a-CH2), 3.22 (t, J = 6.5 Hz, 2H, b-CH2). 
13C-NMR (CDCl3, 100 MHz): δ 158.8, 137.5, 129.6, 123.5, 121.1, 114.7, 66.8, 55.7, 26.4.  
IR νmax (neat): 3142, 2932, 1601, 1590, 1496, 1474, 1441, 1295, 1241, 1052, 1022, 1035, 998, 
752, 692 cm-1.  
HRMS (ESI): C16H16N4NaO [M+Na]+ calculated 303.1216, found 303.1214. 
 
2.74m: N-methyl-7-nitro-N-(2-(4-(2-phenoxyethyl)-1H-1,2,3-triazol-1-yl)ethyl) 
benzo[c][1,2,5]oxadiazol-4-amine 
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (59 mg, 0.34 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(50 mg, 0.34 mmol, 1 equiv.), N-(2-azidoethyl)-N-methyl-7-nitrobenzo[c][1,2,5]oxadiazol-4-
amine 2.65m (90 mg, 0.34 mmol, 1 equiv.), AMTC (7.5 mg, 0.034 mmol, 0.1 equiv.),  
Cu(OAc)2 (2.8 mg, 0.017 mmol, 0.05 equiv.) and NaAsc (6.6 mg, 0.034 mmol, 0.1 equiv.). 
The resulting residue was purified by flash chromatography (silica gel, hexane/EtOAc 1/9) to 
provide the desired product as a yellow solid (118 mg, 85%). 
1H-NMR (CDCl3, 500 MHz): δ 8.37 (d, J = 9.0 Hz, 1H, Ar-H), 7.86 (br. s, 1H, triazole-H), 
7.24 (t, J = 7.7 Hz, 2H, Ar-H), 6.92 (t, J = 7.3 Hz, 1H, Ar-H), 6.84 (d, J = 8.0 Hz, 2H, Ar-H), 
6.20 (d, J = 8.9 Hz, 1H, Ar-H), 4.68 (br. s, 2H, triazole-CH2-CH2), 4.01 (t, J = 6.0 Hz, 2H, O-
CH2-CH2), 3.03 (t, J = 6.0 Hz, 2H, O-CH2-CH2), 1.34–1.29 (m, 5H, triazole-CH2-CH2 and 
CH3).  
IR νmax (neat): 3142, 1617, 1556, 1483, 1429, 1303, 1281, 1095, 1035, 1000, 801, 756, 682 
cm-1.  
HRMS (ESI): C19H19N7NaO4 [M+Na]+ calculated 432.1391, found 432.1376. 
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2.74o: (S)-4-(2-Phenoxyethyl)-1-(1-phenylethyl)-1H-1,2,3-triazole 
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (89 mg, 0.3 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 (40 
mg, 0.3 mmol, 1 equiv.), (S)-(1-azidoethyl)benzene 2.65o (40 mg, 0.3 mmol, 1 equiv.), AMTC 
(6 mg, 0.003 mmol, 0.1 equiv.), Cu(OAc)2 (2 mg, 0.01 mmol, 0.05 equiv.) and NaAsc (5 mg, 
0.03 mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography (silica 
gel, hexane/EtOAc 3/7) to provide the desired product as a white solid (67 mg, 84%). 
1H-NMR (CDCl3, 400 MHz): δ 7.38–7.32 (m, 8H, Ar-H), 6.94 (tt, J = 7.4, 1.1 Hz, 1H, Ar-H), 

6.88–6.85 (m, 2H, Ar-H), 5.78 (q, J = 7.2 Hz, 1H, CH), 4.23 (t, J = 6.5 Hz, 2H, a-CH2), 3.19 

(t, J = 6.5 Hz, 2H, b-CH2), 1.97 (d, J = 7.1 Hz, 3H, CH3). 
13C-NMR (CDCl3, 100 MHz): δ 158.7, 144.6, 140.2, 129.6, 129.1, 128.5, 126.6, 121.0, 120.8, 
114.7, 66.8, 60.2, 25.4, 21.4.  
IR νmax (neat): 3170, 3066, 3030, 3045, 2941, 2924, 2870, 1604, 1588, 1498, 1463, 1387, 
1366, 1305, 1251, 1038, 811, 756, 733, 705, 694 cm-1.  
HRMS (ESI): C18H19N3NaO [M+Na]+ calculated 316.1420, found 316.1410. 
 
2.74p: (R)-2-((Tert-butoxycarbonyl)amino)-6-(4-(2-phenoxyethyl)-1H-1,2,3-triazol-1-
yl)hexanoic acid  
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (44 mg, 0.14 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(20 mg, 0.14 mmol, 1 equiv.), Boc-Lys(N3)-OH 2.65p (50 mg, 0.14 mmol, 1 equiv.), AMTC 
(3 mg, 0.014 mmol, 0.1 equiv.), Cu(OAc)2 (1.2 mg, 0.007 mmol, 0.05 equiv.) and NaAsc (2.6 
mg, 0.014 mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography 
(silica gel, DCM/MeOH 9/1, 0.1% AcOH) to provide the desired product as a white solid (46 
mg, 82%). 
1H-NMR (MeOD, 500 MHz): δ 7.83 (br. s, 1H, triazole-H), 7.24 (t, J = 7.8 Hz, 2H, Ar-H), 
6.92–6.89 (m, 3H, Ar-H), 4.37 (t, J = 7.1 Hz, 2H, triazole-CH2-CH2-CH2-CH2-CH), 4.22 (t, J 
= 6.5 Hz, 2H, O-CH2-CH2), 4.08–4.05 (m, 1H, triazole-CH2-CH2-CH2-CH2-CH), 3.15 (t, J = 
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6.4 Hz, 2H, O-CH2-CH2), 1.94–1.89 (m, 2H, triazole-CH2-CH2-CH2-CH2-CH), 1.87–1.80 (m, 
2H, triazole-CH2-CH2-CH2-CH2-CH), 1.70–1.55 (m, 2H, triazole-CH2-CH2-CH2-CH2-CH), 
1.42 (s, 9H, Boc).  
13C-NMR (MeOD, 100 MHz): δ 176.0, 160.1, 158.1, 130.5, 121.9, 115.6, 80.5, 67.7, 54.6, 
52.2, 51.1, 32.3, 32.2, 30.7, 29.4, 28.7, 26.9, 24.1, 23.9. 
IR νmax (neat): 3398, 2952, 2922, 2868, 2482, 2242, 2071, 1688, 1600, 1368, 1167, 1119, 974 
cm-1.  
HRMS (ESI): C21H30N4NaO5 [M+Na]+ calculated 441.2108, found 441.2102. 
 
2.74q: 5-(Dimethylamino)-N-(3-(4-(2-phenoxyethyl)-1H-1,2,3-triazol-1-yl)propyl) 
naphthalene-1-sulfonamide 
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (30 mg, 0.09 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(13 mg, 0.09 mmol, 1 equiv.), (S)-(1-azidoethyl)benzene 2.65q (31 mg, 0.09 mmol, 1 equiv.), 
AMTC (2 mg, 0.009 mmol, 0.1 equiv.), Cu(OAc)2 (1 mg, 0.004 mmol, 0.05 equiv.) and NaAsc 
(2 mg, 0.009 mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography 
(silica gel, DCM/MeOH 9/1) to provide the desired product as a yellow solid (38 mg, 87%). 
1H-NMR (CDCl3, 400 MHz): δ 8.53 (dt, J = 8.5, 0.9 Hz, 1H, Ar-H), 8.27 (dt, J =  8.5, 0.9 Hz, 
1H, Ar-H), 8.18 (dd, J = 7.3, 1.2 Hz, 1H, Ar-H), 7.55 (dd, J = 8.6, 7.6 Hz, 1H, Ar-H), 7.47 
(dd, J = 8.5, 7.2 Hz, 1H, Ar-H), 7.33 (s, 1H, triazole-H), 7.28–7.24 (m, 2H, Ar-H), 7.16 (d, J 

= 7.6 Hz, 1H, Ar-H), 6.95–6.88 (m, 3H, Ar-H), 5.41 (t, J = 6.5 Hz, 1H, CH2), 4.32 (t, J = 6.6 

Hz, 2H, CH2), 4.20 (t, J = 6.3 Hz, 2H, a-CH2), 3.15 (t, J = 6.3 Hz, 2H, b-CH2), 2.87 (s, 6H, 

CH3), 2.04–1.98 (m, 4H, CH2). 
13C-NMR (CDCl3, 100 MHz): δ 158.7, 152.2, 134.5, 130.8, 130.0, 129.8, 129.6, 128.7, 123.3, 
121.0, 118.6, 115.4, 114.7, 66.7, 46.9, 45.5, 40.1, 32.0, 30.4, 29.8, 26.2, 14.3, 14.2. 
IR νmax (neat): 3293, 3142, 2935, 2870, 2790, 1603, 1590, 1577, 1500, 1457, 1409, 1396, 
1314, 1236, 1145, 1038, 947, 910, 791, 757, 731, 694 cm-1.  
HRMS (ESI): C25H29N5NaO3S [M+Na]+ calculated 502.1883, found 502.1862. 
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2.74r: 1-(3',6'-Dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)-3-(3-(4-(2-
phenoxyethyl)-1H-1,2,3-triazol-1-yl)propyl)thiourea  
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (39 mg, 0.12 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 
(17 mg, 0.12 mmol, 1 equiv.), 1-(3-azidopropyl)-3-(3',6'-dihydroxy-3-oxo-3H-
spiro[isobenzofuran-1,9'-xanthen]-5-yl)thiourea 2.65r (56 mg, 0.12 mmol, 1 equiv.), AMTC 
(2.7 mg, 0.012 mmol, 0.1 equiv.), Cu(OAc)2 (1.1 mg, 0.006 mmol, 0.05 equiv.) and NaAsc 
(2.3 mg, 0.012 mmol, 0.1 equiv.) in MeOH/H2O (1/1, 2 mL). After 16 h, DCM (10 mL) was 
added, and the mixture was washed with HCl (1 M, 10 mL), aq. EDTA (10 mg/mL, 10 mL) 
and brine (10 mL). The crude material was purified by flash chromatography (silica gel, 
DCM/MeOH 9/1) to provide the desired product as a red solid (68 mg, 91%).  
1H-NMR (CDCl3, 500 MHz): δ 8.72 (br. s, 1H, triazole-H), 8.38 (s, 1H, Ar-H), 8.06 (s, 1H, 
Ar-H), 7.83 (d, J = 7.7 Hz, 1H, Ar-H), 7.27 (t, J = 7.1 Hz, 2H, Ar-H), 7.17 (d, J = 7.1 Hz, 1H, 
Ar-H), 6.96–6.90 (m, 2H, Ar-H), 6.71 (s, 3H, Ar-H), 6.58 (q, J = 8.2 Hz, 3H, Ar-H), 4.45 (t, 
J = 6.4 Hz, 2H, O-CH2-CH2), 4.22 (t, J = 6.6 Hz, 4H, triazole-CH2-CH2-CH2), 3.51 (br. s, 2H, 
triazole-CH2-CH2-CH2), 3.09 (t, J = 6.4 Hz, 2H, O-CH2-CH2). 
IR νmax (neat): 2928, 1638, 1591, 1541, 1457, 1381, 1295, 1238, 1210, 1176, 1120, 852 cm-1.  
HRMS (ESI): C34H29N5O6S [M+H]- calculated 634.1766, found 618.2001 [M-OH]-. 
 
2.74s: 5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-(2-(2-(2-(4-(2-
phenoxyethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)pentanamide  
 

 
Prepared according to General Procedure H using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (20 mg, 0.06 mmol, 1 equiv.), (but-3-yn-1-yloxy)benzene 2.72 (9 
mg, 0.06 mmol, 1 equiv.), biotin-PEG3-azide 2.65s (27 mg, 0.06 mmol, 1 equiv.), AMTC (1.4 
mg, 0.006 mmol, 0.1 equiv.), Cu(OAc)2 (0.5 mg, 0.003 mmol, 0.05 equiv.) and NaAsc (1.2 
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mg, 0.006 mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography 
(silica gel, DCM/MeOH 9/1) to provide the desired product as a white solid (32 mg, 88%). 
1H-NMR (CDCl3, 400 MHz): δ 7.96 (br. s, 1H, triazole-H), 7.25 (t, J = 7.7 Hz, 2H, Ar-H), 
6.92 (d, J = 7.2 Hz, 3H, Ar-H), 4.56 (t, J = 4.6 Hz, 2H, Ar-H), 4.47 (dd, J = 7.6, 5.6 Hz, 1H, 

CH), 4.28 (dd, J = 7.9, 4.3 Hz, 1H, CH), 4.24 (t, J = 5.1 Hz, 2H, a-CH2), 3.88 (t, J = 4.7 Hz, 

2H, b-CH2), 3.63–3.54 (m, 8H, 4 x CH2), 3.50 (t, J = 5.1 Hz, 2H, CH2), 3.37–3.33 (m, 2H, 

CH2), 3.20–3.17 (m, 3H, CH and CH2), 2.90 (dd, J = 12.5, 4.8 Hz, 1H, CH), 2.70 (d, J = 12.7 
Hz, 1H, CH), 2.19 (t, J = 7.4 Hz, 2H, CH2), 1.75–1.54 (m, 4H, 2 x CH2), 1.41 (app. quint, J = 
7.5 Hz, 2H, CH2).  
13C-NMR (CDCl3, 100 MHz): δ 176.1, 166.1, 160.2, 130.5, 121.9, 115.7, 71.6, 71.5, 71.4, 
71.2, 10.6, 70.4, 67.8, 63.4, 61.6, 57.0, 51.5, 41.1, 40.3, 36.7, 29.7, 29.5, 27.0, 26.8. 
IR νmax (neat): 3274, 3071, 2917, 2861, 1695, 1679, 1643, 1545, 1474, 1238, 1104, 1035, 756 
cm-1.  
HRMS (ESI): C28H43N6O6S [M+H]+ calculated 591.2959, found 591.2811. 
 

 Products from Scheme 2.24 

2.85a: 5-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-(1-((triisopropylsilyl)ethynyl)-1H-
benzo[d]imidazol-6-yl)pentanamide 

 

 
To a solution of N-(1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 
2.84 (50 mg, 0.119 mmol, 1 equiv.) in MeOH/H2O (1/1, 2 mL) was added benzyl azide 2.65a 

(15 µL, 0.119 mmol, 1 equiv.), AMTC (3 mg, 0.012 mmol, 0.1 equiv.), Cu(OAc)2 (1 mg, 0.006 

mmol, 0.05 equiv.) and NaAsc (3 mg, 0.012 mmol, 0.1 equiv.). The reaction was stirred at rt 
for 16 h, after which DCM (10 mL) was added. The mixture was washed with aq. EDTA (10 
mg/mL, 10 mL) and brine (2 x 10 mL), dried over Na2SO4 and concentrated under reduced 
pressure. The resulting residue was purified by flash chromatography (silica gel, hexane/ 
EtOAc 3/7) to provide the desired product as a white solid (62 mg, 98%). 
1H-NMR (CDCl3, 400 MHz): δ 8.75 (s, 1H, Ar-H), 8.24 (s, 1H, Ar-H), 8.05 (br. s, 1H, triazole-
H), 7.64 (br. s, 1H, NH), 7.35–7.30 (m, 4H, Ar-H), 7.23–7.21 (m, 3H, Ar-H), 5.45 (s, 2H, 
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benzylic CH2), 2.71 (t, J = 6.9 Hz, 2H, a-CH2), 2.43 (t, J = 6.9 Hz, 2H, d-CH2), 1.79–1.70 (m, 

4H, b-CH2 and g-CH2), 1.14 (s, 21H, TIPS).  
13C-NMR (CDCl3, 100 MHz): δ 171.8, 136.3, 134.8, 129.2, 128.8, 128.1, 120.6, 117.0, 102.6, 
73.5, 54.2, 37.1, 29.8, 28.6, 25.1, 25.0, 18.7, 11.3. 
IR νmax (neat): 3251, 2937, 2859, 2184, 1664, 1602, 1548, 1498, 1441, 1216, 909, 883, 730 
cm-1.  
HRMS (ESI): C32H42N6NaOSi [M+Na]+ calculated 577.3082, found 577.3122. 
 
2.85b: N-(1-(1-cyclohexyl-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 

 

 
To a solution of N-(1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 
2.84 (50 mg, 0.12 mmol, 1 equiv.) in MeCN (1 mL) was added cyclohexylazide 2.65c (15 mg, 

0.12 mmol, 1 equiv.), TBAF (43 µL, 0.13 mmol, 1.1 equiv.) and Cu(OAc)2 (1 mg, 0.006 mmol, 

0.05 equiv.). The reaction was stirred at rt for 16 h, after which DCM (10 mL) was added. The 
mixture was washed with aq. EDTA (10 mg/mL, 10 mL) and brine (2 x 10 mL), dried over 
Na2SO4 and concentrated under reduced pressure. The resulting residue was purified by flash 
chromatography (silica gel, 7/3 EtOAc/hexane) to provide the desired product as a white solid 
(45 mg, 96%).  
1H-NMR (CDCl3, 400 MHz): δ 8.40 (br. s, 1H, triazole-H), 8.34 (s, 1H, Ar-H), 8.08 (br. s, 
1H, NH), 7.85 (s, 1H, Ar-H), 7.68 (br. s, 1H, Ar-H), 7.07 (d, J = 5.9 Hz, 1H, Ar-H), 4.48 (tt, 

J = 11.8, 3.6 Hz, 1H, hex-CH), 2.41 (t, J = 7.4 Hz, 2H, a-CH2), 2.27 (d, J = 12.4 Hz, 2H, d-

CH2), 2.21 (dt, J = 7.2, 2.1 Hz, 2H, hex-CH2), 1.96 (m, 3H, Alk-H and hex-CH2), 1.89–1.82 

(m, 4H, b-CH2 and g-CH2), 1.59 (app. quint, J = 7.8 Hz, 2H, hex-CH2), 1.52–1.41 (m, 2H, hex-

CH2), 1.32 (dt, J = 12.8, 2.7 Hz, 2H, hex-CH2). 
13C-NMR (CDCl3, 100 MHz): δ 171.5, 141.7, 135.1, 120.7, 116.1, 112.4, 102.7, 84.1, 68.9, 
61.4, 37.2, 33.5, 28.0, 25.2, 25.1, 24.8, 18.3. 
IR νmax (neat): 3289, 3259, 3123, 3080, 2930, 2855, 1673, 1604, 1587, 1550, 1487, 1442, 
1299, 1240, 911, 803, 730 cm-1.  
HRMS (ESI): C22H26N6NaO [M+Na]+ calculated 413.2060, found 413.2049. 
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2.86: 5-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-(1-(1-cyclohexyl-1H-1,2,3-triazol-4-yl)-1H-
benzo[d]imidazol-6-yl)pentanamide 
 

 
Procedure A: To a solution of 5-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-(1-
((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)pentanamide 2.85a (64 mg, 0.12 
mmol, 1 equiv.) in MeCN (1 mL) was added cyclohexylazide 2.65c (15 mg, 0.12 mmol, 1 

equiv.), TBAF (43 µL, 0.13 mmol, 1.1 equiv.) and Cu(OAc)2 (1 mg, 0.006 mmol, 0.05 equiv.). 

The reaction was stirred at rt for 16 h, after which DCM (10 mL) was added. The mixture was 
washed with aq. EDTA (10 mg/mL, 10 mL) and brine (2 x 10 mL), dried over Na2SO4 and 
concentrated under reduced pressure. The resulting residue was purified by flash 
chromatography (silica gel, 9/1 EtOAc/hexane) to provide the desired product as a white solid 
(61 mg, 98%). 
Procedure B: To a solution of 5-(1-benzyl-1H-1,2,3-triazol-4-yl)-N-(1-
((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)pentanamide 2.85b (20 mg, 0.051 

mmol, 1 equiv.) in MeOH/H2O (1/1, 2 mL) was added benzyl azide 2.65a (7 µL, 0.051 mmol, 

1 equiv.), AMTC (1 mg, 0.0051 mmol, 0.1 equiv.), Cu(OAc)2 (0.5 mg, 0.0026 mmol, 0.05 
equiv.) and NaAsc (1 mg, 0.0026 mmol, 0.1 equiv.). The reaction was stirred at rt for 16 h, 
after which DCM (10 mL) was added. The mixture was washed with aq. EDTA (10 mg/mL, 
10 mL) and brine (2 x 10 mL), dried over Na2SO4 and concentrated under reduced pressure. 
The resulting residue was purified by flash chromatography (silica gel, 9/1 EtOAc/hexane) to 
provide the desired product as a white solid (25 mg, 94%). 
 
1H-NMR (CDCl3, 400 MHz): δ 8.23 (s, 1H, Ar-H), 8.40 (br. s, 1H, triazole-H), 8.38 (s, 1H, 
Ar-H), 7.92 (s, 1H, NH), 7.68 (d, J = 7.5 Hz, 1H, Ar-H), 7.33–7.30 (m, 4H, Ar-H), 7.23–7.20 
(m, 3H, Ar-H), 5.45 (s, 2H, benzylic CH2), 4.47 (tt, J = 11.8, 3.8 Hz, 1H, hex-CH), 2.69 (t, J 

= 6.5 Hz, 2H, a-CH2), 2.43 (t, J = 6.7 Hz, 2H, d-CH2), 2.25 (dd, J = 12.7, 2.4 Hz, 2H, hex-

CH2), 1.95–1.89 (m, 2H, b-CH2), 1.84 (dd, J = 12.1, 3.6 Hz, 2H, hex-CH2), 1.79–1.70 (m, 6H, 

g-CH2 and hex-CH2), 1.47 (tt, J = 12.9, 3.5 Hz, 2H, hex-CH2). 
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13C-NMR (CDCl3, 100 MHz): δ 172.0, 135.5, 134.9, 129.2, 128.8, 128.1, 121.1, 120.6, 116.3, 
112.3, 102.4, 61.3, 54.1, 37.1, 33.4, 28.6, 25.3, 26.2, 25.1, 25.0.  
IR νmax (neat): 3257, 3125, 3062, 2922, 2852, 2093, 1671, 1584, 1547, 1496, 1485, 1446, 
1299, 1216, 1050, 816, 799, 729 cm-1.  
HRMS (ESI): C29H33N9NaO [M+Na]+ calculated 546.2700, found 546.2660. 
 

 Products from Scheme 2.25 

2.88a: 3-(1-Benzyl-1H-1,2,3-triazol-4-yl)oxazolidin-2-one178 
 

 
Prepared according to General Procedure J using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (132 mg, 0.41 mmol, 1 equiv.), 3-ethynyloxazolidin-2-one 2.87a 
(46 mg, 0.14 mmol, 1 equiv.), benzyl azide 2.65a (53 μL, 0.41 mmol, 1 equiv.), AMTC (9 mg, 
0.041 mmol, 0.1 equiv.), Cu(OAc)2 (3 mg, 0.02 mmol, 0.05 equiv.) and NaAsc (9 mg, 0.041 
mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography (silica gel, 
hexane/EtOAc 7/3) to provide the desired product as a white solid (99 mg, 99%). 
1H-NMR (CDCl3, 400 MHz): δ 7.82 (s, 1H, triazole-H), 7.36–7.33 (m, 3H, Ar-H), 7.28–7.26 
(m, 2H, Ar-H), 5.48 (s, 2H, benzylic CH2), 4.56–4.52 (m, 2H, N-CH2), 4.25–4.21 (m, 2H, O-
CH2).  
13C-NMR (CDCl3, 100 MHz): δ 154.9, 144.1, 134.4, 129.2, 129.0, 128.2, 111.9, 63.4, 54.9, 
43.7. 
 
2.88b: (1-benzyl-1H-1,2,3-triazol-4-yl)(pyrrolidin-1-yl)methanone 
 

 
Prepared according to General Procedure J using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (132 mg, 0.41 mmol, 1 equiv.), 1-(pyrrolidin-1-yl)prop-2-yn-1-
one 2.87b (50 mg, 0.14 mmol, 1 equiv.), benzyl azide 2.65a (53 μL, 0.41 mmol, 1 equiv.), 
AMTC (9 mg, 0.041 mmol, 0.1 equiv.), Cu(OAc)2 (3 mg, 0.02 mmol, 0.05 equiv.) and NaAsc 
(9 mg, 0.041 mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography 
(silica gel, hexane/EtOAc 7/3) to provide the desired product as a white solid (105 mg, Quant.). 
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1H-NMR (CDCl3, 400 MHz): δ 8.02 (s, 1H, triazole-H), 7.36–7.34 (m, 3H, Ar-H), 7.28–7.26 
(m, 2H, Ar-H), 5.52 (s, 2H, benzylic CH2), 4.09 (t, J = 6.7 Hz, 2H, CH2), 3.62 (t, J = 6.9 Hz, 
2H, CH2), 1.97 (app. quint, J = 7.1 Hz, 2H, CH2), 1.88 (app. quint, J = 7.1 Hz, 2H, CH2). 
13C-NMR (CDCl3, 100 MHz): δ 159.5, 145.5, 134.1, 129.3, 129.0, 128.3, 127.6, 54.3, 48.7, 
47.0, 26.6, 23.8. 
IR νmax (neat): 3298, 3099, 2939, 2861, 2190, 1600, 1543, 1498, 1424, 1342, 1279, 1229, 1048 
cm-1.  
HRMS (ESI): C14H16N4NaO [M+Na]+ calculated 279.1216, found 279.1206. 
 
2.88c: 1-Benzyl-4-(phenoxymethyl)-1H-1,2,3-triazole179 
 

 
Prepared according to General Procedure J using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (132 mg, 0.41 mmol, 1 equiv.), (prop-2-yn-1-yloxy)benzene 2.87c 
(54 mg, 0.14 mmol, 1 equiv.), benzyl azide 2.65a (53 μL, 0.41 mmol, 1 equiv.), AMTC (9 mg, 
0.041 mmol, 0.1 equiv.), Cu(OAc)2 (3 mg, 0.02 mmol, 0.05 equiv.) and NaAsc (9 mg, 0.041 
mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography (silica gel, 
hexane/EtOAc 9/1) to provide the desired product as a white solid (106 mg, 97%). 
1H-NMR (CDCl3, 400 MHz): δ 7.52 (s, 1H, triazole-H), 7.37–7.35 (m, 3H, Ar-H), 7.29–7.25 
(m, 4H, Ar-H), 6.97–6.95 (m, 3H, Ar-H), 5.52 (s, 2H, O-CH2), 5.18 (s, 2H, benzylic CH2). 
13C-NMR (CDCl3, 100 MHz): δ 157.7, 144.2, 134.0, 129.0, 128.7, 128.3, 127.6, 122.1, 120.8, 
114.3, 61.6, 53.7. 
 
2.88d: 1-Benzyl-4-(p-tolyl)-1H-1,2,3-triazole180 
 

 
Prepared according to General Procedure J using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (132 mg, 0.41 mmol, 1 equiv.), 1-ethynyl-4-methylbenzene 2.87d 
(48 mg, 0.14 mmol, 1 equiv.), benzyl azide 2.65a (53 μL, 0.41 mmol, 1 equiv.), AMTC (9 mg, 
0.041 mmol, 0.1 equiv.), Cu(OAc)2 (3 mg, 0.02 mmol, 0.05 equiv.) and NaAsc (9 mg, 0.041 
mmol, 0.1 equiv.). The resulting residue was purified by flash chromatography (silica gel, 
hexane/EtOAc 9/1) to provide the desired product as a white solid (94 mg, 92%). 
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1H-NMR (CDCl3, 400 MHz): δ 7.70 (s, 1H, triazole-H), 7.68 (s, 1H, Ar-H), 7.62 (s, 1H, Ar-
H), 7.39–7.36 (m, 3H, Ar-H), 7.32–7.31 (m, 1H, Ar-H), 7.30–7.29 (m, 1H, Ar-H), 7.21 (s, 1H, 
Ar-H), 7.19 (s, 1H, Ar-H), 5.56 (s, 2H, benzylic CH2), 2.36 (s, 3H, CH3). 
13C-NMR (CDCl3, 100 MHz): δ 148.4, 138.1, 134.9, 129.6, 129.3, 128.9, 128.2, 127.9, 125.7, 
119.3, 54.3, 21.4. 
 
2.88e: 1-benzyl-4-propyl-1H-1,2,3-triazole181 
 

 
Prepared according to General Procedure J using 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazole 2.69 (132 mg, 0.41 mmol, 1 equiv.), pent-1-yne 2.87e (28 mg, 0.14 
mmol, 1 equiv.), benzyl azide 2.65a (53 μL, 0.41 mmol, 1 equiv.), AMTC (9 mg, 0.041 mmol, 
0.1 equiv.), Cu(OAc)2 (3 mg, 0.02 mmol, 0.05 equiv.) and NaAsc (9 mg, 0.041 mmol, 0.1 
equiv.). The resulting residue was purified by flash chromatography (silica gel, hexane) to 
provide the desired product as a white solid (70 mg, 85%). 
1H-NMR (CDCl3, 400 MHz): δ 7.36–7.31 (m, 3H, Ar-H), 7.24–7.21 (m, 2H, Ar-H), 7.18 (s, 

1H, triazole-H), 5.47 (s, 2H, benzylic CH2), 2.64 (t, J = 7.4 Hz, 2H, a-CH2), 1.64 (sext, J = 

7.4 Hz, 2H, b-CH2), 0.9 (t, J = 7.4 Hz, 3H, CH3).  
13C-NMR (CDCl3, 100 MHz): δ 148.8, 135.1, 129.1, 128.6, 128.0, 120.7, 54.0, 27.8, 22.7, 
13.8. 
 

 Product from Scheme 2.26 

2.89: 2-((4-(p-tolyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine182 
 

 
To a solution of 5,6-dimethyl-1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazole 2.69 (49 
mg, 0.15 mmol, 1 equiv.) and 1-ethynyl-4-methylbenzene 2.87d (19 µL, 0.15 mmol, 1 equiv.) 
in MeCN (0.75 mL) was added 2-(azidomethyl)pyridine 2.65h (20 mg, 0.15 mmol, 1 equiv.), 
(azidomethyl)benzene 2.65a (19 µL, 0.15 mmol, 1 equiv.) and Cu(OAc)2 (1.4 mg, 0.0075 
mmol, 0.05 equiv.). The reaction was stirred at rt for 5 h before being filtered through celite 
and concentrated under reduced pressure. The crude mixture was dissolved in MeCN (0.75 
mL) before adding Cu(OAc)2 (1.4 mg, 0.0075 mmol, 0.05 equiv.) and TBAF (1 M in THF, 

N
NN Ph

N
NN

N
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22.5 µL, 0.225 mmol, 1.5 equiv.). The reaction was stirred at rt for an additional 16 h, after 
which EtOAc (10 mL) was added. The mixture was washed with aq. EDTA (10 mg/mL, 10 
mL) and brine (2 x 10 mL), dried over Na2SO4 and concentrated under reduced pressure. The 
resulting residue was purified by flash chromatography (silica gel, Et2O/MeOH/NEt3 20/1/1) 
to provide the desired product as a white solid (32 mg, 85%).  
1H-NMR (CDCl3, 500 MHz): δ 8.61 (br. s, 1H, triazole-H), 7.89 (s, 1H, Ar-H), 7.72 (s, 1H, 
Ar-H), 7.71 (s, 1H, Ar-H), 7.68 (td, J = 7.6, 1.4 Hz, 1H, Ar-H), 7.26 (t, J = 5.4 Hz, 1H, Ar-H), 
7.22 (t, J = 5.6 Hz, 3H, Ar-H), 5.69 (s, 2H, benzylic CH2), 2.36 (s, 3H, CH3). 
13C-NMR (CDCl3, 100 MHz): δ 154.7, 149.8, 148.5, 138.1, 137.5, 129.6, 127.8, 125.7, 123.6, 
122.6, 120.0, 55.8, 21.4. 
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Results presented in this chapter are unpublished. This work was performed in collaboration 
with Dr Linus Reichenbach (preparation of phosphoramidite building blocks and solid phase 
ODN synthesis).  
 

3.1 The Need for Sequential Bioconjugation 

The development of bio-orthogonal, site-selective chemical ligations has considerably 
improved our understanding of living systems.10,20,39,183 The ability to functionalise 
biomolecules with a probe (e.g., fluorophore, biotin, NMR tag, for example), for example, has 
revealed their functions, interactions, localisations and structures.184 While several strategies 
have been successfully developed for introducing a single chemical handle (see Chapter 1), 
site-selective and orthogonal sequential modifications of biomolecules remains challenging.  
 
The ability to conjugate biomolecules sequentially and chemoselectively is essential for 
applications requiring at least two chemical handles, such as Förster resonance energy transfer 
(FRET).185 FRET is a spectroscopy platform where a donor fluorophore, in an excited state, 
transfers energy to an acceptor fluorophore through dipole-dipole interaction.186 Among a 
multitude of applications, FRET has been widely used for the detection of nucleic acids 
(Figure 3.1).187 Unimolecular (Figure 3.1a) and bimolecular (Figure 3.1b) probes have been 
extensively developed for monitoring DNA hybridisations and mutations. Since the distance 
between the two chromophores is crucial for efficient FRET analysis, the advancement of site-
selective, orthogonal dual modifications is essential. 
 

  
Figure 3.1. FRET probes design for nucleic acid detection. a) Example of a unimolecular probe also called a 
“molecular beacon”. b) Example of bimolecular probe.187 

 
Another example of the importance of biomolecule dual modification has recently been 
illustrated by Caddick et al. with the remarkable construction of a new antibody-drug 
conjugate (ADC) platform.188 The authors started their investigations with the site-selective 
modification of a fragment antigen-binding (Fab) construct via the insertion of a 
dibromopyridazinedione, bearing two chemical handles, into disulfide bonds (Scheme 3.1). 
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The use of disulfide bonds has been shown to increase the (i) selectivity of the modification 
and (ii) stability of the construct toward hydrolysis compared to current strategy using lysine 
modification. Multi-functionalisation of the platform was then possible through sequential 
SPAAC and CuAAC ligations. Using this approach, the authors were able to incorporate 
several functionalities such as a fluorophore, a polyethylene glycol, and doxorubicin: a drug 
commonly used for the treatment of breast cancer.  
 

 
Scheme 3.1. Sequential modification of native Fab-Her.188  
 
While SPAAC makes use of a strained alkyne to increase the reaction rate of triazole 
formation, the terminal alkynes used in CuAAC necessitate the use of a copper(I) catalyst, 
therefore, in the absence of a catalyst, terminal alkynes will remain inert and selective ligation 
can be performed at the strained alkyne site.188  However, this strategy encounters several 
limitations due to a lack of orthogonality between the two chemical methodologies used 
(SPAAC ligation must be performed prior to CuAAC), reducing the flexibility of this process. 
More importantly, it has extensively been shown that the incorporation of the highly 
hydrophobic cyclooctyne moiety often results in lower probe affinity.123,189  
 
These examples represent only a few among many more uses of multifunctional scaffolds.190 
Improvement of orthogonal and bio-orthogonal ligations is therefore critical for expanding 
these applications and potentially developing next generation probes. 
 

3.2  The Current State-of-Art of Orthogonal Bioconjugation 

Bio-orthogonal strategies for biomolecule ligation necessitate non-native chemical 
functionalities to avoid cross-reactivity with cellular components. However, existing bio-
orthogonal strategies (see Chapter 1) frequently employ the same type of reaction (e.g., [3 + 
2] cycloaddition) and use similar reactants for performing ligations (e.g., azide, alkyne, 
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phosphine). This results in loss of orthogonality of one strategy toward another, making 
sequential conjugation challenging (see figure 3.2 depicting the current bio-orthogonal 
strategies for the ligation of biomolecules and their compatibility in a one-pot process).191 For 
example, the Staudinger ligation (Figure 3.2, reaction 2) reacts a phosphine with an azide, 
therefore all the methodologies requiring a phosphine (e.g., CpO/CpS phosphine ligation, 
reaction 3) and an azide (e.g., SPAAC, reaction 4; CuAAC, reaction 6 and tandem crDA, 
reaction 8) will not be compatible in a one-pot process. Similarly, the use of cyclooctyne is 
recurrent in the SPAAC, SPANC (Figure 3.2, reaction 5) and the inverse electron-demand 
Diels-Alder (reaction 7) resulting in a loss of orthogonality within these strategies.  
 
From the available strategies developed for bioconjugation,10,20,39 the condensation of ketones 
and aldehydes (Figure 3.2, reaction 1) has fewest problems with cross-reactivity when used in 
combination with other strategies.191 However, potential side-reactions with carbonyl-bearing 
metabolites dramatically decreases its applicability for sequential ligations in living systems.20  
 
As the tandem [3 + 2] cycloaddition-retro-Diels-Alder reaction (tandem crDA, reaction 8) and 
the CpO/CpS phosphine ligation are relatively recent approaches,57,144  no data concerning 
their orthogonality toward other bio-orthogonal reactions have yet been reported. However, 
because the moieties needed to perform the ligations (cyclooctene and phosphine in the case 
of the CpO:CpS phosphine ligation; azide and norbornadiene in the case of the tandem crDA) 
are commonly used in other strategies, it is easy to predict that these ligations will not be 
compatible with the Staudinger ligation, the SPAAC, CuAAC, or the inverse electron-demand 
Diels-Alder reaction. 
 
Among the current bio-orthogonal strategies, the CuAAC and the inverse electron-demand 
Diels-Alder (when using TCO) have been shown to be compatible due to their orthogonal 
reactive functional groups. This approach has successfully been used for the site-specific one-

pot dual labelling of DNA (Scheme 3.2).192 A series of  ODNs were synthesised, incorporating 
both TCO and terminal alkyne via phosphoramidite chemistry.36 
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Figure 3.2. Orthogonality between the most commonly used bioconjugation strategies when achieved in a one-pot 
process. green = orthogonal, red = not orthogonal, blue = not reported.191 

 
Control reactions with ODNs, containing either a terminal alkyne or a TCO moiety, were 
reacted with a tetrazine or an azide, respectively, affording no reaction in each case. These 
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data indicate a total orthogonality between the two strategies. The bifunctional ODN3.1, 

containing both TCO and terminal alkyne, was then reacted with Cy-5 azide and TAMRA-

tetrazine in the presence of CuSO4, (100 equiv.) THPTA (500 equiv.) and NaAsc (200 equiv.) 

affording, after 3 h, the expected ODN3.2 in 33% yield. 

 

 

Scheme 3.2. Site-specific one-pot dual labelling of DNA.192 

 

While efficient, the requirement for supra-stochiometric amounts (100 equiv.) of toxic copper 

species remains a serious limitation of this strategy for in vivo applications. As other current 

bio-orthogonal strategies are not compatible for one-pot procedures, research has been focused 

on alternative strategies to perform dual ligations of biomolecules. 

 

3.3 Dual Modification of Biomolecules using Bio-orthogonal Chemistry 

The CuAAC reaction has been extensive explored for the ligation of biomolecules due to its 

various advantages (compatible with physiological conditions, relatively high reaction rates, 

accessibility of alkyne/azide surrogates, easy insertion of an alkyne/azide moiety into 

biomolecules). Importantly, it is one of the few current bio-orthogonal strategies which 

produces a single product, which is crucial when considering dual modifications of 

biomolecules. Therefore, to date, the few examples of biomolecules multi-functionalisation 

reported rely on CuAAC reactions only or combine this strategy to a compatible bio-

orthogonal reaction. 

 

3.3.1 Dual Labelling Using Sequential CuAAC Reactions 

One of the earliest methods for incorporating two functionalities into biomolecules, described 

by Carell et al., uses a protection/deprotection strategy providing DNA multi-functionalisation 

(Scheme 3.3).193 Three modified nucleotides, containing either a free, a TMS- or a TIPS-

protected alkyne, were incorporated into ODN3.3 on solid phase, via phosphoramidite 

chemistry. As the CuAAC reaction involves the formation of a Cu-acetylide, silyl-protected 
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alkynes remain inert until deprotection, allowing the exclusive formation of ODN3.4 when 

ODN3.3 was reacted on the resin with benzyl azide, CuBr, TBTA and NaAsc. Conditions used 

for the cleavage of ODNs from the resin (32% aqueous ammonia solution) were sufficient for 

selective TMS-deprotection; no TIPS-deprotection was observed. After RP-HPLC 

purification, the intermediate was involved in a second CuAAC ligation in solution, affording 

the formation of ODN3.5 which was then subsequently treated with TBAF, CuBr, TBTA and 

NaAsc, ensuring TIPS-deprotection and CuAAC reaction in a one-pot process. Crude ODN3.6 

was analysed by RP-HPLC which confirmed the high selectivity of this approach. After RP-

HPLC purification, a series of ODN3.6 were obtained in yields 45–52%. 

 

 

Scheme 3.3. Chemoselective, sequential modification of ODNs via a protection/deprotection methodology.193  

 

Although proven to be highly selective, this strategy is limited by the fact that the CuAAC 

ligation has to be performed on solid-support, as the TMS protecting group has shown to be 

labile in conditions used for cleavage of DNA from the support. This limits the scope of this 

strategy to the ligation of molecules which remain stable to the harsh cleavage conditions, 

which is not the case of most fluorophores, for example. Moreover, addition of multiple 

deprotection steps render this approach less straightforward.  

 

To avoid additional protection/deprotection steps in the synthesis of multi-functionalised 

DNA, Wengel et al. carried out modification while synthesising ODNs via the interruption of 

DNA elongation (Scheme 3.4).194 In this method, the authors stopped the synthesis of ODN3.7 

after 9 nucleotides, performed the first ligation on solid-support, affording the expected 

triazole ODN3.8. Elongation of the DNA was then continued for 4 nucleotides, incorporating 

a second alkyne-modified nucleotide. Subsequent CuAAC ligation was possible on solid-

support or in solution affording ODN3.10 in high yields. The main drawback of this method 

relies in the incompatibility between the aqueous conditions, necessary for CuAAC ligation, 

and oligonucleotide synthesis, which requires dry conditions. To overcome this issue, the 

authors had to include additional washing and drying steps to their synthesis. 
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Scheme 3.4. Dual labelling of DNA via elongation interruption.194  

 

The two strategies described previously rely on solid-support modifications. However, as 

stated previously, harsh conditions used to cleave DNA from the resin (ammonia, high 

temperature, 16 h) can result in degradation of sensitive molecules such as fluorophores. To 

overcome this issue, Morvan et al. described the dual modification of DNA using an alkyne- 

and a bromohexyl-modified nucleotides (Scheme 3.5).195 The advantage of this approach 

comes from the ability to specifically achieve CuAAC reaction at the alkyne site, allowing the 

formation of ODN3.12, followed by the post-synthetic azidation (ODN3.13), giving access to 

a second chemical handle for modification. This approach also allows the incorporation of an 

azide moiety at an ODN internal position. Commonly used strategies are limited to the 3' 

position due to the incompatibility between azide and phosphoramidite chemistry (Staudinger 

ligation with PIII).196   

 

 

Scheme 3.5. Dual labelling of DNA via post-synthetic azidation.195 

 

3.3.2 Dual Labelling Strategies which Combine CuAAC with Another Reaction 

Several strategies have been successfully developed for DNA dual labelling using CuAAC 

methodologies. Methods relying on a protection/deprotection strategy or the interruption of 

DNA synthesis have shown to be efficient but are limited to in vitro investigations as 

modifications need to occur on solid-support. Incorporation of alkyl-bromide followed by in 

situ azidation does not necessitate solid-support modification, however the high temperature 
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(65 °C) necessary for azide formation is incompatible with biological systems and would most 

likely provoke protein denaturation and aggregation. Therefore, combination of the CuAAC 

reaction with other bio-orthogonal ligations had to be investigated for expanding applications 

of biomolecules sequential labelling.  

 

 Dual Labelling using Sequential CuAAC and ”Sulfo-Click” Ligations 

A pioneering strategy for the multi-functionalisation of peptides, combining CuAAC ligation 

with another bio-orthogonal reaction has been reported by Liskamp et al. in 2010.197 In this 

study, the authors synthesised and evaluated a series of DOTA-conjugated monomeric, 

dimeric and tetrameric [Tyr3]octreotide-based analogues for radionuclide therapy and tumour 

imaging. The synthesis of the monomer is described in Scheme 3.6.  

 

 

Scheme 3.6. Dual labelling using CuAAC/”sulfo click” strategy.197 

 

First, an azide-modified peptide 3.1 was reacted in a microwave with propargyl 3.2 in the 

presence of CuSO4 and NaAsc affording triazole 3.3 in 47% yield. Ligation of azide-modified 

DOTA 3.4 was then achieved through a copper-free thio acid/sulfonyl azide amidation (“sulfo 

click”, allowing the formation of compound 3.5 in 25% yield after RP-HPLC purification. The 

advantage of this methodology relies on the orthogonality of the two ligations with native 

peptide functionalities. Furthermore, performing the second ligation using the “sulfo click” 

strategy avoided copper contamination of the DOTA moiety, therefore ensuring efficient 

radiolabelling, using 111In3+, of compound 3.5. However, highly activated, thus extremely 

unstable, azides were necessary for performing the second ligation without catalyst which 

remain a limitation to this platform.  
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  Dual Labelling using Sequential CuAAC Ligation and Ketone Condensation 

As stated previously, ketone condensation has the advantage of being orthogonal toward other 

bio-orthogonal methodologies due to its singular reactivity. Therefore, the combination of both 

ketone condensation and CuAAC reaction has a great potential for one-pot site-selective multi-

functionalisation of biomolecules. Dual labelling of calmodulin (CaM), a ubiquitous regulator 

protein involved in several calcium-mediated processes,198 has successfully been 

accomplished using this strategy (Scheme 3.7).199  Alkynyllysine and p-acetylphenylalanine 

were first genetically incorporated into CaM in position 113 and 34, respectively. Dual 

labelling using hydrazine 3.7 and azide 3.8, in the presence of CuSO4 and NaAsc, allowed the 

integration of the two fluorophores Cy3 and Cy5 to the system. FRET analysis was then 

performed in order to monitor CaM’s conformational change upon calcium binding.  

 

 

Scheme 3.7. Dual labelling of CaM via CuAAC and hydrazine reactions.199 

 

Alternatively, proteins have been modified using an aldehyde functional group, which could 

then be reacted to form an oxime (Scheme 3.8).200 In this study the authors multi-

functionalised the green fluorescent protein (GFP) by combining CuAAC and oxime ligations. 

This allowed the introduction of several functionalities, such as TAMRA, fluorescein and 

dansyl dyes or a polyethylene glycol (PEG) group. However, this approach relies on the 

specific prenylation of proteins containing a C-terminal CaaX motif (C = cysteine, a = aliphatic 

amino acid and X = Met, Ser, Gln, Ala or Cys), considerably limiting its range of applications.  
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Scheme 3.8. Dual labelling of GFP via CuAAC and oxime ligations.200 

 

This approach has recently been expanded to the dual modification of a lipase using an 

aldehyde-modified AA incorporated at the N-terminal position.201 High selectivity was 

observed when using this strategy for dual modification of proteins. However, the poor 

selectivity previously observed with ketone condensation reactions limits its applicability to 

in vitro studies.202  

 

 Dual Labelling using Sequential CuAAC and SPAAC Ligations 

Dual labelling of biomolecules combining CuAAC and SPAAC methodologies has first been 

described by Wolfbeis et al. in 2009.203 Taking advantage of the reactivity difference between 

terminal and strained alkynes, the authors were able to multi-functionalise silica-nanoparticles 

or proteins, such as bovine serum albumin (BSA), commonly used for several biochemical 

assays. RP-HPLC analyses for the ligations have shown high conversion (> 76%) and site-

selectivity for the SPAAC ligations. However, 12 h was required for the reaction to reach 

completion. The slow reaction rate brings the disadvantage of requiring higher reagent 

concentration, therefore RP-HPLC purification is necessary between the two ligations to avoid 

cross-reactivity between the terminal alkyne and excess azide, once the copper-catalyst is 

added to the system. Nonetheless, this approach has been shown to be efficient for several 

applications. Combining SPAAC, CuAAC and a protection/deprotection strategy, Boons et al. 
were able to multi-functionalise dendrimers’ surface.204 Dendrimers, containing multi-

functionalities at their surface, have been studied for their promising characteristics for drug 

delivery as they can combine tissue targeting and imaging functionalities. In this study, the 

authors developed a methodology, relying on three sequential azide/alkyne cycloadditions for 

the assembly and multi-functionalisation of dendrimers (Scheme 3.9). 
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Scheme 3.9. Dual labelling of dendrimers via CuAAC/SPAAC ligations.204 

 

First, a DIBO- and an azide-modified polyester dendron were assembled via SPAAC ligation. 

Despite the steric hinderance often observed at dendron focal points which often results in 

poor coupling conversions, SPAAC ligation afforded dendrimer 3.15 in 93% yield after 24 h. 
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The second ligation, with the unprotected terminal alkynes, was then performed in the 

presence of catalytic amount of CuI and DIPEA, resulting in the formation of 3.16 in 75% 

yield after 4 h. Finally, TMS-deprotection and third ligation was achieved in the presence of 

CuF2 (8 equiv.), affording multi-functionalised dendrimer 3.17 after 40 h at 40 °C. 

 

Dual labelling combining CuAAC/SPAAC sequential ligations, followed by the integration of 

this dual probe into BSA, via maleimide linkage, was also reported by Jones et al. in 2012.205 

In this study, the authors synthesised the trifunctional scaffold 3.23 starting from the 

commercially available Fmoc-Lys(Boc)-OH 3.18 (Scheme 3.10).  

 

 

Scheme 3.10. Synthesis of a tri-functional probes and design for sequential multi-functionalisation of BSA.205 

 

First, amide coupling of 3.18 and propargylamine in the presence of HATU and DIPEA 

afforded terminal alkyne 3.19 in 60% yield after 12 h. Fmoc deprotection, followed by amide 

coupling of 3.20 with S-acetylthioacetic acid, afforded compound 3.21 in 32% yield and 

resulted in the incorporation of the second functionality. Finally, cyclooctyne functionality 

was added to the system via Boc deprotection followed by amide coupling between 3.22 and 
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1-fluorocyclooct-2-yne carboxylic acid, allowing the formation of the final product 3.23 in 39 

%. Overall synthesis of the trifunctional scaffold 3.23 required 5 steps with an overall yield of 

6%. It is important to note that cyclooctyne functionality must be incorporated last in this 

approach due to its instability toward strong acid.205 The applicability of this scaffold for multi-

functionalisation was demonstrated with the conjugation of several functional groups, such as 

protein, peptide, sugar, lipid, fluoroalkane, biotin and fluorophores. The advantage of this 

approach relies on the fact that this small molecule scaffold was designed to avoid engineered 

biomolecules, therefore expanding its use. Indeed, the cyclooctyne and terminal alkyne 

moieties were used to introduce probes to the system while conjugation to biomolecules 

occurred via maleimide linkage, which can easily be incorporated into proteins. However, the 

instability of the thiol-maleimide linkage21 and hydrophobicity of the cyclooctyne moiety limit 

its applicability to in vitro investigations. 

 

  Dual Labelling using Sequential CuAAC and Inverse Electron-Demand Diels-Alder 
Ligations 

While useful, the previous examples of sequential bioconjugation exhibited extremely slow 

reaction rates, sometimes requiring days for efficient ligations. Recently, Chin et al. have 

demonstrated that the combination of CuAAC and inverse electron-demand Diels-Alder 

methodologies allow for the efficient, fast (30 min) and site-selective multi-functionalisation 

of proteins, such as CaM (Scheme 3.11).206  

 

 

Scheme 3.11. Dual labelling of CaM via CuAAC/inverse electron-demand DA strategies.206 

 

In this objective, terminal alkyne- and cyclopropane-modified AAs were genetically encoded 

in proteins. Treatment of 3.24 with CuSO4 (5 000 equiv.), THPTA (5 000 equiv.) and NaAsc 
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(5 000 equiv.) afforded quantitative dual labelling after 30 min. Importantly, ligations were 

achieved at physiological pH, temperature and pressure. However, a supra-stochiometric 

amount of copper (5 000 equiv.) was needed to increase the rate of CuAAC ligation, limiting 

its applicability with biomolecules sensitive to copper-mediated oxidative damage.80 

 

An alternative approach for nucleic acid multi-functionalisation has recently been reported by 

Jäschke et al., combining CuAAC, SPAAC and inverse electron-demand Diels-Alder 

methodologies (Figure 3.3).207 As explained previously, CuAAC and SPAAC reactions are 

not compatible in a one-pot process due to their use of same reactants (e.g., azides). Therefore, 

to minimise side-reactions between the two ligations, it was necessary to perform and monitor 

the SPAAC ligation prior to CuAAC, ensuring its completion. Large excesses of azide were 

needed for the subsequent CuAAC reaction to ensure complete ligation with the ODN, even 

in the presence of excess competing cyclooctyne. Although cyclooctynes have previously been 

used for inverse electron-demand Diels-Alder reactions,119 ligation kinetics have been shown 

to be slower than for strained alkenes,39 therefore no side reaction was observed between 

SPAAC and inverse electron-demand Diels-Alder reactions. A limitation that this strategy 

encounters comes from the incorporation of the azide moiety into ODNs, to ensure minimal 

side-reactions between CuAAC and SPAAC. As stated previously, azides are incompatible 

with phosphoramidite chemistry, resulting in Staudinger side-reactions. Therefore, they can 

only be incorporated at the 3' position during nucleic acid synthesis. Moreover, it has been 

reported that azide-modified AAs are prone to reduction, forming the corresponding amines 

when encoded into proteins.208 Potential side-reactions combined with the instability of the 

functional groups inserted into biomolecules thus limit the flexibility of this approach.  

 

 

Figure 3.3. Design of triple “click” labelling of nucleic acids.207 
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3.3.3 The Need for New Strategies for Sequential Bioconjugation 

The different limitations observed with the previously described approaches for biomolecule 

multi-functionalisation highlight the need for more sophisticated methodology. An ideal 

platform for efficient sequential bioconjugation must (i) incorporate stable functionalities into 

biomolecules, (ii) use mild conditions for incorporating these functions and performing the 

ligations, (iii) achieve ligations with high reaction rate and yields and (iv) integrate small 

chemical moieties, that will therefore not disrupt biomolecules’ structure and functionality.  

 

Ketones have been shown to be easily encoded into biomolecules; however, potential side-

reaction with carbonyl-bearing metabolites, slow kinetics and acidic pH, necessary for the 

ligations,43 render this strategy ineffective for biomolecule dual labelling.  

 

Both Staudinger and CpO/CpS phosphine ligations are not compatible for in vivo sequential 

labelling due to the oxidation-sensitive properties of phosphine moieties towards air or 

metabolic enzymes and their slow kinetics.47 Strategies using large moieties, such as 

cyclooctynes in SPAAC and SPANC, or cyclooctene in inverse electron-demand Diels-Alder 

and tandem crDA, exhibit faster kinetics, which would then be favourable for sequential 

ligations. However, the large sizes and strong hydrophobicity of these functional groups result 

in (i) poor cell uptake for in vivo applications, and (ii) structure modifications of biomolecules.  

 

Despite copper toxicity, the CuAAC methodology remains the favoured choice for 

bioconjugation due to its numerous advantages compared to the other bio-orthogonal 

strategies. Furthermore, incorporation of terminal alkyne moieties has extensively been 

reported. Nevertheless, current strategies using CuAAC methodology are often laborious. 

Indeed, the lack of chemoselectivity of alkyne and azides moieties, toward another 

alkyne/azide surrogate, results in the requirement of protecting groups or hidden reactive 

groups. The example of DNA dual labelling using CuAAC reactions without protected groups, 

reported by Astakhova et al. (Scheme 3.12),209 reflects the limitation of this strategy to 

discriminate one alkyne from another.  
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Scheme 3.12. Dual labelling of ODNs using CuAAC reactions without protecting groups.209 

 

Recently, Chin et al. have reported the orthogonal, sequential dual labelling of proteins using 

inverse electron-demand Diels-Alder methodology only (Figure 3.4).210 By exploiting the 

difference in reactivity between norbornene and strained cyclooctyne, as well as the difference 

between alkyl- and aryl-substituted tetrazines, the authors were able to achieve chemoselective 

protein multi-functionalisation in high yields. 

 

 

Figure 3.4. Chemoslective dual labelling of CaM via inverse electron-demand Diels-Alder.210 
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The use of aromatic ynamines as a new reactive group for CuAAC reactions has been shown 

to dramatically increase reaction kinetics for small molecule ligation, even in the presence of 

low copper loading.170,171,174 Furthermore, the enhanced reactivity of aromatic ynamine has 

allowed chemoselective CuAAC ligations when in competition with regular alkynes. In fact, 
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system, the superior reactivity of the aromatic ynamine afforded chemoselective, sequential 

CuAAC ligations in a one-pot process.   

 

Analogous to the approach of Chin et al., the work described herein seeks to exploit the 

enhanced reactivity of aromatic ynamines for developing a new methodology for sequential, 

chemoslective multi-functionalisation of ODNs. Such a platform would have the advantage of 

incorporating small chemical moieties, which should not have a strong impact on ODN 

structure. Furthermore, the enhanced reactivity of aromatic ynamines should allow 

considerably decreased copper loading, which would therefore minimise potential degradation 

of biomolecules. 

 

3.5 Aims of this Chapter 

The specific aims of this chapter are to: 

 

(i) Synthesise a focused series of aromatic ynamine phosphoramidites and incorporating 

them into ODNs (Collaboration with Dr Linus Reichenbach; Figure 3.5). 

 

 

Figure 3.5. Example of ynamine phosphoramidite synthesised. 

 

(ii) Optimise reaction conditions for CuAAC ligation ynamine-modified ODNs (Scheme 

3.13). 

 

 

Scheme 3.13. Determine optimal conditions for ODNs CuAAC ligation using an aromatic ynamine. 
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(iii) Establish reaction conditions for chemoselective, sequential ligations of ODNs using 

enhanced reactivity of aromatic ynamines (Scheme 3.14). 

 

 

Scheme 3.14. Determining optimal conditions for chemoselective, sequential CuAAC ligation of ODNs. 

 

3.6 Results and Discussion 

3.6.1 Phosphoramidite Synthesis 

Incorporation of aromatic ynamine and phenylacetylene moieties into ODNs was achieved 

either via phosphodiester linkage, when in a 5' terminal position, or directly conjugated to an 

internal thymidine. In this objective, aromatic ynamine- and phenylacetylene-modified 

phosphoramidite nucleotides were synthesised. 

 

Since its discovery in 1981, the use of phosphoramidite nucleotides remain the gold standard 

for chemical DNA synthesis.211 They are easily activated by mild acid, such as tetrazole 

derivatives or 4,5-dicyanoimidazole, have shown high stability toward hydrolysis and 

oxidation and react with protected nucleotides in high yields (> 99%).212  

 

 Synthesis of External Aromatic Ynamine Phosphoramidite* 

When at the terminal 5' position, aromatic ynamine moiety was incorporated via a 

phosphodiester linkage. In this objective, phosphoramidite 3.27 was synthesised in 5 steps 

(Scheme 3.15), starting from a Sonogashira coupling between iodo-aryl 3.29 and terminal 

alkyne 3.30 in the presence of triethylamine and a catalytic amount of Pd(PPh3)2Cl2 and CuI. 

After 1 h of reaction, internal alkyne 3.31 was obtained in 86% yield. Reduction of the nitro 

and alkyne groups was achieved via hydrogenation in the presence of Pd/C, affording 

                                                   
* Synthesis developed by Dr Linus Reichenbach (unpublished). 
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compound 3.32 in quantitative yield. Benzimidazole formation was completed through the 

reaction of 3.32 and formic acid, affording 3.33 in quantitative yield after 16 h. Cu-catalysed 

N-alkylation was then achieved in the presence of bromo-TIPS-acetylene, Cs2CO3 and 

catalytic amount of CuI and PEG-400, producing 3.34a and 3.34b in 17% and 14% yields, 

respectively. Finally, phosphoramidite 3.27 was obtained in 64% yield via the reaction of 

3.34a with chloro(diisopropylamino)-b-cyanoethoxyphosphine. 

 

 

Scheme 3.15. Synthesis of external aromatic ynamine phosphoramidite 3.27. Isolated yields.  

 

 Synthesis of Internal Aromatic Ynamine Phosphoramidite* 

The aromatic ynamine functional group was conjugated to a thymidine via an amide linkage 

(Scheme 3.16). Synthesis of phosphoramidite 3.28 was first achieved by the DMT protection 

of 5-iodo-2'-deoxyuridine 3.35, resulting in the formation of 3.36 in 83% yield. A Sonogashira 

cross-coupling was then performed in the presence of triethylamine and catalytic amount of 

Pd(PPh3)2Cl2 and CuI, affording 3.37 in 73% yield after 3 h. Amide coupling between 

carboxylic acid 3.37 and amine 3.38, in the presence of EDC, HOAt and DIPEA, ensured the 

incorporation of the aromatic ynamine moiety, affording compound 3.39 in 95% yield. Finally, 

phosphoramidite 3.28 was obtained in 47% yield via the reaction of 3.39 with 

chloro(diisopropylamino)-b-cyanoethoxyphosphine.  

 

                                                   
* Synthesis developed by Dr Linus Reichenbach (unpublished). 

IH2N

O2N
HO

4

Pd(PPh3)2Cl2 (1 mol%)
CuI (6 mol %)
NEt3, rt, 1 h

H2N

O2N

OH4

H2, Pd/C
MeOH, rt

H2N

H2N

6OH

HCO2H
Δ, 16 h

6OHN

N
H

6OHN

N

TIPS
Br TIPS

(2.2 equiv.)
CuI (5 mol %)

PEG400 (10 mol %)
Cs2CO3 (1.2 equiv.)

dioxane, 160°C, 16 h

(3 equiv.)
DIPEA (9 equiv.)

THF, rt, 1.5 h6ON

N

TIPS

P
O

N
CN

3.31
86%

3.32
Quant

3.29 3.30

3.33
Quant

6-C6H12OH: 3.34a, 17%
5-C6H12OH: 3.34b, 14%

3.27
64%

P
NO

Cl
NC



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 136 

 

Scheme 3.16. Synthesis of internal aromatic ynamine phosphoramidite 3.28. Isolated yields. 

 

 Synthesis of External Alkyne Phosphoramidite* 

To compare the difference of reactivity between aromatic ynamine and more conventional 

alkynes in CuAAC bioconjugation, an external phenylacetylene phosphoramidite 3.42 was 

also synthesised (Scheme 3.17). In this objective, 2-(4-bromophenyl)ethan-1-ol 3.40 was first 

reacted in a Sonogashira coupling in the presence of DIPEA and catalytic amount of 

Pd(PPh3)2Cl2 and CuI, affording 3.41 in 20% yield after 16 h. Phosphoramidite 3.42 was 

obtained in 76% yield via the reaction of 3.41 with chloro(diisopropylamino)-b-

cyanoethoxyphosphine. 

 

 

                                                   
* Synthesis developed by Dr Linus Reichenbach (unpublished). 
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Scheme 3.17. Synthesis of external phenylacetylene phosphoramidite 3.42. Isolated yields. 

 

3.6.2 Synthesis of Aromatic Ynamine- and Alkyne-Modified 
Oligodeoxyribonucleotides (ODNs)* 

ODNs were synthesised using standard solid-phase strategy on a controlled pore glass (CPG) 

support (Scheme 3.18). Synthesis of ODN3.18-22 was performed from the 3'-position to the 

5'-position, starting from DMT deprotection of the first nucleotide, usually attached to the 

CPG, in the presence of trifluoroacetic acid solution (3% in DCM), revealing the reactive 5'-

hydroxyl group. Activation of the 3'-b-cyanodiisopropyl phosphoramidite group of a second 

nucleotide was then achieved using 5-benzylthio-1H-tetrazole, resulting in the formation of a 

linkage between the first nucleotide’s 5'-hydroxyl group and the second nucleotide’s 3'-

phosphine group. Capping of potential unreacted 5'-hydroxyl group is performed with acetic 

anhydride, following by the oxidation of the phosphine, in the presence of I2 in a pyridine/H2O 

mixture, to a more stable phosphate. This cycle is repeated as many times as needed to obtain 

expected ODNs. ODN3.18-22 were obtained in yields 8–35% after cleavage of the CPG, 

performed using 32% aqueous ammonia solution at rt for 16 h and RP-HPLC purification. 

 

                                                   
* Synthesis developed by Dr. Linus Reichenbach (unpublished). 
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Scheme 3.18. Solid-phase ODNs synthesis. 1) DMT-deprotection. 2) Condensation. 3) Coupling. 4) Oxidation. 
Isolated yields.  

 

3.6.3 Calculation of ODN Extinction Coefficients 

Since a laboratory-scale synthesis of DNA is usually achieved on nano- to milli-molar scale, 

measuring a weight is not possible to obtain yields of reactions. However, the concentration 

of DNA samples can easily be quantified by UV/Vis spectroscopy at 260 nm, due to the 

conjugated double bonds of the base pairs. DNA concentration can then be calculated using 

the Beer Lambert law (Equation 3.1): 

 

																																																												A260	=	e260cl                                                       Equation 3.1 
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Where A260 = absorbance at 260 nm, e260 = oligonucleotide extinction coefficient at 260 nm 

(L⋅mol−1⋅cm−1), c = oligonucleotide concentration (mol⋅L −1) and l = pathlength (cm). 

 

The extinction coefficient e of ODNs depends on its sequence. The most commonly used 

method for calculating e is based on the nearest neighbour method; e is determined for pairs 

starting from the 5'- to the 3'-position.213 The value for e is then calculated following equation 

3.2. 

 

																														* = 	 +∑ *-./0.12	-.3456780-	9:
: ; 	−	 [∑ *3->3?3>8/@-	9:

A ]                Equation 3.2 

 

It worth noting that this equation is an approximation of the real extinction coefficient value 

and the average error is believed to be around 4%.214 In the case where ODNs were modified 

with chemical groups which would influence on the overall extinction coefficient, calculation 

of e follows equation 3.3. 

 

* = 	 +∑ *-./0.12	-.3456780-	9:
: ; 	−	[∑ *3->3?3>8/@-	9:

A ] + +∑ *D7>3E3F/237--
: ;      Equation 3.3 

                                                                                                                                   

To quantify the impact of aromatic ynamine (3.43 and 3.44) and phenylacetylene (3.45) 

moieties on the extinction coefficient of ODNs, absorbance measurements of the different 

modifications were measured at 260 nm (Figure 3.6). While both external and internal 

aromatic ynamine scaffolds (respectively 3.43 and 3.44) have shown to absorb at 260 nm, 

phenylacetylene 3.45 has no significance absorbance at this wavelength, and consequently no 

influence on the extinction coefficient value.  

 



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 140 

 

Figure 3.6. Absorbance measurements at 260 nm of aromatic ynamines 3.43 and 3.44 and phenylacetylene 3.45. 

 

Since both compounds 3.43 and 3.44 have shown a significant absorbance at 260 nm, 

extinction coefficient was measured for both scaffolds. Measurements were performed in 

MeOH/H2O (1/9) at different concentrations, starting from a stock solution containing 10 mg 

of compound 3.43 or 3.44. Absorbance was measured in three duplicates for each 

concentration. Data obtained are presented in Tables 3.1 and 3.2 (for compound 3.43 and 3.44 

respectively) and Figure 3.7 and 3.8 represent e calculation (for compound 3.43 and 3.44 

respectively). Following Beer Lambert law, extinction coefficient was calculated following 

equation 3.4. 

 

																																																																							* = 	 GHIJ
F@

                                                    Equation 3.4 

 

where K	= 1 cm. 
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Table 3.1. Absorbance measurements for aromatic ynamine 3.43.  

Entry Concentration (M) A1 A2 A3 Absorbance 
(average) 

1 1.23.10-4 0.707 0.714 0.704 0.708 
2 1.04.10-4 0.585 0.563 0.568 0.572 
3 8.81.10-5 0.483 0.491 0.476 0.483 
4 7.30.10-5 0.392 0.407 0.403 0.401 
5 5.46.10-5 0.295 0.291 0.295 0.294 

 

 

 
Figure 3.7. Extinction coefficient calculation for compound 3.43. 

 

These data suggest that extinction of coefficient of compound 3.43 is 5 580 L⋅mol−1⋅cm−1 and 

therefore that overall extinction coefficient of ODN3.18 is 121 847 L⋅mol−1⋅cm−1. The 

difference between the concentration using the modified and unmodified (116 200 

L⋅mol−1⋅cm−1) extinction coefficients is approximately of 0.3 nmol.  

 

Table 3.2. Absorbance measurements for aromatic ynamine 3.44.  

Entry Concentration (M) A1 A2 A3 Absorbance 
(average) 

1 1.95.10-4 0.739 0.727 0.714 0.727 
2 1.61.10-4 0.603 0.592 0.564 0.586 
3 1.34.10-4 0.472 0.465 0.506 0.481 
4 1.07.10-4 0.357 0.403 0.380 0.380 
5 8.05.10-5 0.288 0.273 0.267 0.276 
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Figure 3.8. Extinction coefficient calculation for compound 3.44. 

 

These data suggest that extinction of coefficient of compound 3.44 is 3 919 L⋅mol−1⋅cm−1 and 

therefore that overall extinction coefficient of modified ODN3.22 is 107 919 L⋅mol−1⋅cm−1. 

The difference between the concentration using the modified and unmodified (112 700 

L⋅mol−1⋅cm−1) extinction coefficients is approximately of 0.3 nmol.  

 

The modified and unmodified extinction coefficient values for the ODNs synthesised in this 

project are summarised in Table 3.3. 

 

Table 3.3. Modified and unmodified ODNs extinction coefficient values.  

ODN Sequence eunmodified 

(L⋅mol−1⋅cm−1) 
emodified 

(L⋅mol−1⋅cm−1) 
[C]error (nmol) 

ODN3.18 5'-X1 GCA TTG ACT GCT-3' 116 200 121 847 0.28 
ODN3.19 5'-X2 GCA TTG ACT GCT-3' 116 200 116 200 0 
ODN3.20 5'-TTA TGC AGX3 AC-3' 119 000 114 119 0.26 
ODN3.21 5'-CX3A TGC AGT AC-3' 116 300 111 419 0.27 
ODN3.22 5'-X2 CGC GAT AX3C GCG-3' 112 700 107 919 0.29 

 

 

 

Due to the error associated with the nearest neighbour calculation, it is often assumed that 

modifications made on ODNs do not change e significantly and reaction yields are calculated 

from peak area using RP-HPLC, even when modifying ODNs with fluorophores.193 Since 
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these data showed that aromatic ynamine scaffolds slightly influence ODN overall e, reaction 

yields are calculated using both, modified and unmodified, extinction coefficient, 

subsequently providing average yields.  

 

3.6.4 Optimisation of CuAAC ligations using an Aromatic Ynamine-Modified 

ODN 

A screen was conducted to test the reactivity of aromatic ynamines as compared to aromatic 

alkynes when performing CuAAC ligations on ODNs. A variety of parameters including a 

screening of ligand and copper source and a screening of azide and copper loading were 

explored. Initial investigations were achieved to determine the need for additives (e.g., NaAsc, 

ligand) when performing CuAAC reaction on ODN3.18 (Figure 3.9).  

 

 

 

 
Figure 3.9. Optimization of CuAAC conditions to convert ODN3.18 into triazole ODN3.23a 

 

A control reaction between ynamine-modified ODN3.18 and azide 2.65a, without the use of 

copper catalyst, was performed, affording, as expected, no reaction. The addition of Cu(OAc)2 

(10 equiv.) only provided ODN3.23a in 8 ± 1%  yield. Reaction rate was dramatically 

increased when adding a ligand (e.g., THPTA) to the reaction mixture, consistent with 
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addition of a Cu(II) reductant (e.g., NaAsc) allowed the formation of ODN3.23a in 67 ± 2% 

yield after 1 h of reaction.  

It has previously been reported that the use of triazole ligand, such as THPTA, dramatically 

accelerates CuAAC reaction rate. This is due to the tetradentate chelation of THPTA ligands 

with the Cu(I) centre (see Chapter 1 for more information on the impact of ligands on CuAAC 

kinetics). Commonly used ligands for CuAAC reactions are TBTA82 and THPTA.83 Among 

the several ligands discovered, AMTC has shown to increase CuAAC reaction rate at lower 

copper loading and has the advantage of being water soluble and easily synthesised.87 The 

reactivity difference of these ligands were then investigated for the formation of ODN3.23a 

(Figure 3.10).  

 

 

 

 
Figure 3.10. Ligand screening for the formation of ODN3.23a. 

 

TBTA has shown to decrease the rate of ODN3.23a formation compared to THPTA 

(respectively 54 ± 2% and 67 ± 2%), most likely due to its poor solubility in aqueous media. 

AMTC has been shown to decrease reaction rate furthermore (40 ± 1% yield), most likely due 

to its small size.87 Indeed, only 4 ± 1% of ODN3.18 starting material was recovered, 

suggesting that most of ODN was degraded, via copper-induced oxidative damage, when using 

this ligand. Since THPTA has shown to generate higher reaction rates and improved ODN 

stability, it was used for the rest of this study.  

 

A screening campaign was also carried out to investigate the effect of copper source on 

CuAAC reaction rate when using ynamine-modified ODN3.18 and azide 2.65a (Figure 3.11).  
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Figure 3.11. Copper source screening for the formation of ODN3.23a. 

 

Consistent with observations previously made on small molecules,171 Cu(OAc)2 has shown 

slower reaction rates than CuSO4, when in the presence of a ligand such as THPTA 

(respectively 67 ± 2% and 88 ± 2%). This could be due to the fact that poly-triazole ligands, 

such as THPTA, accelerate reaction rate via the formation of a copper mononuclear complex.82 

However, it has also been shown that Cu(OAc)2 reacts faster as a dinuclear complex.88 

Therefore, addition of a hindered ligand, such as THPTA, could either slow down the reaction 

by forming a mononuclear complex, which would then be less favourable for Cu(OAc)2 or the 

ligand could chelate the dinuclear complex, forming an extremely hindered, thus less 

accessible, copper complex. The use of Cu(I), such as CuBr and CuI, has also been shown to 

decrease the reaction yields (respectively 64 ± 3% and 61 ± 2%). The use of both CuSO4 and 

Cu(OTf)2 has allowed the formation of ODN3.23a in excellent yields 88 ± 2% and 97 ± 2%, 

respectively, after 1 h of reaction. Cu(OTf)2 was chosen for the rest of this study. 

 

As discussed previously, copper-induced oxidative damage on biomolecules remains a 

significant limitation of CuAAC methodology, limiting its applicability to bioconjugation. 

Enhanced reactivity of aromatic ynamine has allowed highly efficient triazole formation with 

small molecules, even at low copper loading.171,215 A study of the copper loading, when 

performing ligation on ODN3.18, was then explored (Figure 3.12).  
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Figure 3.12. Screening of copper loading for the formation of ODN3.23a. 

 

No difference in reactivity was observed when decreasing copper loading from 10 to 5 equiv., 

affording 97 ± 2% yield of product ODN3.23a after 1 h of reaction. Decreasing further to 

catalytic amount of Cu(OTf)2 (0.5 equiv.) resulted in only a small loss of reactivity, affording 

ODN3.23a in 77 ± 2% yield. When increasing the time of reaction to 2 h, triazole formation 

was efficiently achieved with 10 mol % of Cu(OTf)2, providing ODN3.23a in 87 ± 2% yield. 

Attempts to decrease copper loading furthermore afforded a majority of starting material and 

only 21 ± 1% yield of ODN3.23a after 2 h. It worth noting that, even though the rest of this 

study uses 10 mol % of Cu(OTf)2 to decrease reaction time, decreasing copper loading to 5 

mol % will still catalyse the reaction and could allow completion of the reaction if reaction 

time was increased.  

 

Finally, the stoichiometry of azide 2.65a required to obtain formation of ODN3.23a was 

screened (Figure 3.13). Increasing the excess of azide resulted in a small loss of reactivity, 

affording ODN3.23a in 80 ± 2% yield, most likely due to the poor solubility of azide 2.65a in 

aqueous media. However, decreasing the stoichiometry to 2 equiv. afforded ODN3.23a in 99 

± 1% yield after 2 h of reaction. 
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Figure 3.13. Screening of azide stoichiometry for the formation of ODN3.23a. 

 

3.6.5 Optimisation of CuAAC ligations using Phenylacetylene-Modified ODN 

To compare the reactivity of aromatic ynamine to conventional alkynes, CuAAC reactions 

using azide 2.65a and ODN3.19, containing the same sequence but modified with a 

phenylacetylene moiety, were carried out (Figure 3.14). Enhanced reactivity of aromatic 

ynamines was first demonstrated by the fact that no reaction occurred between 2.65a and 

ODN3.19 after 2 h, even in the presence of 10 equiv. of Cu(OTf)2. Increasing reaction time to 

16 h afforded the formation of ODN3.24a in quantitative yield. Decreasing copper loading to 

5 equiv. provided the expected triazole in 88% yield. However, attempts to decrease copper 

loading further (1 equiv.) resulted in only 48% of ODN3.24a after 16 h. Attempts to perform 

the reaction using catalytic amount of copper resulted in the recovery of starting material only. 
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Figure 3.14. Optimisation of CuAAC conditions for the formation of ODN3.24a. 

 

3.6.6 Substrate Scope 

The substrate scope of aromatic ynamine-modified ODN3.18 was investigated using Cu(OTf)2 

(10 mol %), THPTA (20 mol %) and NaAsc (20 mol %) in H2O (Scheme 3.19). The reaction 

tolerates a wide range of azides containing steric constraints (e.g., 2.65d), copper-chelating 

groups (e.g., 2.65h, 2.65q, 2.65r, 3.46a, 3.46b, 3.46c and 3.46e) and fluorophores (e.g., 2.65q, 

2.65r and 3.46b). Interestingly, this strategy allows for the efficient formation of 

bioconjugates which could be used in several applications. The synthesis of a mimic of a 

biomedical imaging marker189 has been demonstrated with the ligation of ODN3.18 with azide 

modified-PET probe mimic 3.46a, affording ODN3.23d in 97 ± 2% yield. Ligation with 

ODN3.18 with an azide-modified fluorous tail, commonly used in surface chemistry,216 has 

also been shown, resulting in the formation of ODN3.23i in 68 ± 2% yield. This strategy could 

also be used for drug discovery with the ligation of azide-modified mannose217 3.46c, azide-

modified folate218 3.46e and azide-modified cholesterol219 3.46f, affording respectively 

ODN3.23h in 39 ± 2% yield, ODN3.23k in 65 ± 1% yield and ODN3.23f in 91 ± 2% yield. 

Finally, conjugation of ODN3.18 with biotin azide 2.65s, commonly used for pull-down 

assays,220 has also successfully been demonstrated, providing the formation of ODN3.23j in 

87 ± 2% yield. It worth noting that for less reactive azides, such as 2.65d, 3.46c, 3.46d and 

3.46e, higher copper loading was necessary for catalysing the reaction (0.5 to 1 equiv.).  
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Scheme 3.19. Substrate scope. [a]Cu(OTf)2 (1 equiv.), NaAsc (2 equiv.), THPTA (2 equiv.). [b]Cu(OTf)2 (0.5 

equiv.), NaAsc (1 equiv.), THPTA (1 equiv.). Isolated Yields. 

 

3.6.7 Site-Dependent Modulation of Ynamine Reactivity 

When incorporated at the 5'-position of ODNs, an aromatic ynamine exhibits enhanced 

reactivity in CuAAC ligations, as compared to regular alkynes, allowing for fast and efficient 

triazole formation, even at low copper loading. However, as DNA is not static, incorporation 

of the aromatic ynamine moiety in an internal position may alter its accessibility, resulting in 

decreased reactivity. To verify if aromatic ynamine position has an influence on its reactivity, 

ODN3.20 and ODN3.21, containing an aromatic ynamine at different positions, were reacted 

with azide 2.65a in CuAAC reactions (Figure 3.15 and 3.16). Performing CuAAC ligation 

between ODN3.20 and azide 2.65a using the previously optimised conditions (10 mol % of 
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Cu(OTf)2, 20 mol % of THPTA and NaAsc) afforded no reaction, only recovery of the starting 

material (Figure 3.15). This result suggests that the position of the modification has a 

significance influence on its reactivity. Increasing copper loading to 1 equiv. provided the 

expected triazole ODN3.25a in 92 ± 2% yield. More importantly, aromatic ynamine reactivity 

was also restored when increasing azide 2.65a stoichiometry, allowing the formation of 

ODN3.25a in 82 ± 2% yield with only a catalytic amount of copper (0.1 equiv.). 

 

 

 

 
Figure 3.15. Optimisation of CuAAC conditions for the formation of ODN3.25a. 

 

To further probe the influence of aromatic ynamine position on its reactivity, CuAAC reaction 

conditions using ODN3.21 and azide 2.65a were also investigated (Figure 3.16). Similar to 

the previous experiments, no reaction occurred when using the previously optimised 

conditions (10 mol % of Cu(OTf)2, 20 mol % of THPTA and NaAsc). Increasing copper 

loading to 1 equiv. afforded moderate reactivity with the formation of only 50 ± 1% of 

ODN3.26a. Comparable to ODN3.20, when using an excess of azide 2.65a, CuAAC reaction 

was successfully performed, providing ODN3.26a in 78 ± 2% yield with only a catalytic 

amount of copper. 
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Figure 3.16. Optimisation of CuAAC conditions for the formation of ODN3.26a. 

 

These data suggest that the position of the modification has a strong impact on its reactivity, 

consistent with the fact that, when incorporated in an internal position, aromatic ynamines are 

less accessible for reacting. However, the addition of an excess of azide restore aromatic 

ynamine reactivity and allow efficient ligation, even at low copper loading. 

 

3.6.8 Chemoselective, Sequential CuAAC Ligations of ODNs 

To demonstrate the potential of aromatic ynamine for performing chemoselective CuAAC 

bioconjugation, ODN3.22 was designed to contain a phenylacetylene reactive group at the 3’-

position, thus being potentially more accessible, and an aromatic ynamine functional group at 

an internal position. Furthermore, the sequence of ODN3.22 has been carefully be chosen to 

be palindromic, potentially decreasing furthermore the accessibility of the aromatic ynamine 

moiety. ODN3.22 was reacted with azide-modified PET-probe mimic 3.46a in the presence 

of Cu(OTf)2 (10 mol %), THPTA (20 mol %) and NaAsc (20 mol %) (Scheme 3.20). After 3 

h of reaction, triazole ODN3.27 was obtained in 97 ± 2% yield. RP-HPLC and MALDI-ToF 

analyses of the crude have indicated the formation of a single product (Figure 3.17). Scale-up 
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Scheme 3.20. Chemoselective, sequential CuAAC reactions on ODN3.22.  

 

using Cu(OTf)2 (10 equiv.), NaAsc (20 equiv.) and THPTA (20 equiv.). After 24 h of reaction, 

multi-functionalised ODN3.28 was obtained in 88 ± 2% yield. Scale-up of the reaction to 25 

nmol scale afforded compound ODN3.28 in 57 ± 1% yield after RP-HPLC purification.  

 

 
Figure 3.17. MALDI-TOF analysis of sequential CuAAC dual labelling of ODN3.22. 
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To demonstrate that the ligation occurred specifically at the aromatic ynamine position, an 

enzymatic digestion of ODN3.27 was performed using ExoI and ExoIII exonucleases.  

 

Exonuclease enzymes cleave nucleotides, one at a time, via hydrolysis of phosphodiester 

groups, either from the 3'- or the 5'-end of DNA.221 ExoIII catalyses the digestion of double 

stranded DNA from the 3'- to the 5'-position and removes 3'-terminal phosphate groups, 

generating 3'- hydroxyls. ExoI also degrades DNA from the 3'- to the 5'-position but is only 

active on single stranded DNA. It releases 5'-monophosphate deoxyribonucleotides up to the 

last two nucleotides.  

 

To ensure the formation of the DNA duplex, ODN3.27 was first heated to 80 °C (denaturation) 

and slowly cooled down to rt (annealing). ODN3.27 was subsequently incubated with ExoIII 

at 37 °C for 2 h. As ExoIII catalyses degradation of double stranded DNA, it will only digests 

ODN3.27 up to half of the strand. ExoI was then added and the reaction mixture incubated at 

37 °C for another 2 h, ensuring the complete degradation of ODN3.27. Inactivation of both 

enzymes, by heating the mixture to 80 °C for 20 min, followed by centrifugation, afforded 

digested ODN3.27, which was then analysed by LC-MS (Figure 3.18).  

LC-MS analysis of the digest revealed the presence of unmodified 3'-hydroxyl 5'-phosphate 

nucleotides (peaks at 3.6 min (T), 5.2 min (C and G) and 7.5 min (A)). No non-digested 

ODN3.27 was detected, indicating effective digestion. MS analysis of both peaks (34.2 and 

41.9 min) showed mass corresponding to compounds 3.48 and 3.47, respectively. The triazole 

product from phenylacetylene and azide 3.46a was not observed. These data demonstrate that, 

in the absence of protecting group, aromatic ynamines perform chemoselective CuAAC 

ligation.  
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Figure 3.18. LC-MS analysis of ODN3.27 enzymatic digestion. 



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 155 

3.6.9 Impact of Aromatic Ynamine Moiety into DNA Structure 

The development of bio-orthogonal strategies has allowed a better understanding of 

biomolecules’ structures and functions. Therefore, to be fully effective for bioconjugation, it 

is important that the incorporated reactive groups, used for performing these bio-orthogonal 

strategies, does not alter biomolecule structure. Aromatic ynamines have been shown to be 

easily incorporated into ODNs. However, their impact onto DNA structure as yet not been 

established.  

 

Although DNA can exist in several different conformations, the most commonly found 

structure within living systems is a right-handed helix, called B-DNA, which involves two 

antiparallel strands.222 The stability of this duplex can be determined thermally by monitoring 

absorption changes at 260 nm, when submitting the DNA sample to a temperature ramp. 

Absorption changes usually follow a sigmoidal curve, where the point of inflection represents 

the temperature where DNA is in equilibrium with single and double strands. This temperature 

is called melting temperature TM. A higher TM values means that DNA duplex is more stable 

as it requires more energy to break.  

 

To investigate the impact of an aromatic ynamine moiety onto DNA structure, a comparison 

of the melting temperature TM between the unmodified DNA ODN3.29 and modified 

ODN3.22 was evaluated. The impact of the triazole (ODN3.27) was also assessed. For that, 

each ODN was successively subjected to temperature ramp (from 20 °C to 80 °C then back to 

20 °C at 0.2 °C per minute) three times. ODN absorption was monitored every 0.2 °C.   

 

The results obtained for the three different ODNs are summarised in Table 3.4. The average 

melting temperature of unmodified DNA, ODN3.29, has been shown to be 55.2 °C. After 

incorporation of aromatic ynamine moiety and phenylacetylene moieties, the average melting 

temperature has been shown to be 60.6 °C. This result suggests that these modifications 

stabilise the duplex. After CuAAC reaction, the melting temperature of the triazole product 

ODN3.27 has shown a small destabilisation of the DNA duplex, compared to ODN3.22, 

however the melting temperature is comparable to the unmodified ODN3.29. 

 

Table 3.4. Melting temperatures of unmodified ODN3.29 and modified ODN3.22 and ODN3.27.  

ODN Tm1 (°C) Tm2 (°C) Tm3 (°C) TmAv (°C) 
ODN3.29 54.2 55.5 55.9 55.2 
ODN3.22 61.0 60.6 60.2 60.6 
ODN3.27 56.7 54.8 55.2 55.6 
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The representative melting curves of ODN3.22, ODN3.37 and ODN3.29 are presented in 

Figure 3.19. These results suggest that incorporating an aromatic ynamine functional group 

into ODN for performing CuAAC ligation does not alter its structure and therefore could be 

used as a new reactive group for in vitro and in vivo bioconjugation applications.  

 

 
Figure 3.19. Representative melting curves of unmodified ODN3.29 and modified ODN3.22 and ODN3.27. 

 

3.7 Summary 

This work describes the optimisation of chemoselective, sequential CuAAC bioconjugation of 

oligodeoxyribonucleotides using the enhanced reactivity of aromatic ynamines. Aromatic 

ynamines have easily been incorporated into DNA, in both internal and external positions. No 
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degradation of the aromatic ynamine functional group was observed during their 

incorporation. Its enhanced reactivity has allowed for fast and efficient CuAAC ligations of 

ODNs with a wide range of azides. Importantly, the high reactivity of aromatic ynamines has 

allowed decreased copper loading to a catalytic amount (10 mol %) while supra-stoichiometric 

amounts of copper are usually required due to DNA’s numerous Cu-chelation sites.81,108 The 

reactivity difference between aromatic ynamines and aromatic alkynes has also been shown, 

providing a new platform for chemoselective, sequential bioconjugation of ODNs. Finally, it 

has been shown that incorporating an aromatic ynamine moiety into DNA does not alter DNA 

structure. These findings represent a novel, efficient strategy for CuAAC chemoselective 

bioconjugation. 

 

3.8 Experimental 

3.8.1 Reagents and Solvents 

All reagents were used as supplied from commercial sources (Fisher, Fluorochem, Sigma-

Aldrich) and used without further purification unless otherwise stated. Solvents were all HPLC 

grade and were used without further purification, unless otherwise stated. 

3.8.2 Analysis of Products 

 NMR Spectroscopy 

NMR spectroscopy was carried out using either a Bruker AV3 400 MHz UltraShield™ B-

ACS 60 spectrometer or Bruker DRX 500 MHz. All chemical shifts (d) were referenced to the 

deuterium lock and are 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), 

t (triplet), q (quartet), app. quint (apparent quintuplet) and m (multiplet). All NMR data was 

processed using TopSpin 3.2 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). 

 

 Liquid Chromatography-Mass Spectrometry (LC-MS) and High-Performance 
Liquid Chromatography (HPLC) 

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent 

Quadrupole mass detector. Electrospray ionization (ESI) was used in all cases. HPLC was 
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carried out on a Dionex Ultimate 3000 series instrument (see Appendix for method and column 

parameters).  

 

 Infra-Red (IR) Spectroscopy  

IR data was collected on an Agilent spectrometer and the data processed using Spectrum One 

software. Only major absorbances are reported (> 50 %).  

 

3.8.3  Synthetic procedures 

 Product from Scheme 3.15 

3.31: 6-(3-Amino-4-nitrophenyl)hex-5-yn-1-ol223 

 

 

5-Iodo-2-nitroaniline 3.29 (2.7 g, 10 mmol, 1.00 equiv.) was dissolved in NEt3 (51 mL). CuI 

(0.11 g, 0.6 mmol, 0.06 equiv.) and Pd(PPh3)2Cl2 (0.08 g, 0.11 mmol, 0.01 equiv.) were added 

and the mixture was degassed by freeze-pump-thaw cycles. 5-hexyn-1-ol 3.30 (1.0 g, 11 

mmol, 1.07 equiv.) was added and the mixture stirred at room temperature for 1.5h. 

Consumption of the starting material was monitored by TLC (PE/EtOAc, 1/1). The reaction 

mixture was diluted in Et2O and filtered through a Celite pad. The organic phase was washed 

with 1M HCl (1 x 50 mL) and sat. solution of NaHCO3 (1 x 50 mL), dried over Na2SO4, and 

concentrated under reduced pressure. The resulting residue was purified by flash 

chromatography (silica gel, PE/EtOAc, 1/1) to provide the desired product as an orange solid 

(2.1 g, 87%).  

1H-NMR (CDCl3, 400 MHz): d 8.17 (d, J = 1.9 Hz, 1H), 7.35 (dd, J = 8.6, 1.9 Hz, 1H), 6.72 

(d, J = 8.7 Hz, 1H), 6.11 (br. s, 2H), 3.72 (t, J = 6.1 Hz, 2H), 2.44 (t, J = 6.7 Hz, 2H), 1.77–

1.66 (m, 4H). 
13C-NMR (CDCl3, 100 MHz): δ 143.9, 138.5, 131.9, 129.3, 118.8, 113.0, 89.2, 79.2, 62.6, 

32.0, 25.1, 19.3.  

 

3.32: 6-(3,4-Diaminophenyl)hexan-1-ol 
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6-(3-Amino-4-nitrophenyl)hex-5-yn-1-ol 3.31 (2.1 g, 8.8 mmol, 1.0 equiv.) was dissolved in 

MeOH (50 mL). The mixture was degassed by freeze-pump-thaw cycles before adding 

palladium on carbon 10% (145 mg). Argon atmosphere was the replace by hydrogen 

atmosphere. The reaction was followed by disappearance of the yellow color of the solution. 

The reaction mixture was filtered through a Celite pad, washed with MeOH and concentrated 

under reduced pressure to provide the desired product as a red solid (1.8 g, quant).  

1H-NMR (MeOD, 500 MHz): d 6.61 (d, J = 7.8 Hz, 1H), 6.56–6.55 (m, 1H), 6.43 (dd, J = 7.8, 

1.4 Hz, 1H), 3.52 (t, J = 6.6 Hz, 2H), 2.43 (t, J = 7.6 Hz, 2H), 1.58–1.48 (m, 4H), 1.39–1.29 

(m, 4H). 
13C-NMR (MeOD, 125 MHz): δ 136.0, 135.6, 133.3, 120.6, 118.0, 117.9, 63.0, 36.3, 33.6, 

32.9, 30.1, 26.8. 

HRMS (ESI): C12H20N2O [M+H]+ calculated 209.1648, found 209.1649.  

 

3.33: 6-(1H-Benzo[d]imidazol-5-yl)hexan-1-ol  

 

 

6-(3,4-Diaminophenyl)hexan-1-ol 3.32 (1.8 g, 8.8 mmol, 1.0 equiv.) was heated to reflux in 

formic acid (14 mL) for 16 h. Excess formic acid was removed under reduced pressure, 

providing the desired product as a brown solid (1.89 g, quant). 

1H-NMR (MeOD, 500 MHz): d 8.33 (br. s, 1H), 8.07 (s, 1H), 7.56 (d, J = 6.1 Hz, 1H), 7.46 

(s, 1H), 7.17 (d, J = 8.2 Hz, 1H), 4.14 (t, J = 6.6 Hz, 2H), 2.76 (t, J = 7.6 Hz, 2H), 1.72–1.63 

(m, 4H), 1.44–1.38 (m, 4H). 
13C-NMR (MeOD, 125 MHz): δ 163.0, 139.6, 125.5, 115.9, 115.0, 64.9, 36.9, 33.0, 29.8, 29.6, 

26.8. Two signals not observed/coincident. 

HRMS (ESI): C13H18N2O [M+H]+ calculated 219.1492, found 219.1492. 

 

3.34a and 3.34b: 6-(1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-5-yl)hexan-1-ol  and 

6-(1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hexan-1-ol  

 

 

6-(1H-Benzo[d]imidazol-5-yl)hexan-1-ol 3.33 (0.7 g, 3.2 mmol, 1.0 equiv.), CuI (30 mg, 0.2 

mmol, 0.05 equiv.), Cs2CO3 (1.2 g, 3.5 mmol, 1.2 equiv.), PEG400 (0.5 g, 0.3 mmol, 0.1 
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equiv.) in 1,4-dioxane (5.2 mL) were added in a sealed tube and degassed by freeze-pump-

thaw. Bromo-TIPS-acetylene (1.8 g, 7.0 mmol, 2.2 equiv.) was added and the mixture stirred 

at 160 °C for 16 h. The reaction mixture was extracted with Et2O (50 mL), washed with brine 

(2 x 50 mL), and aq. EDTA solution (10 mg/mL, 50 mL). The organic layer was dried over 

Na2SO4 and concentrated under reduced pressure. The resulting residue was purified by flash 

chromatography (silica gel, PE/EtOAc, 5/1 to 3/1) to provide the two regioisomers 3.34a and 

3.34b in 17% and 14% yield, respectively. The absolute regiochemistry was determined by 

NOESY.  

 

3.34a: 6-(1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-5-yl)hexan-1-ol 

1H-NMR (CDCl3, 500 MHz): d 8.04 (s, 1H), 7.59 (s, 1H), 7.45 (d, J = 8.3 Hz, 1H), 7.22 (d, J 

= 8.4, 1H), 3.63 (t, J = 6.5 Hz, 2H), 2.75 (t, J = 7.6 Hz, 2H), 1.68 (app. quint, J = 7.3 Hz, 2H), 

1.56–1.55 (m, 2H), 1.39–1.38 (m, 4H), 1.18–1.16 (m, 21H). 
13C-NMR (MeOD, 125 MHz): δ 145.8, 142.6, 141.0, 133.9, 127.3, 120.3, 111.4, 91.4, 73.7, 

62.9, 36.8, 33.6, 33.1, 30.1, 26.8, 19.1, 12.4.  

HRMS (ESI) : C24H38N2OSi [M+H]+ calculated 399.2826, found 399.2823. 

 

3.34b: 6-(1-((Triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hexan-1-ol  

1H-NMR (CDCl3, 500 MHz): d 8.01 (s, 1H), 7.69 (d, J = 8.2 Hz, 1H), 7.32 (s, 1H), 7.17 (dd, 

J = 8.3, 1.3 Hz, 1H), 3.64 (t, J = 6.3 Hz, 2H), 2.78 (t, J = 7.8 Hz, 2H), 1.73–1.67 (m, 2H), 

1.41–1.40 (m, 4H), 1.27–1.24 (m, 2H), 1.18–1.17 (m, 21H). 
13C-NMR (MeOD, 125 MHz): δ 143.4, 140.2, 140.1, 134.9, 125.0, 120.5, 110.3, 90.5, 72.9, 

63.1, 36.2, 32.9, 31.8, 29.1, 25.8, 18.8, 11.4.  

HRMS (ESI) : C24H38N2OSi [M+H]+ calculated 399.2826, found 399.2823. 

 

3.27: 2-Cyanoethyl(6-(1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hexyl) 

diisopropylphosphoramidite 

 

 

N,N-Diisopropylethylamine (0.8 mL, 2.7 mmol, 9 equiv.) and 2-cyanoethyl diisopropylchloro- 

phosphoramidite (0.3 mL, 0.9 mmol, 3 equiv.) were added to a solution of 6-(1-

((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hexan-1-ol 2b (0.2 g, 0.3 mmol, 1 

equiv.) in THF (4 mL). The mixture was stirred at room temperature for 2 h, then was 
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partitioned between CHCl3 (30 mL) and sat. NaHCO3 (10 mL). The organic layer was washed 
with brine (2 x 30 mL), dried over Na2SO4, and concentrated under reduced pressure. The 
resulting residue was purified by flash chromatography (silica gel, n-hexane/EtOAc, 8/1 + 1% 
NEt3) to provide the desired product as a colorless oil (0.2 g, 64%).  
1H-NMR (CDCl3, 500 MHz): d 8.01 (s, 1H), 7.68 (d, J = 8.3 Hz, 1H), 7.32 (s, 1H), 7.17 (d, J 

= 8.3 Hz, 1H), 3.87–3.77 (m, 2H), 3.68–3.56 (m, 4H), 2.77 (t, J = 7.7 Hz, 2H), 2.63 (t, J = 6.5 
Hz, 2H), 1.70–1.67 (m, 2H), 1.63–1.68 (m, 2H), 1.41–1.40 (m, 4H), 1.19–1.16 (m, 33H). 
13C-NMR (CDCl3, 125 MHz): δ 143.4, 140.2, 140.1, 134.9, 125.0, 120.5, 117.6, 110.3, 90.5, 
72.9, 63.9, 63.7, 58.5, 58.4, 43.2, 43.1, 36.3, 31.8, 31.3, 31.2, 29.1, 26.6, 24.9, 24.8, 24.7, 24.6, 
20.5, 20.4, 18.9, 11.4.  
31P-NMR (CDCl3, 202 MHz): 147.3. 
HRMS (ESI): C33H55N4O2PSi [M+H]+ calculated 599.3905, found 599.3899. 
 

 Product from Scheme 3.16 

3.36: 1-((2R,4S,5R)-5-((Bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-4-
hydroxytetrahydrofuran-2-yl)-5-iodopyrimidine-2,4(1H,3H)-dione224 
 

 
5'-Iodo-2'-deoxyuridine 3.35 (2.0 g, 5.6 mmol, 1 equiv.) was dissolved in anhydrous pyridine 
(56 ml). NEt3 (1.6 mL, 11.3 mmol, 2 equiv.) and DMTrCl (2.0 g, 5.9 mmol, 1.1 equiv.) were 
added and the reaction mixture stirred for 24 h at room temperature. The mixture was quenched 
with water (20 mL) and the organic phase was extracted with CHCl3 (3 × 100 mL). The 
combined organic phase was dried over Na2SO4 and concentrated under reduced pressure. The 
resulting residue was purified by flash chromatography (silica gel, DCM/MeOH, 1/0 to 96/4) 
to provide the desired product as a white solid (3.1 g, 83%).  
1H-NMR (CDCl3, 500 MHz): d 8.13 (s, 1H), 7.42–7.41 (m, 2H), 7.34–7.29 (m, 6H), 7.24–

7.22 (m, 1H), 6.85 (d, J = 8.8 Hz, 4H), 6.31 (t, J = 6.6 Hz, 1H), 4.55–4.53 (m, 1H), 4.08 (br. 
s, 1H), 3.79 (s, 6H), 3.43–3.36 (m, 2H), 2.50–2.48 (m, 1H), 2.29 (app. quint, J = 6.7 Hz, 1H). 
13C-NMR (CDCl3, 125 MHz): δ 158.9, 144.4, 135.6, 135.5, 130.3, 130.2, 128.3, 128.2, 127.3, 
113.6, 87.3, 86.6, 85.8, 72.7, 63.6, 55.4, 41.6. Two signals not observed/coincident. 
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3.37: 7-(1-((2R,4S,5R)-5-((Bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-4-
hydroxytetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)hept-6-ynoic 
acid225 
 

 
Pd(PPh3)2Cl2 (0.1 g, 0.2 mmol, 0.09 equiv.), CuI (0.09 g, 0.3 mmol, 0.16 equiv.) and 1-
((2R,4S,5R)-5-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-4-hydroxytetrahydrofuran-
2-yl)-5-iodopyrimidine-2,4(1H,3H)-dione 3.36 (1.3 g, 2.0 mmol, 1 equiv.) were placed in a 
dried flask filled with argon. Anhydrous DMF (22 mL) was added followed by heptynoic acid 
(2.6 g, 11.0 mmol, 5.1 equiv.). The mixture was degassed by freeze-pump-thaw cycles. NEt3 
(0.8 mL, 5.8 mmol, 2.9 equiv.) was added and the solution stirred at room temperature for 3 
h. The reaction mixture was quenched with water (20 mL) and the organic phase was extracted 
with EtOAc (3 × 100 mL). The combined organic phase was washed with 10% aq. solution of 
LiCl (2 × 25 mL), aq. solution of EDTA (10 mg/mL, 25 mL) and brine (25 mL), dried over 
Na2SO4 and concentrated under reduced pressure. The resulting residue was purified by flash 
chromatography (silica gel, CHCl3/MeOH, 98/2 to 94/6) to provide the desired product as a 
brown solid (1.0 g, 73%).  
1H-NMR (CDCl3, 500 MHz): d 8.00 (s, 1H), 7.42 (d, J = 7.6 Hz, 2H), 7.33 (dd, J = 8.7, 1.6 

Hz, 4H), 7.29 (t, J = 7.4 Hz, 2H), 7.23–7.20 (m, 1H), 6.85–6.83 (m, 4H), 6.30 (t, J = 6.6 Hz, 
1H), 4.52–4.49 (m, 1H), 4.06 (q, J = 3.2 Hz, 1H), 3.79 (s, 6H), 3.42 (dd, J = 10.8, 3.2 Hz, 1H), 
3.32 (dd, J = 10.7, 3.7 Hz, 1H), 2.49–2.44 (m, 1H), 2.40–2.33 (m, 1H), 2.31–2.25 (m, 1H), 
2.21 (t, J = 7.4 Hz, 2H), 2.11 (t, J = 7.1 Hz, 2H), 1.60–1.54 (m, 3H), 1.33–1.26 (m, 3H). 
13C-NMR (CDCl3, 125 MHz): δ 177.4, 162.4, 158.8, 149.3, 144.6, 141.9, 135.7, 130.1, 129.3, 
128.2, 128.1, 127.1, 113.5, 101.0, 94.9, 87.2, 86.5, 85.6, 72.4, 71.3, 63.6, 55.4, 41.5, 33.3, 
27.5, 24.1, 19.3, 8.7.  
 
 
 
 
 

O

OH

DMTrO
N

NH

O

O

O

HO
4



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 163 

3.39: 7-(1-((2R,4S,5R)-5-((Bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-4-
hydroxytetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-N-(1-
((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)hept-6-ynamide 

 

 
7-(1-((2R,4S,5R)-5-((Bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-4-hydroxytetrahydro- 
-furan-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)hept-6-ynoic acid 3.37 (0.5 g, 0.8 
mmol, 1 equiv.) and 1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-amine 3.38 (0.4 g, 
1.1 mmol, 1.5 equiv.) were dissolved in dry DMF (6 mL). EDC (0.2 g, 1.5 mmol, 2 equiv.), 
HOAt (0.2 g, 1.5 mmol, 2 equiv.) and DIPEA (0.3 mL, 1.7 mmol, 2.1 equiv.) were added and 
stirred unnder argon atmosphere for 16 h at room temperature. The reaction mixture was 
diluted with EtOAc (100 mL), washed with 10% aq. solution of LiCl (2 × 15 mL) and brine 
(15 mL), dried over Na2SO4 and concentrated under reduced pressure. The resulting residue 
was purified by flash chromatography (silica gel, CHCl3/MeOH, 98/2 to 94/6) to provide the 
desired product as a brown solid (0.7 g, 95%).  
1H-NMR (CDCl3, 500 MHz): d 8.55 (br. s, 1H), 8.33 (br. s, 1H), 8.08 (s, 1H), 8.01 (s, 1H), 

7.71 (d, J = 8.6 Hz, 1H), 7.43 (d, J = 7.5 Hz, 2H), 7.36–7.34 (m, 5H), 7.29 (t, J = 7.6 Hz, 2H), 
7.22 (t, J = 7.3 Hz, 1H), 6.85–6.83 (m, 4H), 6.39 (br. s, 1H), 4.61 (br. s, 1H), 4.12 (br. s, 1H), 
3.79–3.78 (m, 6H), 3.41–3.36 (m, 2H), 2.70 (br. s, 1H), 2.53–2.50 (m, 1H), 2.46 (t, J = 7.9 Hz, 
2H), 2.34–2.28 (m, 1H), 2.19–2.11 (m, 2H), 1.88–1.82 (m, 3H), 1.49–1.42 (m, 3H), 1.16–1.15 
(m, 21H). 
13C-NMR (CDCl3, 125 MHz): δ 172.1, 162.5, 158.6, 150.0, 144.5, 143.5, 141.7, 137.4, 136.6, 
135.7, 135.5, 134.8, 130.0, 129.9, 128.0, 127.9, 127.0, 120.2, 117.4, 113.3, 102.6, 101.1, 94.9, 
89.9, 87.1, 86.7, 85.7, 77.2, 73.4, 72.4, 72.0, 63.7, 55.3, 41.8, 37.2, 26.1, 25.1, 18.7, 11.2.  
HRMS (ESI): C55H63N5O8Si [M+Na]+ calculated 972.4338, found 972.4335. 
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3.28: (2R,3S,5R)-2-((Bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-5-(2,4-dioxo-5-(7-
oxo-7-((1-((triisopropylsilyl)ethynyl)-1H-benzo[d]imidazol-6-yl)amino)hept-1-yn-1-yl)-3,4-
dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3-yl (2-cyanoethyl) diisopropylphosphoramidite 

 

 
N,N-Diisopropylethylamine (0.4 mL, 2.4 mmol, 6 equiv.) and 2-cyanoethyl 
diisopropylchlorophosphoramidite (0.1 mL, 0.5 mmol, 1.2 equiv.) were added to a solution of 
7-(1-((2R,4S,5R)-5-((bis(4-methoxyphenyl)(phenyl)methoxy)methyl)-4-hydroxytetrahydro- 
-furan-2-yl)-2,4-dioxo-1,2,3,4-tetrahydropyrimidin-5-yl)-N-(1-((triisopropylsilyl)ethynyl)-
1H-benzo[d]imidazol-6-yl)hept-6-ynamide 3.39 (0.4 g, 0.4 mmol, 1 equiv.) in THF (2.7 mL). 
The reaction mixture was stirred at room temperature for 1.5 h, and then partitioned between 
CHCl3 (50 mL) and aq. sat. solution of NaHCO3 (10 mL). The organic layer was washed with 
brine (2 x 50 mL), dried over Na2SO4, and concentrated under reduced pressure. The resulting 
residue was purified by flash chromatography (silica gel, n-hexane/EtOAc, 1/1 to 0/1 +2% 
NEt3) to provide the desired product as a white solid (0.2 g, 47%).  
1H-NMR (CDCl3, 500 MHz): d 8.32–8.30 (m, 1H), 8.22 (s, 1H), 8.12–8.07 (m, 1H), 8.01 (s, 

1H), 7.67 (d, J = 7.8 Hz, 1H), 7.43 (d, J = 7.6 Hz, 2H), 7.35–7.33 (m, 4H), 7.30–7.27 (m, 3H), 
7.24–7.20 (m, 1H), 6.86–6.83 (m, 4H), 6.32–6.27 (m, 1H), 4.64–4.62 (m, 1H), 4.21–4.16 (m, 
1H), 3.85–3.83 (m, 1H), 3.79–3.78 (m, 6H), 3.75–3.73 (m, 1H), 3.60–3.54 (m, 2H), 3.47–3.39 
(m, 1H), 3.32–3.30 (m, 1H), 2.62 (t, J = 6.2 Hz, 2H), 2.44 (t, J = 7.2 Hz, 2H), 2.33 (app. quint, 
J = 6.8 Hz, 1H), 2.11 (t, J = 6.8 Hz, 2H), 1.79 (t, J = 7.3 Hz, 2H), 1.26–1.24 (m, 2H), 1.18–
1.16 (m, 28H), 1.78 (d, J = 6.8 Hz, 5H). 
13C-NMR (CDCl3, 125 MHz): δ 162.3, 158.7, 149.1, 144.5, 143.9, 142.0, 136.3, 135.8, 135.6, 
135.1, 130.2, 130.1, 128.2, 128.1, 127.1, 120.7, 117.6, 117.0, 113.5, 102.7, 100.9, 95.3, 90.2, 
87.2, 85.8, 73.8, 71.7, 63.3, 58.5, 58.4, 55.4, 43.5, 43.4, 40.9, 37.1, 32.1, 31.6, 30.5, 30.3, 29.8, 
26.5, 25.3, 24.8, 24.7, 24.6, 22.8, 20.6, 20.5, 19.2, 18.8, 11.4.  
31P-NMR (CDCl3, 202 MHz): δ 149.1, 148.7.  
HRMS (ESI): C64H80N7O9PSi [M+H]+ calculated 1150.5597, found 1150.5598. 
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 Product from Scheme 3.17 

3.41: 2-(4-((Triisopropylsilyl)ethynyl)phenyl)ethan-1-ol226 
 

 
To a degassed solution of 2-(4-bromophenyl)ethan-1-ol 3.40 (1.0 g, 5.0 mmol, 1.0 equiv.), 
(triisopropylsilyl)acetylene (1.1 g, 6.0 mmol, 1.2 equiv.), Pd(PPh3)2Cl2 (0.04 g, 0.05 mmol, 
0.01 equiv.) and CuI (0.01 g, 0.05 mmol, 0.01 equiv.) in THF (17 mL) was added 
diisopropylamine (1.3 g, 10 mmol, 2.0 equiv). The reaction mixture was stirred at room 
temperature for 16h and then quenched with aq. sat. solution of NH4Cl (50 mL). The reaction 
mixture was diluted with Et2O (50 mL), washed with brine (2 x 50 mL), dried over Na2SO4 
and concentrated under reduced pressure. The resulting residue was purified by flash 
chromatography (silica gel, PE/EtOAc, 19/1 to 5/1) to provide the desired product as a yellow 
oil (0.3 g, 20%).  
1H-NMR (CDCl3, 500 MHz): d 7.43 (d, J = 8.1 Hz, 2H), 7.17 (d, J = 8.1 Hz, 2H), 3.84 (q, J = 

6.3 Hz, 2H), 2.86 (t, J = 6.5 Hz, 2H), 1.13 (s, 21H). 
13C-NMR (CDCl3, 125 MHz): δ 139.1, 132.4, 129.0, 121.9, 107.1, 90.4, 63.6, 39.3, 18.8, 11.5.  
 
3.42: 2-Cyanoethyl (4-((triisopropylsilyl)ethynyl)phenethyl) diisopropylphosphoramidite  
 

 
N,N-Diisopropylethylamine (1.6 mL, 9.4 mmol, 9.4 equiv.) and 2-cyanoethyl 
diisopropylchlorophosphoramidite (0.3 mL, 1.2 mmol, 1.2 equiv.) were added to a solution of 
2-(4-((triisopropylsilyl)ethynyl)phenyl)ethan-1-ol 3.41 (0.3 g, 1.0 mmol, 1 equiv.) in dry THF 
(10 mL) under argon atmosphere. The reaction was stirred at room temperature for 1.5 h, and 
then partitioned between CHCl3 (50 mL) and aq. sat. solution of NaHCO3 (50 mL). The organic 
layer was washed with brine (3 × 20 mL), dried over Na2SO4, and concentrated under reduced 
pressure. The resulting residue was purified by flash chromatography (silica gel, n-
hexane/EtOAc, 3/1) to provide the desired product as a colourless oil (0.4 g, 76%).  
1H-NMR (CDCl3, 500 MHz): δ 7.39 (d, J = 7.7 Hz, 2H), 7.16 (d, J = 7.7 Hz, 2H), 3.87–3.73 
(m, 4H), 3.61–3.55 (m, 2H), 2.91 (d, J = 7.2 Hz, 2H), 2.58 (d, J = 6.4 Hz, 2H), 1.20–1.17 (m, 
12H), 1.15–1.12 (m, 21H).  
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13C-NMR (CDCl3, 125 MHz): δ 139.3, 132.2, 129.1, 121.7, 117.8, 107.3, 90.2, 64.2, 58.5, 
58.4, 43.3, 43.2, 37.9, 37.8, 24.8, 24.7, 24.6, 24.5, 18.8, 11.5.  
31P-NMR (CDCl3, 202 MHz): δ 147.5. 
IR νmax (neat): 2961, 2939, 2863, 2249, 2155, 1463, 1364, 1184, 1026 cm-1. 
HRMS (ESI): C28H47N2O2PSi [M+H]+ calculated. 503.3217, found 503.3209. 
 

3.8.4 Solid Phase Synthesis of Oligodeoxyribonucleotides (ODNs) 

ODNs were synthesized using phosphoramidite-based protocols (1 µmol scale) on an Applied 

Biosystems 392 nucleic acid synthesiser. Phosphoramidites and controlled pore glass (CPG) 
supports were purchased from LINK Technologies Ltd (Bellshill, UK). For the coupling of 
modified phosphoramidites (3, 7 and S5), longer coupling times of 3-9 minutes were used. 

TIPS deprotection was performed using a solution of 50 µL TBAF (1 M in THF) in 1.95 mL 

of MeCN.  The mixture was repeatedly passed over the column containing the CPG support 
for 3 min. The CPG support was washed with MeCN (3 × 5 mL) and dried with air.  
For ODNs (ODN3, ODN8 and ODN10) incorporating phosphoramidite 7, TIPS deprotection 
was conducted in solution. Crude ODNs (ODN3, ODN8 and ODN10) were solubilized in 

DMSO (230 µL) before adding NEt3 (120 µL). HF-Triethylamine (150 µL) was added and the 

reaction mixture was stirred at 65 °C for 2.5h. Ammonia (minimum 28%, 1.5 mL/mmol) was 
then added, and the suspension was shaken for 16 hours at room temperature. The supernatant 
was removed, and the CPG support was then washed with water (2 × 1.5 mL/mmol).  
The combined aqueous phases were lyophilised and purified by RP-HPLC using a preparative 

column (Phenomenex Clarity 5 µM Oligo-RP, 250 × 10 mm) at a flow rate of 3 mL/min, 

gradient 10–50% 0.1 M TEAA in MeCN in 32 min or 10–40% 0.1 M TEAA in MeCN in 22 
min. Purity of resultant products was assessed with a Shimadzu Prominence HPLC using an 

analytical column (Phenomenex Clarity 5 µM Oligo-RP, 250 × 4.6 mm) at a flow rate of 1 

mL/min, gradient 10–50% 0.1 M TEAA in MeCN in 35 min.  
Yields were calculated by measuring the absorbance of the ODNs with a NanoDrop 1000 

spectrometer (Thermo Scientific) using extinction coefficient values of 121847 L⋅mol−1⋅cm−1 

for ODN3.18, 116200 L⋅mol−1⋅cm−1 for ODN3.19, 111419 L⋅mol−1⋅cm−1 for ODN3.20, 

114119 L⋅mol−1⋅cm−1 for ODN3.21 and 107819 L⋅mol−1⋅cm−1 for ODN3.22. Extinction 
coefficient values were measured with a NanoDrop 1000 spectrometer (Thermo Scientific) or 
calculated using OligoAnalyzer 3.1 calculator on IDT DNA 
(https://www.idtdna.com/calc/analyzer).  
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MALDI-TOF mass spectra were recorded using an HPA matrix with dibasic ammonium 
citrate as co-matrix on a Shimadzu Biotech Axima CFR spectrometer. 
 

 Spectroscopic Characterisation of ODNs  

 
Table 3.5. ODN sequences. 

Product Sequence 

ODN3.18 5'-X1 GCA TTG ACT GCT-3' 

ODN3.19 5'-X2 GCA TTG ACT GCT-3' 

ODN3.20 5'-TTA TGC AGX3 AC-3' 

ODN3.21 5'-CX3A TGC AGT AC-3' 

ODN3.22 5'-X2 CGC GAT AX3C GCG-3' 

 

 
 
ODN3.18: C132H166N44O75P12 Yield: 35%. MW 3940.70 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 3941.80.  
RP-HPLC RT = 20.5 min. 
 
ODN3.19: C127H158N42O75P12 Yield: 26%. MW 3844.57 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 3844.72.  
RP-HPLC RT = 18.2 min.  
 

ODN3.20: C133H160N47O72P11 Yield: 9%. MW 3909.71 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 3909.16.  
RP-HPLC RT = 15.7 min. 
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ODN3.21: C132H159N48O71P11 Yield: 8%. MW 3894.70 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 3893.33.  
RP-HPLC RT = 15.3 min. 
 

ODN3.22: C141H167N49O74P12 Yield: 12%. MW 4103.84 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4103.50.  
RP-HPLC RT = 20.5; 21.1 min (two conformations: ssDNA and dsDNA). 
 

3.8.5 Synthesis of triazole-ODNs via CuAAC ligations 

 General Procedure for CuAAC Ligations of alkyne-modified ODNs 

To a solution of ODN (5 nmol, 1 equiv.) and azide 18a-l	(10 nmol, 2 equiv.) in H2O (50 µL), 

was added THPTA (1 nmol, 0.2 equiv.) followed by Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and 
NaAsc (1 nmol, 0.2 equiv.). The reaction was shaken at room temperature for 3h. The reaction 
mixture was lyophilised and purified by RP-HPLC on a Dionex UltiMate 3000 HPLC using a 

semi-preparative column (Phenomenex Clarity 5 µM Oligo-RP, 250 × 10 mm) at a flow rate 

of 3 mL/min, gradient 10–50% 0.1 M triethylamonium acetate (TEAA) in MeCN in 32 min 
or 10–40% 0.1 M TEAA in MeCN in 22 min. The purity of resultant triazole ODN products 
was assessed with a Shimadzu Prominence HPLC using an analytical column (Phenomenex 

Clarity 5 µM Oligo-RP, 250 × 4.6 mm) at a flow rate of 1 mL/min, gradient 10–50% 0.1 M 

TEAA in MeCN in 35 min. Yields were calculated by measuring the absorbance of the ODNs 
with a Shimadzu Prominence HPLC using starting materials extinction coefficient values of 

121847 L⋅mol−1⋅cm−1 for ODN3.18, 116200 L⋅mol−1⋅cm−1 for ODN3.19, 111419 

L⋅mol−1⋅cm−1 for ODN3.20, 114119 L⋅mol−1⋅cm−1 for ODN3.21 and 107819 L⋅mol−1⋅cm−1 for 

ODN3.22. Extinction coefficient values were measured with a NanoDrop 1000 spectrometer 
(Thermo Scientific) or calculated using OligoAnalyzer 3.1 calculator on IDT DNA 
(https://www.idtdna.com/calc/analyzer). The products were characterised by MALDI-TOF. 
 

 Spectroscopic Characterisation of ODNs from Scheme 3.19 

ODN3.23a: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 2.65a	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 
Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). No need for RP-HPLC 

purification. Yield: 99 ± 1%. 
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C139H173N47O75P12: MW 4073.85 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4074.87.  
RP-HPLC RT = 25.7 min.  
 
ODN3.23b: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 2.65d	(10 nmol, 2 equiv.), THPTA (10 mmol, 2 equiv.), 

Cu(OTf)2 (5 mmol, 1 equiv.), and NaAsc (10 mmol, 2 equiv.). Yield: 37 ± 1%. 

C142H181N47O75P12: MW 4117.95 g/mol.  
MALDI-TOF (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4118.63.  
RP-HPLC RT = 28.0 min. 
 

ODN3.23c: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 2.65h	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 
Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). No need for RP-HPLC 

purification. Yield: 99 ± 1%. 

C138H172N48O75P12: MW 4074.84 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4074.78.  
RP-HPLC RT = 21.6 min.  
 
ODN3.23d: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 3.46a	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 
Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). No need for RP-HPLC 

purification. Yield: 97 ± 2%. 

C141H175FN48O76P12: MW 4148.89 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4148.70.  
RP-HPLC RT = 24.7 min.  
 
ODN3.23e: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 3.46b	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 

Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). Yield: 69 ± 2%. 

C141H171N47O78P12: MW 4143.86 g/mol.  
MALDI-TOF (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4145.75.  
RP-HPLC RT = 22.8 min. 
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ODN3.23f: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 2.65q	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 
Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). No need for RP-HPLC 

purification. Yield: 97 ± 2%. 

C147H185N49O77P12S: MW 4274.11 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4272.16.  
RP-HPLC RT = 29.7 min.  
 
ODN3.23g: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 2.65r	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 

Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). Yield: 66 ± 2%. 

C156H185N49O80P12S: MW 4430.20 g/mol.  
MALDI-TOF (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4433.52.  
RP-HPLC RT = 20.8 min. 
 
ODN3.23h: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 3.46c	(10 nmol, 2 equiv.), THPTA (5 mmol, 1 equiv.), 

Cu(OTf)2 (2.5 mmol, 0.5 equiv.) and NaAsc (5 mmol, 1 equiv.).  Yield: 39 ± 2%. 

C148H189N47O85P12: MW 4358.07 g/mol.  
MALDI-TOF (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4357.45.  
RP-HPLC RT = 23.4 min.  
 
ODN3.23i: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 3.46d	(10 nmol, 2 equiv.), THPTA (10 mmol, 2 equiv.), 

Cu(OTf)2 (5 mmol, 1 equiv.) and NaAsc (10 mmol, 2 equiv.). Yield: 68 ± 2%. 

C142H170F17N47O75P12: MW 4429.83 g/mol.  
MALDI-TOF (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4430.74.  
RP-HPLC RT = 39.5 min.  
 

ODN3.23j: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 2.65s	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 
Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). No need for RP-HPLC 

purification. Yield: 87 ± 2%. 

C150H198N50O80P12S: MW 4385.25 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4384.37.  
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RP-HPLC RT = 20.7 min.  
 

ODN3.23k: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 3.46e	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 

Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). Yield: 65 ± 1%. 

C158H199N55O80P12: MW 4520.32 g/mol.  
MALDI-TOF (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4521.71.  
RP-HPLC RT = 23.1 min. 
 
ODN3.23l: Prepared according to General Procedure described in section 3.8.5.2 using 
ODN3.18 (5 nmol, 1 equiv.), azide 3.46f	(10 nmol, 2 equiv.), THPTA (1 nmol, 0.2 equiv.), 
Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.) in H2O/tBuOH (1/1). Yield: 

91 ± 2%. 

C163H218N48O77P12: MW 4453.48 g/mol.  
MALDI-TOF (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4455.94.  
RP-HPLC RT = 45.2 min.  
 

 Spectroscopic Characterisation of ODNs from Scheme 3.20 

ODN3.24a: Prepared according to General Procedure described in section 3.8.5.2 using 

ODN3.19 (5 nmol, 1 equiv.), azide 2.65a	(10 nmol, 2 equiv.), THPTA (0.1 mmol, 20 equiv.), 

Cu(OTf)2 (50 nmol, 10 equiv.) and NaAsc (0.1 mmol, 20 equiv.). No need for RP-HPLC 
purification. Yield: Quant. 
C134H165N45O75P12: MW 3977.72 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 3976.69.  
RP-HPLC RT = 20.9 min.  
 

 Spectroscopic Characterisation of ODNs from Scheme 3.21 

ODN3.25a: Prepared according to General Procedure described in section 3.8.5.2 using 

ODN3.20 (5 nmol, 1 equiv.), azide 2.65a	(0.1 mmol, 20 equiv.), THPTA (10 nmol, 2 equiv.), 

Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). No need for RP-HPLC 

purification. Yield: 82 ± 2%. 

C140H167N50O72P11: MW 4042.87 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4042.85.  
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RP-HPLC RT = 20.8 min.  
 

 Spectroscopic Characterisation of ODNs from Scheme 3.22 

ODN3.26a: Prepared according to General Procedure described in section 3.8.5.2 using 

ODN3.21 (5 nmol, 1 equiv.), azide 2.65a	(0.1 mmol, 20 equiv.), THPTA (10 nmol, 2 equiv.), 
Cu(OTf)2 (0.5 nmol, 0.1 equiv.) and NaAsc (1 nmol, 0.2 equiv.). No need for RP-HPLC 

purification. Yield: 78 ± 2%. 

C139H166N51O71P11: MW 4027.85 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4027.37.  
RP-HPLC RT = 20.8 min. 
 

 Spectroscopic Characterisation of ODNs from Scheme 3.23 

ODN3.27: Prepared according to General Procedure described in section 3.8.5.2 using 

ODN3.22 (0.3 µmol, 1 equiv.), azide 3.46a	(0.6 µmol, 2 equiv.), THPTA (0.6 µmol, 2 equiv.), 

Cu(OTf)2 (30 nmol, 0.1 equiv.) and NaAsc (60 nmol, 0.2 equiv.). Yield: 60 ± 2%. 

C150H176FN53O75P12: MW 4312.04 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4310.08.  
RP-HPLC RT = 25.0 min. 
 
ODN3.28: Prepared according to General Procedure described in section 3.8.5.2 using 

ODN3.27 (25 nmol, 1 equiv.), azide 2.65s	(50 nmol, 2 equiv.), THPTA (0.5 µmol, 20 equiv.), 

Cu(OTf)2 (0.25 µmol, 10 equiv.) and NaAsc (0.5 µmol, 20 equiv.). Yield: 57 ± 1%. 

C168H208FN59O80P12S: MW 4756.59 g/mol.  
MALDI-TOF (-ve mode; matrix 3-hydroxypicolinic acid) m/z [M-H]- found 4755.36.  
RP-HPLC RT= 24.3 min. 
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The work in this chapter is based on the following publication: M. Z. C. Hatit, L. F. 
Reichenbach, J. M. Tobin, F. Vilela, G. A. Burley, A. J. B. Watson, Nat. Comm. 2018, 9, 
4021–4029. 
 
Aspects of the work described herein has been made in collaboration with Dr Linus 
Reichenbach (synthesis of phosphoramidite building blocks and solid phase ODN synthesis) 
and John Tobin (training of flow process). 

 

4.1 Benefits of Flow Chemistry 

Over the past two decades, synthetic organic chemistry has undergone a rapid evolution, 
transitioning from the standard chemical hood to modern automisation.227–229 A prime example 
is the introduction of microwave reactors into both academic and industrial research with the 
goal of optimising reaction efficiency. The microwave irradiation of the molecules results in  
fast and efficient heating of the reaction (microwave dielectric heating).230 The use of a sealed 
vessel allows the solvent to be heated above boiling temperatures (“super-heated” solvent). 
The combination of these features allows reactions to reach completion within minutes or even 
seconds.231 Unfortunately, microwave-assisted synthesis is incompatible with large scale 
reactions due to the limited penetration depth of microwaves in reaction mixtures. This lack 
of scalability represents a serious limitation for industrial purposes; therefore, research has 
focused on translating microwave chemistry to continuous flow.232  
 
Continuous flow processes are performed in microfluidic reactors in which the conditions of 
the reaction are rigorously controlled. Parameters such as temperature, pressure and flow rate 
can be easily established and monitored, providing a more reliable and reproducible process 
as compared to batch chemistry.233  Moreover, the superior heat and mass transfer obtained 
through flow systems permit dramatically increased reaction rates compared to batch 
reactions, rendering this process attractive for both academic and industrial applications.  
 
There are currently four types of continuous flow reactors described in the literature, tolerating 
a wide range of reactions (Figure 4.1).233 Type I and II reactors are used when no catalyst is 
required (Figure 4.1a and 4.1b). However, all the reagents are flowed in the type I reactor, 
while a solid supported reactant is confined into the reactor type II. Type III and IV reactors 
are used when homogeneous (type III, Figure 4.1c) or supported-catalysis (type IV, Figure 
4.1d) is necessary to obtain the expected product.  
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Figure 4.1. The four continuous flow systems currently available for organic synthesis.233 

 
One of the main areas where flow chemistry has had a huge impact is drug discovery.233–235 
Reduction of organic solvent required in the reaction, higher product purity and reduction of 
reaction time dramatically lower operating cost. Herein are presented a few key examples of 
Active Pharmaceutical Ingredients (APIs) synthesised via continuous flow chemistry which 
illustrate the main benefits of this technique. A schematic of the generalised components used 
in this chapter are diagrammed in Figure 4.2. 
 

 
Figure 4.2. Schematic of components for continuous flow processes. 

 

4.1.1 Benefits of Flow Chemistry - Faster Reactions 

One of the main advantages of continuous flow processes, as compared to batch chemistry, is 
the ability to dramatically reduce reaction times. This arises from the superior heat and mass 
transfer provided by flow processes. Additionally, reactors are fitted with back-pressure 
regulators, allowing for a straightforward reproduction of the high temperatures/pressures 
obtained via the sealed vessels employed in microwave chemistry.232,236 These benefits were 
successfully illustrated by Jamison et al. in their study on the continuous flow synthesis of 
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diphenhydramine hydrochloride 4.3, an antihistamine reportedly used at approximately 100 
tons/year worldwide (Scheme 4.1).237  

 

  
Scheme 4.1. Continuous flow synthesis of Diphenhydramine hydrochloride 4.3.237 

 
In this work, chlorodiphenylmethane 4.1 and dimethylethanolamine 4.2 were passed through 

a PFA reactor (d = 0.5 mm, V = 720 µL) at 175 °C (tR = 16 min). The resulting ammonium 

salt was neutralised with 3 M NaOH aq., before being extracted with hexanes. Treatment of 
the organic layer with 5 M HCl aq. afforded compound 4.3 in 89% yield. Along with 
decreasing the reaction time from 2 h to 16 min, this process has the advantage of being 

solvent-free and results in minimal side product formation. With a 720 µL micro-reactor, the 

authors were able to synthesis 2.4 g of diphenhydramine hydrochloride 4.3 in 1 h, making this 
process optimal for its industrial production. A key challenge in applying the flow process to 
this synthesis arose during the quenching steps as the salts’ insolubility resulted in line 
blockage. However, through their extensive efforts during optimisation, the authors were able 
to overcome any such issues.  
 

4.1.2 Benefits of Flow Chemistry - Safer Reactions 

Flow-based processes generally employ small volumes of reagents, affording safer handling 
of potential toxic and/or hazardous compounds. Additionally, owing to its modular set-up, 
flow technology offers the possibility to avoid handling unstable or hazardous intermediates 
by preparing them in a flow reactor in-situ prior to being passed through a second reactor.238 
For example, Sach et al. successfully reported the in-situ generation of organic azides, 
followed by CuAAC reactions using a continuous flow platform.239 The use of organic azides 
on a preparative scale at industrial level is usually prohibited due to their explosive properties. 
Their synthesis, using NaN3, can generate the explosive and highly toxic hydrazoic acid. 
Consequently, the ability to generate organic azides in-situ and react them upon formation, 
thus avoiding their accumulation, considerably improves the safety of CuAAC reactions and 
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will allow industry to explore one of the most commonly used bioconjugation strategies 
employed in academia. 
  
An additional safety feature of continuous flow processes is the ability to precisely control the 
reaction temperature and pressure. This can be most appreciated in the context of large-scale 
exothermic reactions, such as the formation of highly reactive organometallic intermediates. 
Ley et al. reported the continuous flow synthesis of Tamoxifen 4.12, an oestrogen receptor 
antagonist used in the treatment of breast cancer, using highly reactive and air sensitive 
reagents, such as Grignard and organolithium compounds (Scheme 4.2).240  
 

 
Scheme 4.2. Continuous flow synthesis of Tamoxifen 4.12.240  

 
The first step of this synthesis was the Grignard addition of compound 4.5 to Weinreb amide 
4.4 in a PFA reactor (d = 10 mm, V = 10 mL) at 60 °C for 5 min, affording ketone 4.8 upon 
quenching with HCl. Notably, while batch conditions generally necessitate the addition of a 
catalyst (e.g., ZnCl2) to ensure reasonable reaction rates (from 24 h to 2 h), no catalyst was 
required for the flow-based synthesis. Simultaneously to the Grignard addition, lithiation of 
4.7 was performed in a separate PFA reactor (d = 10 mm, V = 10 mL) at – 50 °C. After 7 min 
of reaction, aryl lithium 4.9 and ketone 4.8 were mixed and passed through another PFA 
reactor (d = 10 mm, V = 0.4 mL) at 30 °C, affording the lithium alkoxide 4.10 after only 2 
min. TFA treatment of 4.10 (PFA reactor, d = 10 mm, V = 10 mL) at 25 °C followed by a final 
elimination step afforded Tamoxifen 4.12 in 84% yield and in a E/Z mixture of 25/75. This 
process provided, after only 80 min, 12.4 g of Tamoxifen, representing 900 days of treatment 
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for a single patient. More significant synthetically, both the Grignard addition and lithiation 
reactions require controlled temperatures for long periods of time, which is not always possible 
when reactions are performed in batch (e.g., for 24 h).  
 

4.1.3 Benefits of Flow Chemistry - Integrated Synthesis, Work-up and Analysis 

The previous examples have illustrated continuous flow technology’s proficiency for 
successfully allowing automation of multiple chemical transformations. However, the 
modularity of this strategy also permits the integration of work-up, such as separation (Scheme 
4.1) and crystallisation (Scheme 4.3), purification (Scheme 4.4) and analysis (Scheme 4.3) in 
a single, fully-automated, continuous process. An impressive example of this combined 
modular strategy was displayed by Ley et al. with the fully automated flow synthesis of the 
neurotensin receptor-1 antagonist Merclinertant 4.21 (Scheme 4.3).241  
 
Claisen condensation between 4.13 and 4.14 was performed in a PFA reactor (d = 78 mm, V 
= 52 mL) at 115 °C. Reaction completion was obtained after 22 min, compared to the 3 h 
required for batch synthesis. To avoid potential blockage of the system arising from 
precipitation of the intermediate, a pressurised stainless-steel tank containing nitrogen (5 bar) 
was added to the system, allowing the formation of compound 4.15 in 74% yield. Knorr 
pyrazole condensation using 4.15 and hydrazine 4.16 (PFA reactor, d = 78 mm, V = 52 mL) 
at 140 °C for 52 min, followed by Na2CO3 aq. treatment, DCM extraction and crystallisation 
provided pyrazole ester 4.17 in 89% yield. Hydrolysis of ester 4.17 was performed at 140 °C 
for 14 min (PFA reactor, d = 78 mm, V = 14 mL) and delivered, after precipitation, carboxylic 
acid 4.18 in 90% yield. Amide formation was then achieved via activation of 4.18 to its 
corresponding acid chloride using triphosgene 4.19, followed by coupling to amine 4.20. 
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Scheme 4.3. Continuous flow synthesis of Meclinertant 4.22.241  

 
To improve the safety of the process, formation of phosgene was monitored using an inline 
flow-FTIR spectrometer, thereby avoiding contact with the toxic gas.242 After passing the 
reaction mixture through three PFA reactors, the Meclinertant ester 4.21 was obtained in 73% 
yield. This novel approach permitted the production of the final compound, seven reactions 
and their corresponding work-ups/analysis, in less than half a typical working day, a feat that 
is impossible to accomplish using general batch synthesis.  
 
Another elegant example of a fully integrated continuous flow process was illustrated through 
the synthesis of two GABAA inhibitor analogues, Zolpidem 4.28, commonly used for treating 
insomnia, and Alpidem 4.29, an anxiolytic drug (Scheme 4.4).243 The novelty of this platform 
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was the combination of a fully integrated organic synthesis process with frontal affinity 
chromatography (FAC) as an inline protein binding assay.  
 

 
Scheme 4.4. Continuous flow synthesis of GABAA inhibitors, Zolpidem 4.28 and Alpidem 4.29.243  

 
First, the condensation of compounds 4.23 and 4.24 was performed using a polymer-supported 
sulphonic acid cartridge at 120 °C, affording, after 25 min, the unsaturated ketone 4.25 in 
yields between 76–85%. Excess glyoxalate 4.24 was scavenged using a benzyl amine 
polymer-supported cartridge to avoid the need for further purification. Ketone 4.25 and amine 
4.26 were then pumped through a MgSO4-packed cartridge, used as a dehydrating agent, 
followed by ketimine formation and 5-exo cyclisation in a PFA reactor (d = 10 mm, V = 14 
mL). Excess amine 4.26 was removed using a polymer-supported sulfonic acid cartridge and 
the reaction mixture was directly injected into an inline chromatographic purification system, 
affording imidazopyridine 4.27. Saponification was achieved by heating 4.27 in the presence 
of NaOH at 90 °C. Reaction of 4.27 with a secondary amine in the presence of Me2AlCl 
followed by removal of excess aluminium by passing through a polyol resin (IRA-743) 
allowed the formation of compounds 4.28 and 4.29 after 280 min. An aliquot of 22 analogues 
synthesised using this procedure was then directly subjected to FAC analysis, allowing the 
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direct investigation of their interactions with Human Serum Albumin (HSA). This example 

clearly shows the ability of flow technology to integrate organic synthesis and biological 

evaluation in a single process. 

 

4.1.4 Benefits of Flow Chemistry – High Throughput 

One of the main benefits of continuous flow technology, particularly for industrial purposes, 

is its capacity for high throughput applications. Jamison et al. “pushed the limits” of organic 

synthesis with their 3 min continuous flow synthesis of Ibuprofen 4.34 (Scheme 4.5), one of 

the most commonly used drugs worldwide.244  

 

 
Scheme 4.5. Flow synthesis of Ibuprofen 4.34.244  

 

This three-step process begins with a Friedel-Crafts acylation using compounds 4.30 and 4.31 

in a PFA reactor (d = 0.8 mm, V = 250 µL) at 87 °C. After 1 min of reaction, the mixture was 

treated with HCl aq. then extracted through an inline membrane separator operating at 200 psi, 

thus avoiding the need of organic solvent. Intermediate 4.32 was then involved in a 1,2-aryl 

oxidative migration in the presence of trimethylorthoformate (HC(OMe)3) and ICl in a second 

PFA reactor (d = 0.8 mm, V = 900 µL), affording aryl ester 4.33 after 1 min of reaction at 90 

°C. The last step of this process combined quenching of the excess ICl and saponification of 

intermediate 4.33 in a PFA reactor (d = 0.8 mm, V = 3.9 mL). After 1 min of reaction at 90 

°C, Ibuprofen 4.34 was obtained in an overall yield of 83%. This process uses inexpensive and 

readily available starting materials. Furthermore, using a system with a footprint of half the 
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size of standard laboratory fume hood, the authors were able to synthesis 8.1 g/h of Ibuprofen 

4.34. 

 

While the previous examples have shown the power of continuous flow chemistry (increased 

kinetics, safer reactions, high throughput) and its potential towards the development of applied 

automation in drug discovery and organic methodology, another important factor offered by 

this process is the ability to perform immobilised catalysis. This would result in increased 

reaction safety as the operator would not contact the catalyst and decreased reaction cost as 

the catalyst can be used several times without loss of reactivity.  

 

4.2 Copper-Catalysed Reactions in Continuous Flow Processes  
The growing number of transition metal-catalysed cross-couplings have revolutionised 

chemical synthesis, allowing for milder reaction conditions, improved yields and the 

generation of higher-complexity molecules. However, the decreased abundance of transition-

metals commonly used for catalysing reactions (e.g., palladium) has led to rising prices of 

these vital catalysts. Research has therefore focused on expanding the library of immobilised-

transition metal-catalysed cross-couplings. A key advantage of this technique is that the 

catalysts can be employed for multiple reactions, decreasing reaction costs. Flow processes 

are primed for performing transition metal-catalysed cross-couplings as catalysts can be easily 

immobilised in cartridges and reactors (Figure 4.1, Type IV reactor).  

Copper catalysis has received much attention over the last decades due to copper’s high 

abundance and the corresponding low cost of the catalysts. Additionally, the several oxidation 

states of copper are easily accessible, allowing for a wide range of reactions. Copper-catalysed 

chemistry has been highly developed on flow systems due to the ease of preparing copper 

reactors. The following sections describe the current copper-catalysed cross-couplings 

developed on flow systems. 

 

4.2.1 C–C Bond Formation Using Cu-Catalysed Continuous Flow Processes 
Carbon-carbon (C–C) bond formation is the foundation of organic chemistry. Whereas 

palladium catalysts are commonly employed for C–C bond formation, fewer methodologies 

have been developed using copper catalysis. 
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 Buchner Ring Expansion 
The Buchner ring expansion allows for the metal-catalysed 2-step formation of 7-membered 

rings.245 The first step of the reaction involves the formation of a carbene from diazoacetate 

compounds, such as 4.35 (Scheme 4.6), which then react to form a cyclopropane, such as 4.36. 

Ring expansion then occurs to provide 7-membered ring products, such as 4.37. Although 

rhodium was originally used to catalysing this reaction, the use of copper has been shown to 

increase the enantioselectivity of the reaction.246 

 

Recently, Maguire et al. adapted this methodology to flow processes for the enantioselective, 

intramolecular Buchner reaction of a-diazoketone 4.35 using a copper-packed bed reactor 

(Scheme 4.6).247 Polymerisation of bis(oxazoline) ligand via Burguete’s procedure,248 

followed by copper-complexation, using [Cu(MeCN)4]PF6
- as a copper source, allowed the 

formation of IPB-Cu catalyst 4.38. Prior reaction optimisation in batch synthesis revealed that 

the use of 4-phenyl bis(oxazoline) as a copper ligand improved enantioselectivity of the 

reaction.  

 

Direct translation of these conditions to flow processes afforded the synthesis of azulenone 

4.37 in 83 % ee. More importantly, atomic absorption spectroscopy indicated that 4.38 

contained 0.24 mmol/g of catalyst. Therefore, this copper-packed bed reactor was able to 

catalyse the intramolecular Buchner reaction up to 7 times without any loss of activity, 

representing a significant advantage compared to current batch strategies. 

 

 
Scheme 4.6. Continuous flow synthesis of Azulenone 4.37.247  
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 Sonogashira Cross-coupling Reaction 

Another important C–C bond formation reaction is the Sonogashira cross-coupling reaction, 

wherein a terminal alkyne is reacted with an aryl or vinyl halide in the presence of palladium 

and copper catalysts.249 Typical batch conditions require 1–10 mol % of palladium and copper 

catalysts and the addition of supra-stochiometric amounts of an amine base. Reaction kinetics 

are generally slow, often requiring up to 24 h to reach completion.  

Mainolfi et al. reported the continuous flow process of Sonogashira cross-coupling reactions 

using a copper tube flow reactor (Scheme 4.7).250 In this reactor, a copper coil is looped around 

a mesh support and inserted into a metal jacket, allowing the reactor to be heated up to 250 

°C. The advantage of this type of reactor is that it directly promotes copper-catalysed reactions 

without the need for additional catalyst.  

 

 
Scheme 4.7. Sonogashira cross-coupling via continuous flow using a copper reactor.250  

 

Optimisation of the reaction found that the type of solvent used for the reaction was a critical 

parameter for the successful synthesis of arylalkynes, such as 4.42. DMF was identified as the 

ideal solvent for the reaction, whereas THF, CH3CN, EtOAc and EtOH afforded only small 

amounts of the expected product. Furthermore, increasing the temperature to 170 °C and 

addition of the ionic base tetra-n-butylammonium acetate (TBAA) allowed the formation of 

4.42 in 90 % yield after 30 min without the need for the palladium catalyst. However, when 

less reactive substrates were used (e.g. bromobenzene or trimethylsilyl acetylene), a catalytic 

amount of Pd(PPh3)2Cl2 (0.5 mol %) was required to obtain the desired products. In addition, 

no Glaser by-product89,91 was observed during these reactions.  

 

While this method was able to rapidly and efficiently produce a variety of arylalkynes, a large 

amount of copper leaching from the reactor was observed in final products due to the extreme 

temperature used to perform the reaction. To alleviate this problem, an immobilised scavenger, 

Quadrapure Thiourea, was added to remove traces of copper and palladium.  
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4.2.2 C–N Bond Formation Using Cu-Catalysed Continuous Flow Processes 
The formation of carbon–nitrogen (C–N) bonds is extremely important as they are regularly 

found in natural products and bioactive molecules. Extensive efforts have been made to 

identify and improve methodologies for efficient C–N bond formations. Similar to C–C bond 

formation, the use of a catalyst, such as copper, has been shown to dramatically improve our 

ability to form C–N bonds.  

 

 Chan-Evans-Lam Reaction 

The Chan-Evans-Lam reaction251–253 is particularly important as it allows the formation of aryl 

amine products which are of great interest to medicinal chemists.254 This process reacts a 

boronic acid with an amine in the presence of catalytic to stochiometric amounts of a copper 

catalyst. The advantage of this strategy, with respect to other C–N bond formation 

methodologies, is that the reaction is performed under mild conditions and can support aerobic 

conditions. However, the kinetics of this reaction are relatively slow, requiring up to 24 h to 

reach completion, even when heated at 100 °C.  

 

Baxendale et al. published a Chan-Evans-Lam study using catalytic amounts of Cu(OAc)2 and 

a ‘tube-in-tube’ flow reactor (Scheme 4.8),255 allowing for the safe delivery of oxygen to the 

reaction, even at high temperatures.  

 

 

 
Scheme 4.8. Chan-Evans-Lam continuous flow process.255  
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Optimisation of the reaction between boronic acid 4.43 and amine 4.44 revealed that only a 

catalytic amount of Cu(OAc)2 was necessary to catalyse the reaction when oxygen was used 

to re-oxidise Cu(I) following C-N reductive elimination, whereas, without oxygen, 

stoichiometric amounts of copper were required. It is worth noting that this flow platform uses 

homogeneous catalysis and that the copper is solubilised prior to the reaction. The authors 

found that decreasing the equivalents of boronic acid 4.43 from 1.6 to 1.4 dramatically 

decreased the yield of 4.45 from 94% to 56%, respectively. To allow for the use of higher 

equivalents of boronic acid 4.43 and facilitate purification of the final product, a polymer-

supported tertiary amine base, QP-DMA, was added to the system to trap excess 4.43. Using 

their optimised continuous flow conditions, the authors were able to synthesis a small library 

of 1,3-disubstituted pyrazoles in 26-92% yields after only 2 h of reaction, a remarkable 

advancement when compared to modern batch techniques.  

 

 Ullmann Condensation 

The Ullmann condensation refers to the reaction between an aryl halide and phenol or aniline 

in the presence of a catalytic amount of copper.256 As with the Chan-Evans-Lam reaction, this 

reaction usually requires high temperature (100 °C) and extended reaction time (24 h). 

Mainolfi et al. investigated the reactivity difference between flow, microwave and batch 

chemistry using the Ullmann condensation as a model (Table 4.1).250 Iodobenzene 4.46 (1 

equiv) and benzylamine 4.47 (1.2 equiv) were reacted in the presence of TBAA (1.1 equiv) in 

MeCN. The use of a copper reactor at 150 °C for 30 min afforded 65% of expected product 

4.48 (Entry 1). Decreasing the flow rate from 0.33 mL/min to 0.17 mL/min allowed the 

reaction to reach completion (Entry 2). Replacing the copper reactor with a PFA reactor, and 

without the addition of an external copper source, afforded only recovery of starting material 

(Entry 3), demonstrating that copper is necessary to catalyse the reaction. Microwave-assisted 

synthesis (400 W) using CuI (10 mol %) or Cu powder (10 mol %) afforded 4.48 in 50% and 

31% yield, respectively, after 30 min (Entry 4-5). Finally, batch conditions using an oil bath 

at 90 °C afforded 4.48 in 40% yield after 16 h, demonstrating the enormous advantage of flow 

processes compared to microwave and batch chemistry. 
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Table 4.1. Ullmann condensation using flow, microwave and batch conditions.250 

 

Entry Conditions Temperature 
(°C) 

Residence 
Time (min) 

Flow Rate  
(mL/min) 

Conversion (%) 

1 Copper tube 150 30 0.33 65 
2 Copper tube 150 120 0.17 100 
3 PFA tube 150 30 0.33 0 
4 Microwave 150 30  50 
5 Microwave 150 30  31 
6 Oil bath 90 960  40 

 

 

 Copper-Catalysed Azide-Alkyne Cycloaddition 

The copper-catalysed azide/alkyne cycloaddition has also been employed for the synthesis and 

modification of polymers,257 surfaces258 and supramolecular assemblies.259 Despite the 

extensive efforts made to increase reaction rates, completion of the reaction can still take up 

to 16 h. Therefore, adaptation of this important methodology to flow chemistry has the 

potential to overcome the kinetics issue. 

 

This was successfully accomplished by Kappe et al. in their investigation into the mechanism 

of the formation of 1,4-triazoles using a Cu/C packed column in continuous flow and 

phenylacetylene 4.49 and benzyl azide 4.50 as model substrates (Scheme 4.9).260 The authors 

hypothesised that Cu(0) could be used as a copper source to catalyse CuAAC reactions in flow 

as the copper metal would be continuously oxidised by the air, creating surface CuO and Cu2O 

oxidative layers.261 To test this hypothesis, the authors performed a series of CuAAC reactions 

using Cu turnings in a microwave at 160 °C, alternating between HCl treatment to remove the 

CuO/Cu2O layers and H2O2 treatment to re-oxidise the copper surface.260 Upon treatment with 

HCl, conversion of 4.49 and 4.50 to triazole 4.51 was considerably decreased (3% to 11%). 

However, activation of the copper turnings with 35% H2O2 generated the active catalyst and 

afforded triazole 4.51 in 48% yield, confirming their hypothesis.  
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Scheme 4.9. CuAAC reactions using Cu/C packed column in flow.260  

 

Flow experiments were then performed using a high-pressure flow reactor (X-Cube) and an 

immobilised, pre-packed Cu/C cartridge (60 × 4 mm) containing 250 mg of Cu/C (Scheme 

4.9). Reaction between 4.49 and 4.50 in acetone at 170 °C (20 bars) afforded the expected 

triazole 4.51 in quantitative yield after 2 h. Decreasing the temperature of the reaction afforded 

incomplete conversion. Unfortunately, a high concentration of copper was detected by ICP-

MS analysis in the final product (600 mg/kg), far above the acceptable concentrations for 

pharmaceuticals (15 mg/kg).262 To decrease copper contamination, a scavenger was added to 

the continuous flow process. Following purification through Quadrapure TU (thiourea) resin 

packed in a stainless-steel cartridge (60 × 4 mm, 350 mg), the concentration of copper in the 

final product was decreased to 1 mg/kg. While efficient on a small scale (0.25 mmol), this 

scavenging method is problematic on large scales, as when scaled up to 250 mmol 60% of the 

pre-packed Cu/C had leached within 11 h. Multiple extractions with EDTA were then 

necessary, decreasing copper concentration to 2 mg/kg.  

 

The same year, Sach et al. reported an in-situ azide synthesis, followed by 1,4-triazole 

formation using a copper flow reactor (Scheme 4.10).239 The use of a copper reactor eliminates 

the need for additional catalyst to perform the reaction. Optimisation of the reaction between 

alkyne 4.52 and azide 4.53 has shown that copper leaching is highly dependent on the solvent 

used for the reaction. For example, the amount of copper leaching present in the final 

productwas only 78 ppm as determined by elemental analysis when ethanol was used at 150 

°C, while 300 ppm were found with DMF. However, precipitation of phenylacetylene 4.52 

occurred when ethanol was used. DMF was therefore chosen as a solvent for the reaction, and 

a Quadrapure TU cartridge was added to the process, reducing the copper concentration to 5 

ppm. Using this strategy, the authors were able to synthesise a vast library of triazoles in 21-

92% yields.  
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Scheme 4.10. CuAAC reactions using a copper flow reactor.239  

 

In-situ formation of the alkyne moiety followed by triazole formation was also demonstrated 

in a continuous flow process by Smith et al. (Scheme 4.11).263  

 

  
Scheme 4.11. In-situ alkyne formation followed by a CuAAC reaction.263  

 

Using a variety of in-line, immobilised reagents and scavengers, the authors were able to 

successfully synthesise triazole 4.58 without the need for further purification. Aldehyde 4.57 

(1.3 equiv) and Bestmann-Ohira reagent 4.55 (1 equiv) were first reacted in a convection-flow 

coil (CFC, 10 mL) at 100 °C for 30 min in the presence of azide 4.56 and KOtBu in MeOH. 

The reaction mixture was then flowed through a Quadrapure benzylamine cartridge (QP-BZA) 

at 70 °C to remove excess aldehyde 4.57. The resulting mixture was pumped through an 

Amberlyst-15 sulfonic acid (A-15) support to remove the base and protonating phosphoric 

residues before being flowed through another Amberlyst-21 dimethyl amine resin (A-21), 

removing residual acid and affording pure acetylene product. Importantly, no degradation of 

azide 4.56 was observed. The CuAAC reaction was then performed by flowing the mixture 

through an immobilised copper-catalyst (A-21-CuI), affording triazole 4.58 in 69% yield after 

scavenging residual copper with a Quadrapure thiourea (QP-TU) flow tube.  
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While efficient and modular, these processes require elevated temperatures, which limits their 

use with biomolecules. However, Fülöp et al. published a study in which the use of additives 

allowed them to perform CuAAC reactions at room temperature (Scheme 4.12).264 Earlier 

studies had shown that adding an amine base dramatically increases the rate of CuAAC 

reactions by chelating and stabilising Cu(I) species.67,70 Other studies have found that adding 

catalytic amounts of acid could further increase the rate, accelerating the protonation of the 

Cu-triazole in the last step of the mechanism.265 By adding a combination of N,N-

diisopropylethylamine (DIPEA, 0.04 equiv) and acetic acid (AcOH, 0.04 equiv) to their flow 

process, the authors were able to produce the desired triazoles in high yields, without the need 

for heating. This process allowed the ligation of cispentacin azide derivative 4.59, a naturally 

occurring carbocyclic b-amino acid possessing antifungal properties, and ferrocene alkyne 

4.60, an electrochemical reporter, affording triazole 4.61 in 99% yield. More importantly, the 

use of milder conditions dramatically decreased copper leaching (7.1 mg/kg). However, high 

pressures (100 bar) were still necessary to activate the reaction and avoid any precipitation. 

 

 
Scheme 4.12. CuAAC reaction using immobilised Cu powder and DIPEA/AcOH as additives.263  

 

4.3 Hypothesis to Be Tested 

The development of flow-based technologies has significantly advanced chemical synthesis, 

offering numerous advantages compared to batch and microwave chemistry. Furthermore, the 

higher reactivity observed in flow processes, due to enhanced mass transfer, has proven to be 

particularly beneficial for performing chemical reactions with large molecular weight 

biomolecules, in which structural conformations can significantly compromise functional 

groups’ accessibility.266,267  

 

Despite these benefits, the development of a flow-based platform for CuAAC bioconjugation 

has not yet been possible due to the requirement for excess Cu catalyst and elevated 
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temperatures, conditions which cause biomolecule denaturation and degradation. In addition, 

the need for organic solvent has limited flow-based CuAAC applications to small molecules.  

 

We have previously shown that aromatic ynamines are superior CuAAC reagents with 

enhanced chemical reactivity relative to conventional alkynes (Chapter 2).170,171,174 

Additionally, incorporating a benzimidazole ynamine moiety into oligonucleotides allowed us 

to decrease Cu loading to 10 mol % while a large excess (10 equiv) is necessary when using 

conventional alkynes (Chapter 3). The hypothesis to be test in this work is that the enhanced 

reactivity of aromatic ynamines will allow for the development of a flow-based platform for 

the fast, mild, degradation-free bioconjugation of peptide and oligonucleotide derivatives 

(Scheme 4.13).  

 

 
Scheme 4.13. Flow-based platform for CuAAC bioconjugation using the enhanced reactivity of aromatic ynamines. 

 

4.4 Aims of this Chapter 

The specific aims of this chapter are to: 

 

(i) Determine appropriate reaction conditions for fast and mild CuAAC reactions using a 

copper flow reactor with a range of alkynes 4.64a-c (Scheme 4.14).  

 

 
Scheme 4.14. Optimisation of flow CuAAC using copper tubing. 

 

(ii) Apply these conditions to the CuAAC bioconjugation of peptide and oligonucleotide 

derivatives using a copper flow reactor. 
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(iii) Optimise reaction conditions for the ligation of a phosphorodiamadite morpholino 

oligomer (PMO) derivative and a cell-penetrating peptide (CPP) using a copper flow 

reactor (Figure 4.3). 

 

 
Figure 4.3. PMO-ApoE conjugate 4.65. 

 

4.5 Results and Discussion  

4.5.1 Cu-Loading for CuAAC Reactions with Aromatic Ynamines 

It is hypothesised that the Cu leaching from the tubing during continuous flow processes due 

to elevated temperatures and high pressures is sufficient to catalyse CuAAC reactions.260 The 

enhanced reactivity of aromatic ynamines has proven to dramatically decrease copper loading 

(10 mol % versus 10 equiv using phenylacetylene) when performing CuAAC ligations on 

oligonucleotides (see Chapter 3). This leads to the hypothesis that the higher reactivity of 

aromatic ynamines could allow for the development of a milder flow platform for CuAAC 

ligations, as less copper should be required to reach completion of the reaction.  

 

To test this hypothesis, the amount of copper needed to perform CuAAC reactions between 

benzimidazole ynamine 4.64a and benzyl azide 2.86a was empirically determined in batch 

(Figure 4.4).  
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Figure 4.4. Investigating Cu loading required for the formation of 4.66a. Isolated yields. 

 

Decreasing Cu loading to 1 mol % had no impact on the reactivity of benzimidazole ynamine 

4.64a and afforded triazole 4.66a in 96% yield after 16 h. A small drop in reactivity was 

observed when 0.1 mol % was used, still allowing the formation of 4.66a in 75% yield. Serial 

dilutions of Cu(OAc)2 were then used to explore the CuAAC reaction between 4.64a and 2.86a 

at even further reduced (ppm) amounts of copper. While slower, high yields of triazole 4.66a 

were observed even when only 1 ppm Cu(OAc)2 was used to catalyse the reaction. 

Remarkably, 4.66a was obtained in 99% yield after 3 days when only 10 ppm Cu(OAc)2 was 

used; notably, this is below the minimum copper concentration permitted in pharmaceuticals 

(15 ppm).262 These results suggest that the amount of leaching from a copper flow reactor at 

ambient temperature could be sufficient for catalysing CuAAC reactions with aromatic 

ynamines, which could allow for the development of a flow platform for the ligation of more 

sensitive molecules, such as peptides or oligonucleotides.   

 

4.5.2 Developing a Flow Platform for Mild CuAAC Ligation of Small Molecules 

 Effect of H2O on Triazole Formation 
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(easy-Scholar, Vapourtec) equipped with a copper reactor (Vapourtec, d = 1 mm, V = 10 mL). 

Alkyne and azide starting materials were solubilised in 10 mL of solvent before being pumped 

through the copper tubing at a flow rate of 1 mL/min (tR = 10 min) at room temperature (25 

°C), unless stated otherwise. Initial attempts to perform CuAAC reactions between ynamine 
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benzimidazole 4.64a and benzyl azide 2.86a using either MeOH or MeCN as solvent were 

unsuccessful; only starting materials were recovered after one pass through the reactor (tR = 

10 min, Scheme 4.15). Decreasing the flow rate to 0.25 mL/min (tR = 40 min) also failed to 

yield product. Surprisingly, adding a small amount of water to MeOH (1/40 and 1/20) afforded 

4.66a in 11% and 24% yields, respectively. Changing the solvent to 40/1 MeCN/H2O allowed 

for complete conversion of starting materials to 4.66a after 10 min at room temperature.  

 

 
Scheme 4.15. Initial attempts of flow CuAAC reaction with aromatic ynamine 4.64a using copper tubing.215 

 

The effects of water on triazole formation were further investigated using three representative 

alkynes: benzimidazole ynamine 4.64a, propargyl ether 4.64b and aromatic alkyne 4.64c 

(Figure 4.5).215  

 

 

 

 
Figure 4.5. Effect of H2O on triazole formation. Isolated yields.215 
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Results from this study indicate that the addition of even a small amount of water to MeCN 

(1/99) has substantial impact on the extent of triazole formation, affording 4.66a, 4.66b, and 

4.66c in 46%, 78% and 85% yields, respectively. Increasing the proportion of water in the 

solvent system further improved yields, with the reaction reaching completion for alkynes 

4.64a-c when 5/1 MeCN/H2O was used. It is worth noting that while ynamine 4.64a exhibited 

superior reactivity in the batch system, owing to a pKa modifying Cu-ligation,170 this solvent 

system proved effective even with less reactive alkynes, such as 4.64b and 4.64c.   

 

 Effect of H2O on Copper Leaching 

As stated previously, it had been hypothesised that elevated temperatures were needed when 

performing CuAAC reactions in flow in order to solubilise enough copper to achieve the 

reaction.260 However, adding water to the eluent allowed the reaction to reach completion at 

room temperature and atmospheric pressure. In order to investigate if water is necessary to 

perform the reaction due to associated copper leaching, ICP-MS analysis was performed for 

each solvent system (Figure 4.5).215 To achieve this, the eluents were pumped through the 

copper reactor at 1 mL/min at room temperature and analysed directly by ICP-MS. These data 

confirmed that increasing water content resulted in higher copper concentrations in the eluents, 

with a maximum occurring in 1/1 MeCN/H2O. A direct comparison of copper leaching from 

a used (~300 reactions) and new (no reaction) reactor measured distinctly higher copper 

concentrations from the used one in equivalent solvent mixtures (Figure 4.6).  

 

 
Figure 4.6. Copper leaching from new and used (~300 reactions) reactors.215 
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These findings would be consistent with the higher solubility of CuO and Cu2O, which form 

a coating on copper pipes, in water than in organic solvent. Therefore, these pipes are more 

prone to leaching after multiple exposures to water.261 However, similar copper concentrations 

were observed when MeCN and 99/1 MeCN/H2O were used as solvents (0.353 ppm and 0.206 

ppm, respectively), even though the conversion of starting materials 4.64a-c to products 4.66a-
c has been shown to be dramatically different. These data suggest that the role of water in the 

reaction mechanism is not simply to solubilise copper. 

 

 Investigating the Role of H2O in the Reaction 

Control experiments were performed in order to investigate whether copper solubilisation is 

necessary to catalyse CuAAC reactions between alkynes 4.64a-c and benzyl azide 2.86a 

(Scheme 4.16a-c).215 Attempting CuAAC reactions in batch using a 5/1 MeCN/H2O solvent 

mixture containing 12.3 ppm of copper, as determined by ICP-MS, proved unsuccessful for 

4.64b and 4.64c and poor for 4.64a, after 72 h. Repeating these experiments in flow using a 

PFA reactor (d = 1 mm, V = 10 mL) at 1 mL/min only recovers starting materials in the eluent 

for all three reactions. These results suggest that solution copper is not sufficient for the 

CuAAC reactions and that catalysis most likely occurs on the surface of the copper tubing.   

 

 
Scheme 4.16. Comparison of CuAAC efficiency in batch vs. flow containing 12.3 ppm Cu. Isolated yields.215 
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4.67 is used to measure superoxide concentrations in biological systems, such as human Jurkat 

T cells.268 Deprotection of the sulphonyl groups occurs via  a non-redox mechanism through 

nucleophilic substitution by superoxide. The main advantage of this probe is the fact that 

protected fluorescein 4.67 is not fluorescent, providing the opportunity to study living systems 

through fluorescence-based assays. To determine whether H2O contributes to the formation of 

ROS in the copper flow reactor, protected fluorescein 4.67 was pumped through the system at 

37 °C for 30 min using both MeCN and a 7/3 MeCN/H2O mixture (Table 4.2). The reaction 

mixtures were then analysed directly by RP-HPLC. Only protected fluorescein 4.67 was 

observed when the reaction was performed in MeCN (Entry 1), while 64% of deprotected 

fluorescein 4.68 was obtained with the MeCN/H2O mixture (Entry 2). Performing the reaction 

in the presence of one equivalent of sodium 4,5-dihydroxybenzene-1,3-disulfonate 4.69 
(tiron),269 which scavenges free radicals such as superoxide, in 7/3 MeCN/H2O afforded only 

the protected fluorescein 4.67 after 30 min. 

 

Table 4.2. Deprotection of Fluorescein 4.67 using a copper flow reactor. 

 

 

Entry Solvent ROS Inhibitor Conversion (%)[a] 

1 MeCN  0 
2 MeCN/H2O (7/3)  64 
3 MeCN/H2O (7/3) 4.69 (1 equiv) 0 

[a] Conversion calculated by peak area using RP-HPLC. 

 

ROS in the flow system were also measurable using benzothiazolium iodide 4.70 (Scheme 

4.17). Ohsawa et al. reported the selective oxidation of 3-methylthiazolium derivatives, such 

as 4.70, with superoxide allowing the formation of both 4.71 and 4.72.270 A solution of 4.70 

in a 40/1 MeCN/PBS buffer (pH = 7.5) mixture was pumped through the copper flow reactor 

at 1 mL/min at 37 °C for 10 min. RP-HPLC analysis of the reaction mixture indicated 96% 

conversion of 4.70 to the oxidised product 4.71, substantiating the presence of ROS in the flow 

system. Finally, histidine, known for its instability toward ROS, was dissolved in a 1/1 

MeCN/H2O mixture and flowed through the system at room temperature for 10 min. RP-HPLC 

analysis of the resulting mixture showed complete degradation of histidine. These data support 

the hypothesis that ROS are produced when H2O is introduced into our flow platform. The 

requirement of water for performing CuAAC reactions using a copper flow reactor could 
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therefore be explained by ROS reactions with the Cu surface generating Cu(I) active species 
via in-situ Cu(I)/Cu(II) disproportionation.  

 

 
Scheme 4.17. Oxidation of 3-methylbenzothiazolium iodide 4.70 using a copper flow reactor. Conversion 
calculated by RP-HPLC. 

 

 Effect of Organic Solvent on Triazole Formation and Copper Leaching 

To investigate the effect of organic solvent on the efficiency triazole formation, alkyne 4.64b 

and azide 2.86a were pumped through a copper flow reactor at 1 mL/min at room temperature 

and atmospheric pressure using different solvent systems (Table 4.3).215  

 

Table 4.3. Effect of organic solvent on Cu leaching and triazole 4.66b formation. 

 

Entry Solvent Yield (%)[a] [Cu] (ppm) 
1 MeCN 0 6.92 
2 MeCN/H2O (5/1) 90 40.9 
3 MeOH 0 7.69 
4 MeOH/H2O (5/1) 13 1.84 
5 DMF 0 8.17 
6 DMF/H2O (5/1) 30 9.24 
7 DCM 7 1.2 

[a] Isolated yields.215  
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higher copper concentrations when MeCN/H2O was used for the reaction. The superior 

reaction efficiency and higher copper concentration observed with this solvent system could 

be explained by a higher corrosion of the copper tubing, increasing the rate of Cu 

disproportionation.260 

 

 Effect of Flow Rate on Triazole Formation 

As illustrated previously, the higher throughput offered by continuous flow technology 

represents one of the main benefits of this process, particularly for industrial purposes. To 

measure the maximum amount of triazole produced on our platform, a flow rate study was 

performed using alkynes 4.64a-c and non-chelating azide 2.86a (Figure 4.7) or chelating azide 

2.86f (Figure 4.8).215  

 

 

 
Figure 4.7. Flow rate vs efficiency of CuAAC reaction between alkynes 4.64a-c and non-chelating azide 2.86a. 

Isolated yields.215 
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when a non-chelating azide was used, such as benzyl azide 2.86a (Figure 4.7). However, 

increasing the flow rate to 5 mL/min decreased the efficiency for both alkynes 4.64a and 4.64c. 

Performing the ligation at 3 mL/min would therefore allow the formation of approximately 

1.1 kg of triazole 4.66a, 0.98 kg of triazole 4.66b and 0.99 kg of triazole 4.66c after 1 h. 

Repeating these experiments using a chelating azide, such as 2.86f, dramatically increased the 

efficiency of the reaction, affording high yields for alkynes 4.64a-c, even when reactions were 

performed at 9 mL/min (Figure 4.8).215  Performing the ligation at 9 mL/min would allow the 

formation of approximately 3.6 kg of triazole 4.73a, 3.0 kg of triazole 4.73b and 2.9 kg of 

triazole 4.73c after 1 h. These results show that the increased reactivity of chelating azides 

observed in batch (see Chapter 2) is replicated in flow systems. 

 

 

 

 
Figure 4.8. Flow rate vs efficiency of CuAAC reaction between alkynes 4.64a-c and chelating azide 2.86f. Isolated 
yields.215 
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from simple azides, azido fluorophores and azides possessing functionalities for downstream 
applications were all isolated in high yields after only a single pass through the Cu reactor.  
 

 
Scheme 4.18. Substrate scope of CuAAC flow process using alkynes 4.64a-c. Isolated yields.215 

 

 Chemoselective CuAAC Ligation in Flow 

The compatibility of our flow platform with regards to established CuAAC chemoselectivity 
profiles171 was examined (Scheme 4.19).215 Optimisation of the reaction using our flow 
platform has revealed that decreasing H2O content in the eluent resulted in lower CuAAC 
efficiency. We surmised that we could achieve chemoselective CuAAC ligation by taking 
advantage of this feature. Diyne 2.91, which contains a more reactive aromatic ynamine site 
and a less reactive aliphatic alkyne site, underwent chemoselective ligation with coumarin 
azide 3.46b at its ynamine site using a 40/1 MeCN/H2O mixture, followed by ligation of AZT 
azide 2.86k at its alkyne site using a 5/1 MeCN/H2O mixture. Complete chemoselectivity was 

4.73a, >99%
4.73b, 99%
4.73c, 99%

N
N3

Ph N3

N

N3 S N3

Me2N N3

O
N

N3

OH

NH

Me

O

O

4.66a, 88%
4.66b, 90%
4.66c, 94%

4.74a, 79%
4.74b, 87%
4.74c, 82%

4.75a, 63%
4.75b, 70%
4.75c, 80%

4.76a, 84%
4.76b, 82%
4.76c, 79%

4.78a, 98%
4.78b, 96%
4.78c, 86%

4.81a, >99%
4.81b, 96%
4.81c, 99%

O OHO

N3

NMe24.79a, 96%
4.79b, 98%
4.79c, 98%

F

N
H

O

N3

O

O

O

OHHO

H
N

S

H
N

HN NH

S

O

H
H

H
N

O

O
N3

3

H

H H

Me

Me

O

O

4.80a, 78%
4.80b, 79%
4.80c, 79%

4.83a, 78%
4.83b, 69%
4.83c, 79%

N
H

O
AcO

AcO

OAc

O

OAc

N3

4.84a, 89%
4.84b, 91%
4.84c, 91%

4.82a, 88%
4.82b, 78%
4.82c, 89%

4.86a, 87%
4.86b, 92%
4.86c, 86%

4.77a, 92%
4.77b, 93%
4.77c, 92%

N

N
H

N

N

H2N

O

N
H

N
H

O CO2tBu

4.85a, 60%
4.85b, 56%
4.85c, 54%

N3
N

NN

alkyne azide triazole

simple azides fluorophores

functional azides

O2S

H
N N3

N3

N3 CF3

F F

F F

F F

F F

F F

F F

F F

Me

Me

H
N

O

N3

N3

N

NMe

Me
O

Me
4.64a 4.64b 4.64c

Cu, RT, 1 atm
MeCN/H2O (5/1)

1 mL/min

Me



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 202 

observed. This demonstrated that the established reactivity profiles are replicated in our flow 
platform with enhanced overall reaction kinetics even at very low [Cu]. 
 

 
Scheme 4.19. Chemoselective CuAAC ligation using a copper flow reactor. Isolated yields.215 
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Scheme 4.20. Comparison between a) conventional and b) tetrazine-click labelling strategies of a PARP1 inhibitor.143 

 

Building on this work, we demonstrated the utility of our flow platform for the synthesis of 
PET probes through the CuAAC ligation of Olaparib alkyne derivative 4.93 and a mimic of 
the commonly used 18F-azido probe272 3.46a (scheme 4.21).215 Solutions of 4.93 and 3.46a in 
5/1 MeCN/H2O were pumped through the copper flow reactor at 3 mL/min at room 
temperature. After 3 min of reaction, triazole 4.94 was obtained in 86% yield without the need 
for purification. More importantly, ICP-MS analysis of the eluent measured only 6.21 ppm of 
copper, far below permissible copper concentrations (15 ppm), demonstrating the capacity of 
our flow platform to synthesise biomedical imaging markers.  
 

 
Scheme 4.21. Continuous flow CuAAC reaction between Olaparib derivative 4.93 and PET probe mimic 3.46a. 
Isolated yields.215 
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4.5.4 Developing a Flow Platform for Mild, Efficient, Degradation-Free 
Bioconjugation of Peptides and Oligodeoxyribonucleotides 

 Developing a Flow Platform for CuAAC Ligations of Oligodeoxyribonucleotides 

While CuAAC has proven to be an efficient strategy for the ligation of biomolecules, such as 
oligodeoxyribonucleotides (ODNs), the requirement for (super)stoichiometric amounts of 
copper remains a severe limitation. The higher efficiency observed for flow processes, due to 
enhanced mass transfer, added to the use of a copper tubing should dramatically increase 
reaction kinetics and therefore decrease exposure of ODNs to copper, reducing potential 
degradation and damage. To test this hypothesis, ODN4.2, containing only one oxidation 
sensitive residue, and azido fluorophore 2.86q were reacted using our flow platform (Table 
4.4).215 CuAAC reactions were performed in a commercial chemical flow reactor (easy-
Scholar, Vapourtec) equipped with a copper reactor (Vapourtec, d = 1 mm, V = 2 mL). Alkyne 

and azide starting materials were dissolved in 100 µL of solvent before being pumped through 

the copper reactor at room temperature (25 °C), unless stated otherwise. 
  
Table 4.4. Optimisation of flow CuAAC reaction using ODN4.2. 

 
 

Entry Solvent Flow Rate (mL/min) Yield (%) 
1 H2O 0.2 (tR = 10 min) 0 
2 H2O 1 (tR = 2 min) 7 
3 MeOH/H2O (5/1) 0.2 (tR = 10 min) 4 
4 MeOH/H2O (5/1) 1 (tR = 2 min) 21 
5 MeOH/H2O (5/1) 2 (tR = 1 min) 59 
6 MeOH/H2O (5/1) 2 (3 cycles, tR = 3 min) 36 
7 MeOH/H2O (5/1) + 0.1 M TEAA 2 (tR = 1 min) 100 

Yields determined by RP-HPLC peak integration relative to the ODN starting material.215  

 
Initial attempts to achieve the reaction in H2O resulted in complete degradation of ODN4.2 
(Entries 1-2). Switching the solvent to 5/1 MeCN/H2O generated the expected product 4.95b; 
however, extensive oligonucleotide degradation was still observed. Increasing the flow rate, 
and therefore decreasing exposure of ODN4.2 to the copper reactor, dramatically improved 
reaction yields (4% at 0.2 mL/min and 59% at 2 mL/min). Increasing the number of passes 
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through the reactor from one to three at 2 mL/min resulted in lower yield (36%, Entry 6). 
Triethylammonium acetate (TEAA) buffer is commonly used for RP-HPLC purification and 
analysis of ODNs, functioning as an ion pair to the negatively-charged ODN phosphate 
backbone to allow for increased resolution on hydrophobic C18 silica.273 TEAA also has the 
ability to function as a Cu chelator, competing with the purine and pyrimidine bases of ODNs, 
leading to decreased degradation of the ligated product. To investigate whether a reduction in 
ODN-Cu chelation would result in increased yield of the CuAAC product, 0.1 M TEAA was 
added to the solvent mixture, affording triazole 4.95b in quantitative yield after 1 min of 
reaction (Entry 7). In comparison, performing this reaction in batch using Cu(OTf)2 (10 equiv), 
THPTA (20 equiv) and NaAsc (20 equiv) required 24 h to reach completion. Using the 
optimised flow conditions, triazoles 4.95a-c were obtained in high yields (90% to quantitative) 
after only 1 min of reaction and without the need for purification (Scheme 4.22).  
 

 
Scheme 4.22. CuAAC ligations of representative ODNs using optimised conditions in a copper flow reactor. Yields 
determined by RP-HPLC peak integration relative to ODN starting material.215 
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with ODN ligations, super-stoichiometric copper (10 to 100 equiv) and long reaction times 
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Moreover, Cu-mediated formation of ROS leads to the oxidative degradation of peptides, 
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peptides.275 The remarkable results obtained for ODN ligation with our flow platform 
encouraged us to develop an assay for fast, degradation-free bioconjugation of peptides.215 A 
peptide fragment of the ApoE protein was chosen as a model for this study (Figure 4.9). This 
peptide is arginine- and lysine-rich and therefore has strong Cu-chelating character. Its 
arginine residues make it a well-known cell penetrating peptide (CPP), commonly used as a 
delivery vehicle across the blood brain barrier (BBB).276 This peptide was modified at the C-
terminus with a propargylglycine to allow for CuAAC ligations. Additionally, to investigate 
degradation during flow CuAAC reactions, the ApoE peptide core was modified at the N-
terminus with oxidation-sensitive residues (Figure 4.9).  
 

 
Figure 4.9. ApoE peptide used for the development of a flow CuAAC platform for peptide bioconjugation.215 
 
Peptides 4.96a-e were prepared using standard Fmoc solid-phase peptide synthesis on a rink 
amide resin (Scheme 4.23). Peptides 4.96a-e were obtained in 22-39% yields after RP-HPLC 
purification. 
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Scheme 4.23. Fmoc solid-phase peptide synthesis. Isolated yields.215 

  
CuAAC reactions were performed in a commercial chemical flow reactor (easy-Scholar, 
Vapourtec) equipped with a copper reactor (Vapourtec, d = 1 mm, V = 2 mL). Alkyne and 

azide starting materials were solubilised in 100 µL of solvent before being pumped through 

the copper tube at room temperature (25 °C), unless stated otherwise. RP-HPLC analysis was 
used to determine the optimal flow rate for the ligation of peptide 4.96a and dansyl azide 2.86q 
in a copper flow reactor (Table 4.5).215 
  
Table 4.5. Optimisation of the flow rate for CuAAC reaction using peptide 4.96a. 

 
 

Entry Flow Rate (mL/min) Conversion (%) 
1 0.2 (tR = 10 min) 69 
2 0.1 (tR = 20 min) 79 
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7 2 (tR = 1 min) 47 
8 2 (2 cycles, tR = 2 min) 87 
9 2 (3 cycles, tR = 3 min) 84 
10 2 (4 cycles, tR = 4 min) 92 

Conversion determined by RP-HPLC peak integration relative to peptide starting material.215  

 
A flow rate of 0.2 mL/min (tR = 10 min) provided triazole 4.97a in 69% yield; unfortunately, 
HPLC chromatography indicated the presence of multiple compounds, suggesting degradation 
of the starting materials and/or product (Entry 1). Decreasing the flow rate to 0.1 mL/min (tR 
= 20 min) increased both yield and degradation (Entry 2). Increasing the flow rate to 1 mL/min 
(tR = 2 min) afforded a similar yield (68%) but without the accompanying degradation (Entry 
3). These results suggest that the CuAAC reaction occurs faster than peptide 4.96a degradation 
and that reducing the time of contact between the peptide and the copper surface of the reactor 
would reduce potential chelation/degradation. To obtain complete conversion of peptide 
4.96a, the reaction mixture was pumped at 1 mL/min through the reactor several times and 
analysed by RP-HPLC after each pass (Entry 3-6). Full conversion of peptide 4.96a to triazole 
4.97a was achieved after 4 passes, representing a total residence time in the reactor of 8 min 
(Entry 6). Repeating these experiments at 2 mL/min afforded 92% yield of triazole 4.97a after 
4 min in the reactor (Entry 10). In comparison, performing this reaction in batch using 
Cu(OTf)2 (20 equiv), THPTA (40 equiv) and NaAsc (40 equiv) required 16 h to reach 
completion. 
Degradation of oxidation-sensitive residues was then explored using the histidine-containing 
peptide 4.96d (Table 4.6). 
 
Table 4.6. Optimisation of the flow CuAAC reaction using peptide 4.96d. 

 
Entry Additives Flow Rate (mL/min) Conversion (%) 

1  0.2 (tR = 10 min) 23 
2  1 (4 cycles, tR = 8 min) 77 
3 4.70 (2 equiv) 1 (4 cycles, tR = 8 min) 90 

Conversion determined by RP-HPLC peak integration relative to peptide starting material.215 
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Reaction between peptide 4.96d and dansyl azide 2.86q at 0.2 mL/min afforded only 23% 
conversion to triazole 4.97d with several degradation products observed by RP-HPLC (Entry 
1). Using the previously optimised conditions (1 mL/min, 4 cycles) increased the conversion 
of 4.96d to triazole 4.97d to 77%; however, degradation products were still detected by RP-
HPLC (Entry 2). Several ROS scavengers, such as tiron 4.69 and DMSO, were employed to 
supress the oxidative damage of peptide 4.96d; unfortunately, this resulted in further 
degradation. However, addition of benzothiazolium iodide 4.70 (2 equiv), previously used as 
a superoxide probe (Scheme 4.17), resulted in 90% conversion of peptide 4.96d to triazole 
4.97d after 8 min of reaction with no detectable degradation. 
 
Applying these conditions to the ligation of peptides 4.96a-d with azido fluorophore 2.86q 
afforded triazoles 4.97a-d in 48-75% yields after RP-HPLC purification (Scheme 4.24). No 
degradation was observed. Importantly, ICP-MS analysis of triazole 4.97d measured only 7.13 
ppm of copper in the final product. Triazole 4.97e and the side-product resulting from the 
oxidation of 4.70 (Scheme 4.17) were unfortunately not separable by RP-HPLC. Omission of 
the ROS scavenger allowed isolation of triazole 4.97e in 65% yield; interestingly, no 
degradation product was observed.  
 

 
Scheme 4.24. CuAAC ligations of representative peptides using optimised conditions in a copper flow reactor. 
Isolated yields.215 
 

N
H

H
N

O
N
H

O H
N

O
N
H

O H
N

O

O

N
H

H
N

O

NH

NHH2N

NH2
NH

NHH2N

NH2

NH

NHH2N

N
H

O H
N

O

NH

NHH2N

N
H

O
NH2

O

Me

Me

Me

Me

Me

Me

Me

Me
N

NN

HN SO2

NMe2

Ac-CLRKLRKRLLRG Ac-MLRKLRKRLLRG Ac-HLRKLRKRLLRG Ac-YLRKLRKRLLRG

Ac-Cys (4.97b)= Ac-Met (4.97c) Ac-His (4.97d) Ac-Tyr (4.97e)

Sequence:

Yield: 48% 57% 69% 65%

Ac-LRKLRKRLLRG

Ac (4.97a)

75%

N
NN

alkyne triazole

Cu, RT, 1 atm
MeCN/H2O (5/1)

1 mL/min, 4 cycles
tR = 8 min

NMe2

O2S
H
N N3

2.86q

H
N S

O2

NMe2

N

S

Me
I

4.70



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 210 

 Developing a Flow Platform for the Fast, Mild, Degradation-Free Formation of a 
Peptide-Phosphoramidate Oligonucleotide Conjugate 

The synthesis of the ApoE-PMO conjugate 4.65 was performed to illustrate the ability of our 
flow platform to achieve fast and efficient bioconjugation. Phosphorodiamidate morpholino 
oligomers (PMOs) are nucleic acid analogues, in which the sugar backbone is replaced by a 
morpholino ring and the phosphodiester linkage substituted with a phosphorodiamidate 
(Scheme 4.25). The improved stability of PMOs towards nuclease digestion due to these 
modifications has offered promise for antisense gene therapy.277,278 Owing to their neutral 
properties, PMOs have poor cellular uptake; however, this can be ameliorated by conjugation 
to a cell penetrating peptide (CPP). The bioconjugate triazole 4.65 was prepared from 
precursors derived from a PMO azide 4.98, purchased at Gene Tools, with known in vivo 
efficacy as a splice-switching oligonucleotide for the treatment of Duchenne Muscular 
Dystrophy (DMD) and a peptide fragment 4.96a of the ApoE protein (Scheme 4.25).279,280 
Using our previously optimised flow conditions, the ApoE-PMO bioconjugate 4.65 was 
formed in 60% yield after 15 passes (1 mL/min; total tR = 30 min). When performed under 
equivalent batch conditions, no reaction was observed after 24 h and only 26% yield of 4.65 
was obtained after 48 h using 100 equiv Cu. 
 

 
Scheme 4.25. Bioconjugation of ApoE peptide 4.96a and PMO azide 4.98. Isolated yields.215 
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4.6 Summary 

This chapter has described a rapid and mild continuous flow platform for CuAAC ligation. 
Reactions proceed under mild conditions (room temperature, ambient pressure) and without 
the need for additives. The efficiency of this platform was demonstrated for the ligation of 
small molecules (10 min) and the ligation of a PARP1 inhibitor to a PET probe mimic (3 min). 
Furthermore, we have shown that this platform could be used for the fast conjugation of 
biomolecules, such as oligonucleotides (1 min) and peptides (8 min), without degradation of 
even the most oxidation-sensitive substrates. Finally, the utility of this platform has been 
demonstrated for the mild, fast and degradation-free bioconjugation of an azide-modified 
PMO with an alkyne-modified CPP (30 min). This work therefore presents the opportunity to 
perform fast and efficient bioconjugation under conditions that are favourable to biomolecules. 
 

4.7 Experimental 

4.7.1 Reagents and Solvents 

All reagents were obtained from commercial sources (Fisher, Fluorochem, Sigma-Aldrich) 
and used without further purification unless otherwise stated. All solvents were HPLC grade 
and were used without further purification, unless otherwise stated. 

4.7.2 Analysis of Products 

 NMR Spectroscopy 

NMR spectroscopy was carried out using either a Bruker 400 UltraShield™ B-ACS 60 

spectrometer or Bruker DRX 500. All chemical shifts (d) were referenced to the deuterium 

lock and are 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), t (triplet), 
q (quartet), app. quint (apparent quintuplet), app. sept (apparent septet) and m (multiplet). All 
NMR data was processed using TopSpin 3.2 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).  
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 Liquid Chromatography-Mass Spectrometry (LC-MS) and High-Performance 
Liquid Chromatography (HPLC) 

LC-MS was carried out on an Agilent HPLC instrument in conjunction with an Agilent 
Quadrupole mass detector. Electrospray ionization (ESI) was used in all cases. RP-HPLC was 
carried out on a Dionex Ultimate 3000 series instrument or a Shimadzu Prominence HPLC 
(see Appendix for method and column parameters).  
 

 Infra-Red (IR) Spectroscopy  

IR data was collected on an Agilent spectrometer and the data processed using Spectrum One 
software. Only major absorbances are reported (> 50 %).  
 

 ICP-MS Results 

The instrument was operated in spectrum acquisition mode and three replicate runs per sample 
were obtained.  The masses analysed for Cu were 63Cu and 65Cu. 103Rh was used as an internal 
standard and added at a concentration of 20 µg/L. Each mass was analysed in full quantitation 
mode (three points per unit mass) and in standard ‘no gas’ mode. A series of standards from 
1-1000 µg/L Cu were prepared using single element 1000 mg/L Cu (Fischer Scientific) diluted 
with distilled water and MeCN to match the samples. An external reference standard CRM 
SLRS-4 (NRCC, Canada) was diluted 2-fold to check for accuracy of the standard graph. 
 
The samples were collected directly after a single pass through the copper flow reactor (1 
mL/min) and diluted to reduce the concentration of MeCN in the samples to 1% v/v.  Samples 
without MeCN were spiked with MeCN to keep all samples/standards within the same matrix 
to minimise any changes in ionization, etc. 
 
Parameters for No gas mode: 
 
Ion Lenses: 
Extract1:  0 V 
Extract 2: -131 V 
Omega Bias-ce: -20 V 
Omega Lens-ce: 0 V 
Cell Entrance: -30 V 
QP focus: 3 V 
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Cell Exit: -34 V 
Quadrupole Parameters: 
OctP RF: 180 V 
OctP Bias: -6 V 
QP Bias: -3 V 
 
 
Table 4.7. ICP-MS analysis of different solvent eluents from a used (~ 300 reactions) vs. a new (0 reactions) 

reactor. 

Ratio MeCN/H2O [Cu] (ppm) of Used Reactor [Cu] (ppm) of New Reactor 
100/0 0.353 0.790 

99/1 0.206 0.240 

98/1 0.510 0.387 

95/1 1.69 1.04 

90/1 2.88 2.23 

80/1 2.13 1.65 

60/1 2.98 2.07 

40/1 7.05 3.79 

5/1 12.3 6.30 

1/1 19.2 8.06 

1/5 10.6 4.50 

1/40 2.47 3.01 

0/100 0.32 1.16 

 
 
Table 4.8. ICP-MS analysis of biomolecules after CuAAC reactions in flow. 

Product [Cu] (ppm) 
4.94 6.21 

ODN6 (4.96c) 8.96 

P9 (4.97d) 7.13 

4.65 7.42 
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4.7.3 General Procedures 

General Procedure A: Synthesis of triazoles under CuAAC flow conditions 
Alkyne (0.2 mmol) and azide (0.2 mmol) were dissolved in 5/1 MeCN/H2O (10 mL). The 
CuAAC reactions were carried out in a commercial chemical flow reactor equipped with a 10 
mL copper reactor (easy-Scholar from Vapourtec). The reaction mixture was flowed through 
a copper tube (diameter = 1 mm, volume = 10 mL, surface area = 400 cm2) at a flow rate of 1 
mL/min at rt (25 °C, tR = 10 min). The reaction mixture was then collected and concentrated 
in vacuo. 
 
General Procedure B: Solid phase synthesis of ODNs 
ODNs were synthesised using phosphoramidite-based solid phase synthesis protocols on an 
Applied Biosystems 392 DNA/RNA synthesizer. Phosphoramidites and controlled pore glass 
(CPG) supports were loaded with standard nucleotides purchased from LINK Technologies 
Ltd (Bellshill, UK). For the synthesis of ODNs containing the modified alkyne 
phosphoramidite 3.42 (see Chapter 3) installed on the 5' end, longer coupling times of 8 
minutes were used. TIPS deprotection was performed using a solution of 1 M TBAF in THF 

(50 µL) in MeCN (1.95 mL).  The mixture was repeatedly passed over the column 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 hours at room temperature. The supernatant was removed, and the CPG support was then 
washed with water (2 × 1.5 mL/mmol). The combined aqueous phase was lyophilised and 
purified by RP-HPLC on a Dionex UltiMate 3000 HPLC using a preparative column 

(Phenomenex Clarity 5 µM Oligo-RP, 250 × 10 mm) at a flow rate of 3 mL/min, gradient 10–

50% 0.1 M triethylamonium acetate (TEAA) in MeCN over 32 min or 10–40% 0.1 M TEAA 
in MeCN over 22 min. Purity of the resultant products was assessed with a Shimadzu 

Prominence HPLC using an analytical column (Phenomenex Clarity 5 µM Oligo-RP, 250 × 

4.6 mm) at a flow rate of 1 mL/min, gradient 10–50% 0.1 M TEAA in MeCN over 35 min. 
Yields were calculated by measuring the absorbance of the products using extinction 
coefficient values of 97800 L/(mol × cm) for ODN4.1, 100400 L/(mol × cm) for ODN4.2 and 
108700 L/(mol × cm) for ODN4.3. 
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Table 4.9. ODNs prepared in this study. 
Product Sequence Yield (%)[a] 

ODN4.1 5'-PtTTT TTT TTT TTT-3' 16 

ODN4.2 5'-PtTTT TTT GTT TTT-3' 10 

ODN4.3 5'-PtGCA TTG ACT GCT-3' 26 
[a] Isolated yields after RP-HPLC purification. 
 

 
 
General Procedure C: CuAAC reactions using alkyne-modified ODNs 
ODN4.1-3 (1 equiv) and azide (20 equiv) were dissolved in 0.1 M TEAA in 5/1 MeCN/H2O 

(100 µL). The CuAAC reactions were carried out in a commercial chemical flow reactor 

equipped with a 2 mL copper reactor (easy-Scholar from Vapourtec). The reaction mixture 
was fed through the copper reactor (2 mL total volume) at a flow rate of 9 mL/min at rt (25 
°C). The reaction mixture was collected following one cycle through the reactor and 
lyophilised. The purity of the triazole products 4.95a-c was assessed using a Shimadzu 

Prominence HPLC on an analytical column (Phenomenex Clarity 5 µM Oligo-RP, 250 x 4.6 

mm) at a flow rate of 1 mL/min, gradient 10–50% 0.1 M TEAA in MeCN over 35 min. Yields 
were calculated using the HPLC integrals ratio relative to the ODN starting materials.   
 
Table 4.9. Experimental data for the synthesis of 4.95a-c. 

 
 

Product Sequence Yield (%)[a] 
ODN4.4 (4.95a) 5'-XtTTT TTT TTT TTT-3' Quant 

ODN4.5 (4.95b) 5'-XtTTT TTT GTT TTT-3' Quant 

ODN4.6 (4.95c) 5'-XtGCA TTG ACT GCT-3' 91 
[a] RP-HPLC yields. 
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General Procedure D: Solid –phase peptide synthesis of 4.96a-e 
Solid–phase synthesis was performed on Rink amide resin (0.6–0.7 mmol/g, 100–200 mesh) 
(NovaBiochem) using a Protein Technologies Tribute automated synthesizer. Syntheses were 
performed from the C-terminus to the N-terminus using Fmoc-protected amino acids. Side 
chain functionalities were protected with a t-Bu group for Tyr, a Pbf group for Arg and a Boc 
group for Lys. The resin was swollen for 20 min in DCM.  Fmoc deprotection was achieved 
using 20% piperidine in DMF (5 min). Each amino acid (5.0 equiv) was activated with HATU 
(4.5 equiv) and DIPEA (0.5 M in DMF) for 2 min (10 min for arginine and cysteine). The 
solution was then added to the resin, shaken for 20 min (2 h for arginine and cysteine), then 
washed with DMF. Double couplings were used for arginine and cysteine. Capping of 4.96a-
e was performed using a solution of 15% acetic anhydride in DMF. Deprotection, coupling, 
washing, and capping procedures were repeated until the final amino acid had been coupled 
to the peptide chain. The peptide was cleaved from the resin by shaking in a solution of 
TFA/phenol/H2O/TIPS (90/5/2.5/2.5) for 2 h. The peptide was then collected by precipitating 
in cold Et2O and centrifuged at 7000 rpm for 25 min (three times). Peptides 4.96a-e were then 
purified by RP-HPLC on a Dionex UltiMate 3000 HPLC using a preparative column 
(Phenomenex C18, 150 × 21.2 mm) at a flow rate of 9 mL/min, gradient 5–100% MeCN/0.1% 
TFA over 95 min. Purity of the resultant products was assessed by analytical RP-HPLC 
(Phenomenex C18, 250 × 4.6 mm) at a flow rate of 1 mL/min, gradient 5–60% MeCN/0.1% 
TFA over 35 min. 
 
Table 4.10. List of synthesised peptides 4.96a-e, sequence and yields.  

Product Sequence Yield (%)[a] 
4.96a Ac-LRKLRKRLLRX 36 

4.96b Ac-CLRKLRKRLLRX 27 

4.96c Ac-MLRKLRKRLLRX 22 

4.96d Ac-HLRKLRKRLLRX 39 

4.96e Ac-YLRKLRKRLLRX 33 
[a] Isolated yields after RP-HPLC purification. 

 

 
 
General Procedure E: CuAAC Reactions with Peptides 
Alkyne 4.96a-e (1 equiv), azide (2 equiv), and 3-methylbenzo[d]thiazol-3-ium 4.70 (2 equiv) 

were dissolved in 5/1 MeCN/H2O (100 µL). The CuAAC reactions were carried out in a 

X =
NH2
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commercial chemical flow reactor equipped with a 2 mL copper reactor (easy-Scholar from 
Vapourtec). The reaction mixture was fed through the copper reactor (2 mL total volume) at a 
flow rate of 1 mL/min at rt (25 °C). The reaction mixture was collected after four cycles 
through the reactor, lyophilised, and purified by reverse phase HPLC on a Dionex UltiMate 
3000 HPLC using a preparative column (Phenomenex C18, 150 × 21.2 mm) at a flow rate of 
9 mL/min, gradient 5–100% MeCN/0.1% TFA over 95 min. Purity of the resultant products 
was assessed by analytical RP-HPLC (Phenomenex C18, 250 × 4.6 mm) at a flow rate of 1 
mL/min, gradient 5–60% MeCN/0.1% TFA over 35 min. 
 
Table 4.11. Experimental data for the synthesis of 4.97a-e. 

 
 

Product Sequence Isolated Yield (%)[a] 

P6 (4.97a) Ac-LRKLRKRLLRY 75 

P7 (4.97b) Ac-CLRKLRKRLLRY 48 

P8 (4.97c) Ac-MLRKLRKRLLRY 57 

P9 (4.97d) Ac-HLRKLRKRLLRY 69 

P10 (4.97e) Ac-YLRKLRKRLLRY 65 
[a] Isolated yields after RP-HPLC purification. 

 

 
 

4.7.4  Synthetic procedures 

 Products from Scheme 4.18 

4.66a: 1-(1-benzyl-1H-1,2,3-triazol-4-yl)-5,6-dimethyl-1H-benzo[d]imidazole174  
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Prepared using General Procedure A. White amorphous solid (53 mg, 88%). Purification on 
silica gel using 7/3 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 8.20 (s, 1H), 7.67 (s, 1H), 7.58 (s, 1H), 7.45–7.39 (m, 4H), 

7.37–7.34 (m, 2H), 5.62 (s, 2H), 2.37 (s, 6H).  
13C-NMR (CDCl3, 100 MHz): δ 143.2, 142.4, 140.4, 134.0, 133.6, 132.3, 131.1, 129.5, 129.3, 
128.3, 120.7, 113.5, 111.3, 55.2, 20.7, 20.3.  
 
4.66b: 1-benzyl-4-(phenoxymethyl)-1H-1,2,3-triazole179  
 

 
Prepared using General Procedure A. Colorless oil (48 mg, 90%). Purification on silica gel 
using 9/1 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 7.52 (s, 1H), 7.38–7.35 (m, 3H), 7.28–7.26 (m, 4H), 6.98–

6.94 (m, 3H), 5.53 (s, 2H), 5.19 (s, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 158.3, 144.9, 134.6, 129.6, 129.3, 128.9, 128.3, 122.7, 121.4, 
114.9, 62.2, 54.4.  
 
4.66c: 1-benzyl-4-(p-tolyl)-1H-1,2,3-triazole180  
 

 
Prepared using General Procedure A. Colorless oil (47 mg, 94%). Purification on silica gel 
using 9/1 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 7.70–7.69 (m, 1H), 7.68–7.67 (s, 1H), 7.63 (s, 1H), 7.38−7.36 

(m, 3H), 7.31−7.28 (m, 2H), 7.21−7.19 (m, 2H), 5.54 (s, 2H), 2.36 (s, 3H).  
13C-NMR (CDCl3, 100 MHz): δ 148.4, 138.1, 134.9, 129.6, 129.2, 128.8, 128.1, 127.8, 125.7, 
119.3, 54.2, 21.3.  
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4.74a: 5,6-dimethyl-1-(1-(pyridin-2-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-
benzo[d]imidazole174  
 

 
Prepared using General Procedure A. Pale yellow oil (48 mg, 79%). Purification on silica gel 
using 1/9 PE/EtOAc + 2% NEt3.  
1H-NMR (CDCl3, 400 MHz): d 8.60 (d, J = 4.3 Hz, 1H), 8.26 (br. s, 1H), 8.03 (s, 1H), 7.71 

(t, J = 7.6 Hz, 1H), 7.57 (s, 1H), 7.45 (s, 1H), 7.34–7.26 (m, 2H), 5.71 (s, 2H), 2.37–2.35 (m, 
6H).  
13C-NMR (CDCl3, 100 MHz): δ 153.6, 150.1, 143.0, 142.3, 140.4, 137.6, 133.6, 132.2, 131.0, 
123.8, 122.8, 120.6, 114.3, 111.3, 56.4, 20.6, 20.3. 
 
4.74b: 2-((4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine281  
 

 
Prepared using General Procedure A. Pale yellow oil (46 mg, 87%). Purification on silica gel 
using 4/6 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 8.59 (br. s, 1H), 7.78 (s, 1H), 7.67 (dt, J = 1.7, 7.7 Hz, 1H), 

7.30–7.24 (m, 3H), 7.18 (d, J = 7.7 Hz, 1H), 6.98–6.40 (m, 3H), 5.65 (s, 2H), 5.21 (s, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 158.3, 154.4, 149.9, 144.8, 137.5, 129.6, 123.6, 123.4, 122.6, 
121.4, 114.9, 62.1, 55.8.  
 
4.74c: 2-((4-(p-tolyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine179 
  

 
Prepared using General Procedure A. Pale yellow oil (41 mg, 82%). Purification on silica gel 
using 9/1 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 8.61 (br. s, 1H), 7.89 (s, 1H), 7.72–7.67 (m, 3H), 7.28–7.25 

(m, 1H), 7.23–7.21 (m, 3H), 5.69 (s, 2H), 2.36 (s, 3H).  
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13C-NMR (CDCl3, 100 MHz): δ 154.7, 149.8, 148.4, 138.1, 137.5, 129.6, 127.8, 125.7, 123.6, 
122.6, 120.0, 55.8, 21.4.  
 
4.75a: 5,6-dimethyl-1-(1-(pyridin-4-ylmethyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole 
 

 
Prepared using General Procedure A. Yellow oil (38 mg, 63%). Purification on silica gel using 
1/9 PE/EtOAc + 2% NEt3.  
1H-NMR (CDCl3, 400 MHz): d 8.63 (br. s, 2H), 8.26 (br. s, 1H), 7.88 (s, 1H), 7.55 (s, 1H), 

7.45 (s, 1H), 7.18 (br. s, 2H), 5.62 (s, 2H), 2.34 (s, 6H).  
13C-NMR (CDCl3, 100 MHz): δ 150.8, 143.5, 143.0, 142.2, 140.3, 133.9, 132.6, 130.9, 122.3, 
120.7, 113.8, 111.4, 53.7, 20.7, 20.3. 
IR νmax (neat): 3129, 3073, 3030, 2967, 2935, 1656, 1595, 1498, 1465, 1416, 1288, 1203, 1056 
cm-1. 
HRMS (ESI): C17H17N6 [M+H]+ calculated 305.1509, found 305.1510. 
 
4.75b: 4-((4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine 
 

 
Prepared using General Procedure A. Yellow oil (37 mg, 70%). Purification on silica gel using 
4/6 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 8.62 (br. s, 2H), 7.30–7.26 (m, 3H), 7.10 (d, J = 4.8 Hz, 2H), 

6.99–6.96 (m, 3H), 5.55 (s, 2H), 5.23 (s, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 158.2, 150.7, 145.4, 143.5, 129.7, 123.0, 122.3, 121.5, 114.9, 
62.1, 52.9.  
IR νmax (neat): 3138, 3093, 3060, 3032, 2932, 2876, 1686, 1600, 1493, 1416, 1230, 1175, 
1050, 1033 cm-1. 
HRMS (ESI): C15H15N4O [M+H]+ calculated 267.1240, found 267.1241.  
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4.75c: 4-((4-(p-tolyl)-1H-1,2,3-triazol-1-yl)methyl)pyridine282  
 

 
Prepared using General Procedure A. Yellow oil (40 mg, 80%). Purification on silica gel using 
9/1 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 8.62 (br. s, 2H), 7.71–7.69 (m, 3H), 7.22 (d, J = 7.9 Hz, 2H), 

7.14 (d, J = 5.1 Hz, 2H), 5.59 (s, 2H), 2.37 (s, 3H). 
13C-NMR (CDCl3, 100 MHz): δ 150.6, 148.9, 143.9, 138.5, 129.7, 127.5, 125.8, 122.2, 119.6, 
52.9, 21.4. 
 
4.76a: 5,6-dimethyl-1-(1-((phenylthio)methyl)-1H-1,2,3-triazol-4-yl)-1H-benzo[d]imidazole 
 

 
Prepared using General Procedure A. Yellow oil (56 mg, 84%). Purification on silica gel using 
3/7 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 8.24 (br. s, 1H), 7.73 (s, 1H), 7.58 (s, 1H), 7.39–7.38 (m, 2H), 

7.34–7.31 (m, 4H), 5.69 (s, 2H), 2.36 (s, 6H).  
13C-NMR (CDCl3, 100 MHz): δ 133.8, 132.7, 132.3, 131.5, 129.9, 129.3, 121.0, 113.0, 111.5, 
55.1, 20.7, 20.4. Four signals not observed/coincident.  
IR νmax (neat): 3114, 2969, 2937, 2921, 1686, 1593, 1496, 1467, 1441, 1390, 1283, 1217, 
1046, 1026 cm-1. 
HRMS (ESI): C18H18N5S [M+H]+ calculated 336.1277, found 336.1277. 
 
4.76b: 4-(phenoxymethyl)-1-((phenylthio)methyl)-1H-1,2,3-triazole 
 

 
Prepared using General Procedure A. Pale yellow oil (49 mg, 82%). Purification on silica gel 
using 1/1 PE/EtOAc.  
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1H-NMR (CDCl3, 400 MHz): d 7.60 (s, 1H), 7.31–7.26 (m, 7H), 6.99–6.95 (m, 3H), 5.61 (s, 

2H), 5.19 (s, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 158.2, 145.1, 132.5, 131.8, 129.6, 128.9, 122.3, 121.4, 114.9, 
114.5, 62.1, 54.1. 
IR νmax (neat): 3138, 3156, 2947, 2872, 1599, 1493, 1441, 1229, 1175, 1046 cm-1. 
HRMS (ESI): C16H16N3OS [M+H]+ calculated 298.1009, found 298.1007.  
 
4.76c: 1-((phenylthio)methyl)-4-(p-tolyl)-1H-1,2,3-triazole 
 

 
Prepared using General Procedure A. Pale yellow oil (44 mg, 79%). Purification on silica gel 
using 8/2 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): d 7.73 (br. s, 1H), 7.69 (s, 1H), 7.67 (s, 1H), 7.36–7.34 (m, 2H), 

7.29–7.28 (m, 3H), 7.22 (s, 1H), 7.20 (s, 1H), 5.62 (s, 2H), 2.37 (s, 3H).  
13C-NMR (CDCl3, 100 MHz): δ 138.1, 132.2, 132.0, 129.5, 129.4, 128.7, 127.6, 125.6, 118.8, 
53.8, 21.3. One signal not observed/coincident. 
IR νmax (neat): 3093, 3023, 2915, 2859, 1502, 1448, 1396, 1349, 1223, 1193 cm-1. 
HRMS (ESI): C16H16N3S [M+H]+ calculated 282.1059, found 282.1056. 
 
4.73a: 3-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-N,N-
dimethylpropan-1-amine 
 

 
Prepared using General Procedure A. Pale yellow oil (60 mg, Quant). No purification needed.  
1H-NMR (CDCl3, 400 MHz): d 8.21 (br. s, 1H), 7.84 (s, 1H), 7.61 (s, 1H), 7.46 (s, 1H), 4.53 

(t, J = 6.8 Hz, 2H), 2.38 (d, J = 2.2 Hz, 6H), 2.32 (t, J = 6.6 Hz, 2H), 2.24 (s, 6H), 2.17–2.10 
(m, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 142.6, 133.6, 132.2, 120.8, 114.3, 111.3, 55.7, 49.0, 45.4, 
28.0, 20.6, 20.3. Three signals not observed/coincident.  
IR νmax (neat): 3103, 2941, 2816, 2766, 1625, 1587, 1495, 1461, 1377, 1331, 1286, 1219, 
1089, 1041 cm-1. 
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HRMS (ESI): C16H23N6 [M+H]+ calculated 299.1979, found 299.1977. 
 

4.73b: N,N-dimethyl-3-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)propan-1-amine 
 

 
Prepared using General Procedure A. Pale yellow oil (51 mg, 99%). No purification needed.  
1H-NMR (CDCl3, 400 MHz): d 7.61 (s, 1H), 7.29–7.25 (m, 2H), 6.98–6.93 (m, 3H), 5.21 (s, 

2H), 4.41 (t, J = 6.9 Hz, 2H), 2.22 (t, J = 6.9 Hz 2H), 2.18 (s, 6H), 2.04 (app. quint, J = 6.9 
Hz, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 158.3, 144.2, 129.6, 123.1, 121.3, 114.9, 62.2, 55.9, 48.2, 
45.4, 28.2.  
IR νmax (neat): 3138, 2943, 2861, 2816, 2766, 1671, 1587, 1495, 1240, 1175, 1030 cm-1. 
HRMS (ESI): C14H21N4O [M+H]+ calculated 261.1710, found 261.1709. 
 
4.73c: N,N-dimethyl-3-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)propan-1-amine 
 

 
Prepared using General Procedure A. Yellow oil (48 mg, 99%). No purification needed.  
1H-NMR (CDCl3, 400 MHz): d 7.73 (s, 1H), 7.73–7.72 (m, 1H), 7.71–7.70 (m, 1H), 7.24 (s, 

1H), 7.22 (s, 1H), 4.46 (t, J = 6.9 Hz, 2H), 2.37 (s, 3H), 2.28 (t, J = 6.8 Hz, 2H), 2.22 (s, 6H), 
2.08 (app. quint, J = 6.9 Hz, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 147.8, 138.0, 129.6, 128.0, 125.7, 119.8, 55.9, 48.1, 45.3, 
28.2, 21.4.  
IR νmax (neat): 3134, 3108, 2943, 2859, 2816, 2764, 1671, 1500, 1461, 1223, 1043 cm-1. 
HRMS (ESI): C14H21N4 [M+H]+ calculated 245.1761, found 245.1760. 
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4.77a: 2-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-N-(4-
fluorobenzyl)acetamide 
 

 
Prepared using General Procedure A. Yellow oil (70 mg, 92%). Purification on silica gel using 
9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (CDCl3, 400 MHz): d 8.26 (br. s, 1H), 8.02 (s, 1H), 7.57–7.54 (m, 1H), 7.43 (s, 1H), 

7.27–7.21 (m, 2H), 7.02-6.97 (m, 2H), 6.83 (br. s, 1H), 5.18 (s, 2H), 4.45 (d, J = 5.3 Hz, 2H), 
2.38 (s, 6H).  
19F-NMR (DMSO-d6, 376 MHz): δ 115.8.  
13C-NMR (CDCl3, 100 MHz): δ 165.1, 162.3, 160.3, 141.8, 134.9, 134.8, 132.7, 131.3, 129.5, 
129.4, 120.0, 117.2, 115.2 (d, J = 20.9 Hz), 111.8, 52.4, 41.7, 20.1, 19.8.  
IR νmax (neat): 3426, 2251, 2127, 1666, 1511, 1054, 1026, 1007 cm-1. 
HRMS (ESI): C20H20FN6O [M+H]+ calculated 379.1677, found 379.1677.  
 
4.77b: 2-(4-fluorophenyl)-N-((4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)methyl)acetamide 
 

 
Prepared using General Procedure A. Yellow oil (63 mg, 93%). Purification on silica gel using 
9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (CDCl3, 400 MHz): d 7.79 (br. s, 1H), 7.33–7.28 (m, 2H), 7.19–7.16 (m, 2H), 7.01–

6.97 (m, 5H), 5.22 (s, 2H), 5.08 (s, 2H), 4.69 (d, J = 2.4 Hz, 1H), 4.39 (d, J = 5.7 Hz, 2H).  
19F-NMR (CDCl3, 376 MHz): δ 114.3.  
13C-NMR (CDCl3, 100 MHz): δ 163.7, 161.3, 158.2, 133.1, 129.8, 129.6, 121.7, 121.6, 116.0 
(d, J = 21.7 Hz), 115.0, 114.9, 55.9, 43.4, 29.8.  
IR νmax (neat): 3445, 2251, 2125, 1656, 1511, 1495, 1223, 1054, 1026, 1007 cm-1. 
HRMS (ESI): C18H18FN4O2 [M+H]+ calculated 341.1408, found 341.1412. 
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4.77c: 2-(4-fluorophenyl)-N-((4-(p-tolyl)-1H-1,2,3-triazol-1-yl)methyl)acetamide 
 

 
Prepared using General Procedure A. Yellow oil (60 mg, 92%). Purification on silica gel using 
1/9 PE/EtOAc + 2% NEt3.  
1H-NMR (DMSO-d6, 400 MHz): d 8.84 (t, J = 5.9 Hz, 1H), 8.47 (s, 1H), 7.76–7.74 (m, 2H), 

7.35–7.32 (m, 2H), 7.27–7.25 (m, 2H), 7.19–7.14 (m, 2H), 5.19 (s, 2H), 4.32 (d, J = 5.7 Hz, 
2H), 2.33 (s, 3H).  
19F-NMR (DMSO-d6, 376 MHz): δ 115.9.  
13C-NMR (CDCl3, 100 MHz): δ 165.5, 162.5, 160.0, 146.2, 137.1, 135.0, 129.4, 128.0, 125.0, 
122.5, 115.2 (d, J = 21.4 Hz), 51.7, 41.7, 20.8.  
IR νmax (neat): 3093, 3023, 2915, 2859, 1502, 1448, 1349, 1279, 1193, 1076, 1045 cm-1. 
HRMS (ESI): C18H18FN4O [M+H]+ calculated 325.1459, found 325.1463.  
 
4.78a: 3-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-7-hydroxy-2H-
chromen-2-one 
 

 
Prepared using General Procedure A. Yellow oil (73 mg, 98%). Purification on silica gel using 
9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 400 MHz): δ 11.00 (s, 1H), 9.15 (s, 1H), 8.72 (s, 2H), 7.80–7.60 (m, 
3H), 6.96-6.93 (m, 1H), 6.89 (d, J = 1.8 Hz, 1H), 2.38 (s, 3H), 2.34 (s, 3H).  
13C-NMR (DMSO-d6, 100 MHz): δ 162.8, 156.2, 154.9, 137.6, 132.9, 131.2, 119.1, 116.8, 
114.4, 110.2, 102.3, 20.1, 19.8. Seven signals not observed/coincident. 
IR νmax (neat): 3126, 2921, 2949, 1722, 1703, 1607, 1590, 1465, 1417, 1380 cm-1. 
HRMS (ESI): C20H16N5O3 [M+H]+ calculated 374.1248, found 374.1249. 
 
 
 
 

N
NN

Me

HN

F

O

N

NMe

Me

N
N N

OO
OH



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 226 

4.78b: 7-hydroxy-3-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)-2H-chromen-2-one 
 

 
Prepared using General Procedure A. Yellow oil (64 mg, 96%). Purification on silica gel using 
9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 500 MHz): δ 10.91 (br. s, 1H), 8.67 (s, 1H), 8.62 (s, 1H), 7.75 (d, J = 
7.9 Hz, 1H), 7.32 (t, J = 7.6 Hz, 2H), 7.07 (d, J = 8.1 Hz, 2H), 6.96–6.95 (m, 1H), 6.94–6.85 
(m, 2H), 5.25 (s, 2H).  
13C-NMR (DMSO-d6, 125 MHz): δ.158.0, 156.3, 142.9, 136.5, 131.0, 129.5, 125.5, 120.9, 
114.7, 60.6. Six signals not observed/coincident. 
IR νmax (neat): 3014, 2994, 2981, 1687, 1625, 1614, 1597, 1421, 1389, 1229 cm-1. 
HRMS (ESI): C18H14N3O4 [M+H]+ calculated 336.0979, found 336.0984. 
 
4.78c: 7-hydroxy-3-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)-2H-chromen-2-one 
 

 
Prepared using General Procedure A. Yellow oil (55 mg, 86%). Purification on silica gel using 
9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 500 MHz): δ 10.95 (br. s, 1H), 8.93 (s, 1H), 8.64 (s, 1H), 7.84 (d, J = 
7.7 Hz, 2H), 7.77 (d, J = 8.4 Hz, 1H), 7.30 (d, J = 7.7 Hz, 2H), 6.94–6.89 (m, 2H), 2.35 (s, 
3H).  
13C-NMR (DMSO-d6, 125 MHz): δ 162.5, 156.3, 154.7, 146.5, 137.6, 136.7, 131.0, 129.5, 
127.3, 125.3, 121.7, 119.2, 114.2, 110.3, 102.2, 20.8.  
IR νmax (neat): 3167, 3079, 3014, 1731, 1714, 1701, 1603, 1404, 1235 cm-1. 
HRMS (ESI): C18H14N3O3 [M+H]+ calculated 320.1030, found 320.1033.  
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4.79a: N-(3-(4-(5,6-Dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)-5-
(dimethylamino)naphthalene-1-sulfonamide174 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (52 mg, 96%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (CDCl3, 500 MHz): δ 8.52 (d, J = 8.6 Hz, 1H), 8.27 (d, J = 8.9 Hz, 1H), 8.24 (s, 1H), 
8.21 (d, J = 7.0 Hz, 1H), 7.80 (s, 1H), 7.61 (s, 1H), 7.55 (t, J = 7.8 Hz, 1H), 7.50–7.46 (m, 
2H), 7.16 (d, J = 7.6 Hz, 1H), 5.38 (t, J = 6.0 Hz, 1H), 4.54 (t, J = 6.0 Hz, 2H), 2.95–2.92 (m, 
2H), 2.86 (s, 6H), 2.39 (s, 6H), 2.18–2.13 (m, 2H).  
13C-NMR (CDCl3, 500 MHz): δ 152.4, 142.6, 142.4, 140.5, 134.2, 133.8, 132.4, 131.0, 130.1, 
129.9, 129.6, 128.9, 123.4, 120.7, 118.3, 115.5, 114.7, 111.4, 47.7, 45.5, 39.9, 30.2, 20.7, 20.4. 
One signal not observed/coincident. 
 
4.79b: 5-(dimethylamino)-N-(3-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)propyl) 
naphthalene-1-sulfonamide 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (46 mg, 98%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (CDCl3, 500 MHz): δ 8.54 (d, J = 8.4 Hz, 1H), 8.25 (d, J = 8.7 Hz, 1H), 8.19 (d, J = 
7.1 Hz, 1H), 7.59 (t, J = 8.2 Hz, 1H), 7.51 (t, J = 7.9 Hz, 1H), 7.47 (s, 1H), 7.29 (t, J = 8.0 Hz, 
2H), 7.19 (d, J = 7.6 Hz, 1H), 6.98 (d, J = 7.8 Hz, 3H), 5.17 (s, 2H), 4.96 (t, J = 6.2 Hz, 1H), 
4.37 (t, J = 6.5 Hz, 2H), 2.88 (s, 6H), 2.87–2.85 (m, 2H), 2.04 (app. quint, J = 6.3 Hz, 2H).  
13C-NMR (DMSO-d6, 100 MHz): δ 158.3, 152.4, 134.4, 130.9, 130.1, 130.0, 129.7, 128.9, 
123.4, 121.9, 121.5, 118.6, 115.5, 115.0, 114.9, 56.3, 45.5, 40.1, 30.2. Two signals not 
observed/coincident. 
IR νmax (neat): 3292, 3142, 3062, 2939, 2867, 2829, 2785, 1587, 1493, 1459, 1312, 1214, 1143 
cm-1. 
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HRMS (ESI): C24H28N5O3S [M+H]+ calculated 466.1907, found 466.1906. 
 
4.79c: 5-(dimethylamino)-N-(3-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)propyl)naphthalene-1-
sulfonamide 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (44 mg, 98%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (CDCl3, 500 MHz): δ 8.53 (d, J = 8.6 Hz, 1H), 8.26 (d, J = 8.6 Hz, 1H), 8.21 (d, J = 
7.5 Hz, 1H), 7.67 (d, J = 8.0 Hz, 2H), 7.60–7.56 (m, 2H), 7.49 (t, J = 8.0 Hz, 1H), 7.23 (d, J 
= 8.0 Hz, 2H), 7.19 (d, J = 7.8 Hz, 1H), 5.01 (t, J = 6.2 Hz, 1H), 4.42 (t, J = 6.4 Hz, 2H), 2.90 
(t, J = 6.3 Hz, 2H), 2.88 (s, 6H), 2.38 (s, 3H), 2.07 (app. quint, J = 6.3 Hz, 2H).  
13C-NMR (CDCl3, 100 MHz): δ 138.3, 134.3, 130.9, 130.1, 130.0, 129.7, 128.9, 125.8, 123.4, 
118.5, 115.5, 47.1, 45.5, 40.1, 30.4, 21.4. Five signals not observed/coincident. 
IR νmax (neat): 3285, 3132, 2928, 2865, 1688, 1574, 1455, 1316, 1143 cm-1. 
HRMS (ESI): C24H28N5O2S [M+H]+ calculated 450.1958, found 450.1966. 
 
4.80a: 1-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)-3-(3-(4-(5,6-
dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)thiourea174 
 

 
Prepared using General Procedure A (0.1 mmol scale). Orange gum (51 mg, 78%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 400 MHz): δ 9.32 (br. s, 1H), 9.00 (s, 1H), 8.45 (s, 1H), 7.86 (d, J = 8.0 
Hz, 1H), 7.82 (s, 1H), 7.65−7.62 (m, 2H), 7.16 (d, J = 8.3 Hz, 1H), 6.72−6.68 (m, 2H), 
6.60−6.56 (m, 3H), 4.66 (t, J = 6.9 Hz, 2H), 3.51 (s, 2H), 3.16 (s, 2H), 2.40 (s, 3H), 2.38 (s, 
3H).  
13C-NMR could not be obtained due to relaxation issues. 
HRMS (ESI): C35H28N7O5S [M-OH]- calculated 642.1923, found 642.1632. Error >5 ppm, 
due to fluorescein protonation state variation.283 
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4.80b: 1-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)-3-(3-(4-
(phenoxymethyl)-1H-1,2,3-triazol-1-yl)propyl)thiourea 
 

 
Prepared using General Procedure A (0.1 mmol scale). Orange gum (52 mg, 79%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 400 MHz): δ 8.39 (br. s, 1H), 8.31 (br. s, 1H), 7.91 (br. s, 1H), 7.19−6.92 
(m, 14H), 5.08 (br. s, 2H), 4.45 (br. s, 2H), 3.54 (br. s, 2H), 2.17 (br. s, 2H).  
13C-NMR could not be obtained due to relaxation issues.  
IR νmax (neat): 3437, 2259, 2190, 2130, 1770, 1693, 1152, 1026 cm-1. 
HRMS (ESI) C33H28N5O6S [M+H-S]+ calculated 590.2034, found 590.2031; C33H28N5O6S 
[M+H-OH]+ calculated 605.1727, found 605.1678; C33H28N5O6S [M+H]+ calculated 
606.1806, found 606.1979. Error >5 ppm due to fluorescein protonation state variation.283 
 
4.80c: 1-(3',6'-dihydroxy-3-oxo-3H-spiro[isobenzofuran-1,9'-xanthen]-5-yl)-3-(3-(4-(p-
tolyl)-1H-1,2,3-triazol-1-yl)propyl)thiourea 
 

 
Prepared using General Procedure A (0.1 mmol scale). Orange gum (48 mg, 79%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 400 MHz): δ 8.43 (br. s, 2H), 7.96 (br. s, 1H), 7.65 (br. s, 2H),7.18−6.97 
(m, 11H), 4.48 (br. s, 2H), 3.58 (br. s, 2H), 2.22 (br. s, 5H). One drop of pyridine-d5 was added 
to DMSO-d6 for solubility, resulting in the loss of phenolic protons; basic form of 
fluorescein.284 
13C-NMR could not be obtained due to relaxation issues.  
IR νmax (neat): 3486, 2255, 1766, 1335, 1178, 1154, 1026, 1009 cm-1. 
HRMS (ESI): C33H28N5O5S [M+H]+ calculated 606.1806, found 606.1977; C33H27N5O5SNa 
[M+Na]+ calculated 628.1625, found 628.1800. Error >5 ppm due to fluorescein protonation 
state variation.283 
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4.81a: 1-((2R,4S,5S)-4-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)-
5-(hydroxymethyl)tetrahydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (44 mg, Quant). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 500 MHz): δ 11.38 (s, 1H), 8.90 (s, 2H), 7.85–7.61 (m, 3H), 6.49 (s, 
1H), 5.50 (s, 1H), 5.38 (s, 1H), 4.38 (s, 1H), 3.78–3.74 (m, 2H), 2.89–2.76 (m, 2H), 2.36 (s, 
3H), 2.32 (s, 3H), 1.83 (s, 3H).  
13C-NMR (DMSO-d6, 125 MHz): δ 165.3, 151.5, 137.5, 134.8, 117.0, 111.0, 85.3, 85.2, 61.7, 
61.4, 37.8, 20.8, 20.6, 12.9. Seven signals not observed/coincident. 
IR νmax (neat): 3341, 2926, 2255, 2128, 1699, 1680, 1584, 1470, 1405, 1283 cm-1. 
HRMS (ESI): C21H24N7O4 [M+H]+ calculated 438.1884, found 438.1883.  
 
4.81b: 1-((2R,4S,5S)-5-(hydroxymethyl)-4-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-
yl)tetrahydrofuran-2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione285 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (38 mg, 96%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 500 MHz): δ 11.32 (br. s, 1H), 8.43 (s, 1H), 7.82 (s, 1H), 7.31 (t, J = 7.8 
Hz, 2H), 7.04 (d, J = 8.0 Hz, 2H), 6.96 (t, J = 7.3 Hz, 1H), 6.43 (t, J = 6.4 Hz, 1H), 5.42–5.38 
(m, 1H), 5.28 (t, J = 5.1 Hz, 1H), 5.15 (s, 2H), 4.25–4.22 (m, 1H), 3.73–3.69 (m, 1H), 3.65–
3.58 (m, 1H), 2.78–2.72 (m, 1H), 2.41–2.24 (m, 1H), 1.81 (s, 3H).  
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13C-NMR (DMSO-d6, 125 MHz): δ 163.7, 158.0, 150.4, 136.2, 129.5, 124.2, 120.8, 114.6, 
109.6, 84.4, 83.9, 61.0, 60.1, 59.3, 37.1, 36.1, 12.2. 
  
4.81c: 1-((2R,4S,5S)-5-(hydroxymethyl)-4-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)tetrahydrofuran-
2-yl)-5-methylpyrimidine-2,4(1H,3H)-dione 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (39 mg, 99%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 500 MHz): δ 11.35 (s, 1H), 8.72 (s, 1H), 7.83 (d, J = 1.1 Hz, 1H), 7.75 
(s, 1H), 7.74 (s, 1H), 7.28 (s, 1H), 7.26 (s, 1H), 6.45 (t, J = 6.5 Hz, 1H), 5.41–5.37 (m, 1H), 
4.29–4.27 (m, 1H), 3.74–3.65 (m, 2H), 3.30 (d, J = 11.8 Hz, 1H), 2.82–2.66 (m, 2H), 2.33 (s, 
3H), 1.82 (s, 3H).  
13C-NMR (DMSO-d6, 125 MHz): δ 163.7, 150.4, 146.6, 137.3, 136.2, 129.5, 127.8, 125.1, 
120.5, 109.6, 84.4, 83.9, 60.8, 59.3, 37.1, 20.8, 12.2.  
IR νmax (neat): 3473, 2251, 2127, 1656, 1273, 1054, 1026, 1006 cm-1. 
HRMS (ESI): C19H22N5O4 [M+H]+ calculated 384.1666, found 384.1669.  
 
4.82a: (2R,3R,4S,5S,6R)-2-(acetoxymethyl)-6-(2-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-
yl)-1H-1,2,3-triazol-1-yl)ethoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (52 mg, 88%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 500 MHz): δ 8.79 (s, 1H), 8.50 (s, 1H), 7.61 (s, 1H), 7.54 (s, 1H), 5.10–
5.09 (m, 1H), 5.04–5.02 (m, 2H), 4.96 (d, J = 1.4 Hz, 1H), 4.78 (t, J = 5.8 Hz, 2H), 4.12–4.08 
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(m, 1H), 4.04–3.95 (m, 3H), 3.50–3.47 (m, 1H), 2.36 (s, 3H), 2.34 (s, 3H), 2.08 (s, 3H), 1.97 
(s, 3H), 1.90 (s, 3H), 1.79 (s, 3H).  
13C-NMR (MeOD, 100 MHz): 172.1, 171.5, 171.4, 171.2, 135.3, 133.9, 120.5, 118.1, 113.1, 
98.3, 70.5, 70.3, 70.1, 66.9, 63.3, 53.7, 51.8, 47.8, 20.7, 20.6, 20.3, 20.2, 9.25. Four signals 
not observed/coincident. 
IR νmax (neat): 2978, 2945, 2623, 2606, 2498, 2047, 1749, 1478, 1400, 1229, 1039 cm-1. 
HRMS (ESI): C27H34N5O10 [M+H]+ calculated 588.2300, found 588.2291. 
  
4.82b: (2R,3R,4S,5S,6R)-2-(acetoxymethyl)-6-(2-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)- 
-ethoxy)tetrahydro-2H-pyran-3,4,5-triyl triacetate 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (43 mg, 78%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (MeOD, 400 MHz): δ 8.13 (s, 1H), 7.30–7.26 (m, 2H), 7.03–7.01 (m, 2H), 6.95 (t, 
J = 7.4 Hz, 1H), 5.20–5.19 (m, 1H), 5.18 (s, 2H), 5.17–5.16 (m, 2H), 4.84–4.83 (m, 1H), 4.71–
4.69 (m, 2H), 4.16–4.09 (m, 2H), 4.01–3.92 (m, 2H), 3.41–3.38 (m, 1H), 2.11 (s, 3H), 2.05 (s, 
3H), 1.95 (s, 3H), 1.94 (s, 3H).  
13C-NMR (MeOD, 100 MHz) 172.3, 171.5, 171.5, 171.4, 159.8, 145.3, 130.6, 126.3, 122.3, 
115.9, 98.5, 70.6, 70.4, 70.1, 67.2, 66.9, 63.2, 62.4, 51.0, 20.6, 20.5. Two signals not 
observed/coincident. 
IR νmax (neat): 3447, 3409, 2924, 1742, 1600, 1495, 1242, 1138, 1095, 1054, 1035 cm-1. 
HRMS (ESI): C25H32N3O11 [M+H]+ calculated 550.2031, found 550.2021. 
 
4.82c: (2R,3R,4S,5S,6R)-2-(acetoxymethyl)-6-(2-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)ethoxy) 
tetrahydro-2H-pyran-3,4,5-triyl triacetate 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (47 mg, 89%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
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1H-NMR (MeOD, 400 MHz): δ 8.32 (s, 1H), 7.74–7.72 (m, 2H), 7.26–7.24 (m, 2H), 5.23–
5.22 (m, 1H), 5.17–5.08 (m, 2H), 4.86 (d, J = 1.6 Hz, 1H), 4.74–4.71 (m, 2H), 4.15–3.92 (m, 
4H), 3.15–3.11 (m, 1H), 2.35 (s, 3H), 2.10 (s, 3H), 2.01 (s, 3H), 1.95 (s, 3H), 1.72 (s, 3H).  
13C-NMR (MeOD, 100 MHz): δ 172.2, 171.6, 171.5, 171.4, 149.0, 139.5, 130.6, 128.8, 126.8, 
123.1, 98.1, 70.6, 70.4, 69.9, 66.9, 66.8, 63.2, 51.1, 21.2, 20.6, 20.5, 20.2. One signal not 
observed/coincident. 
IR νmax (neat): 3136, 3114, 2960, 2926, 1745, 1454, 1370, 1225, 1139, 1091, 1048 cm-1. 
HRMS (ESI): C25H32N3O10 [M+H]+ calculated 534.2082, found 534.2071.  
 
4.83a: 1-(1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)-1H-1,2,3-triazol-4-
yl)-5,6-dimethyl-1H-benzo[d]imidazole 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (51 mg, 78%). Purification 
on silica gel using 6/4 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): δ 8.28 (br. s, 1H), 7.85 (s, 1H), 7.63 (s, 1H), 7.45 (s, 1H), 4.81 
(t, J = 7.2 Hz, 2H), 3.01–2.87 (m, 2H), 2.41 (s, 3H), 2.40 (s, 3H).  
19F-NMR (CDCl3, 376 MHz): δ -80.7 (t, J = 9.9 Hz), -113.9 (app. quint, J = 15.3 Hz), -121.5, 
-121.8, -122.6, -123.3, -126.0.  
13C-NMR could not be obtained due to relaxation issues.286  
IR νmax (neat): 3447, 2251, 2125, 1656, 1054, 1026, 1007 cm-1. 
HRMS (ESI): C21H15F17N5 [M+H]+ calculated 660.1051, found 660.1053. 
 
4.83b: 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)-4-(phenoxymethyl)-1H-
1,2,3-triazole 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (43 mg, 69%). Purification 
on silica gel using 6/4 PE/EtOAc.  
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1H-NMR (CDCl3, 400 MHz): δ 7.66 (s, 1H), 7.32–7.28 (m, 2H), 7.00–6.96 (m, 3H), 5.23 (s, 
2H), 4.68 (t, J = 7.3 Hz, 2H), 2.84 (app. sept, J = 7.5 Hz, 2H).  
19F-NMR (CDCl3, 376 MHz): δ -80.7 (t, J = 9.9 Hz), -114.0 (app. quint, J = 15.4 Hz), -121.5 
(d, J = 10.2 Hz), -121.8, -122.6, -123.4, -126.0.  
13C-NMR (MeOD, 100 MHz): δ 129.7, 123.2, 121.5, 114.9, 62.1, 29.8.  
IR νmax (neat): 2919, 2850, 1602, 1498, 1459, 1199, 1147, 1082, 1045 cm-1. 
HRMS (ESI): C19H13F17N3O [M+H]+ calculated  622.0782, found 622.0777. 
 
4.83c: 1-(3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl)-4-(p-tolyl)-1H-1,2,3-
triazole 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (48 mg, 79%). Purification 
on silica gel using 8/2 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): δ 7.78 (s, 1H), 7.72 (d, J = 8.1 Hz, 2H), 7.24 (s, 2H), 4.73 (t, J 
= 7.5 Hz, 2H), 2.87 (app. sept, J = 7.4 Hz, 2H), 2.39 (s, 3H).  
19F-NMR (CDCl3, 376 MHz): δ -80.7 (t, J = 9.8 Hz), -114.0 (app. quint, J = 15.2 Hz), -121.5, 
-121.8, -122.6, -123.3, -126.0.  
13C-NMR (MeOD, 100 MHz): δ 138.5, 129.8, 127.5, 125.9, 42.5, 32.1, 21.4.  
IR νmax (neat): 3108, 2921, 1502, 1400, 1329, 1197, 1143, 1115, 1048 cm-1. 
HRMS (ESI): C19H13F17N3 [M+H]+ calculated 606.0833, found 606.0837. 
 

4.84a: N-(2-(2-(2-(2-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-
yl)ethoxy)ethoxy)ethoxy)ethyl)-5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-
4-yl)pentanamide174 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (55 mg, 89%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (MeOD, 400 MHz): δ 8.52 (s, 2H), 7.63 (br. s, 1H), 7.55 (br. s, 1H), 4.71 (t, J = 5.2 
Hz, 2H), 4.45 (dd, J = 7.8, 4.9 Hz, 1H), 4.25 (dd, J = 7.9, 4.5 Hz, 1H), 3.99 (t, J = 4.9 Hz, 2H), 
3.69−3.66 (m, 2H), 3.64−3.62 (m, 2H), 3.58−3.55 (m, 2H), 3.49−3.47 (m, 2H), 3.38 (t, J = 5.4 
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Hz, 2H), 3.24 (t, J = 5.4 Hz, 2H), 3.17−3.12 (m, 1H), 2.88 (dd, J = 12.8, 5.0 Hz, 1H), 2.68 (d, 
J = 12.7 Hz, 1H), 2.41 (s, 3H), 2.40 (s, 3H), 2.17−2.13 (m, 2H), 1.73−1.50 (m, 4H), 1.42−1.34 
(m, 2H).  
13C-NMR (MeOD, 100 MHz): δ 176.0, 166.1, 135.2, 133.9, 120.6, 118.2, 112.9, 71.5, 71.4, 
71.1, 70.5, 63.3, 61.6, 57.0, 52.3, 41.0, 40.2, 36.7, 29.7, 29.4, 26.8, 20.7, 20.3. Six signals not 
observed/coincident. 
 
4.84b: 5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-(2-(2-(2-(4-
(phenoxymethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)pentanamide 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (52 mg, 91%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (MeOD, 500 MHz): δ 8.11 (s, 1H), 7.30–7.26 (m, 2H), 7.02–7.00 (m, 2H), 6.97–
6.93 (m, 1H), 5.17 (s, 2H), 4.60 (t, J = 5.0 Hz, 2H), 4.49–4.46 (m, 1H), 4.28 (dd, J = 7.9, 4.5 
Hz, 1H), 3.90 (t, J = 5.0 Hz, 2H), 3.61–3.58 (m, 4H), 3.56 (s, 4H), 3.49 (t, J = 5.5 Hz, 2H), 
3.35–3.32 (m, 2H), 3.20–3.15 (m, 1H), 2.90 (dd, J = 12.7, 5.0 Hz, 1H), 2.69 (d, J = 12.7 Hz, 
1H), 2.19 (t, J = 7.4 Hz, 2H), 1.76–1.54 (m, 4H), 1.46–1.40 (m, 2H).  
13C-NMR (MeOD, 100 MHz): δ 176.1, 166.1, 159.8, 145.0, 130.6, 126.1, 122.3, 71.6, 71.5, 
71.4, 71.2, 70.6, 70.3, 63.4, 62.3, 61.6, 57.0, 51.5, 41.0, 40.3, 36.7, 29.7, 29.5, 26.8. One signal 
not observed/coincident. 
IR νmax (neat): 3404, 2508, 2251, 2128, 2063, 1128, 1054, 1026, 1007 cm-1. 
HRMS (ESI): C27H41N6O6S [M+H]+ calculated 577.2803, found 577.2790. 
 
4.84c: 5-((3aR,4R,6aS)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-(2-(2-(2-(4-(p-
tolyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)pentanamide 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (51 mg, 91%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
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1H-NMR (CDCl3, 400 MHz): δ 8.31–8.12 (m, 1H), 7.71–7.69 (m, 1H), 7.29–7.25 (m, 2H), 
7.02–6.95 (m, 1H), 5.17–5.16 (m, 1H), 4.64–4.60 (m, 2H), 4.49–4.46 (m, 1H), 4.30–4.26 (m, 
1H), 3.95–3.89 (m, 2H), 3.67–3.45 (m, 12H), 3.20–3.15 (m, 2H), 2.92–2.89 (m, 1H), 2.71–
2.68 (m, 1H), 2.37–2.36 (m, 2H), 2.19–2.17 (m, 2H), 1.71–1.69 (m, 4H), 1.44–1.38 (m, 2H).  
13C-NMR (MeOD, 100 MHz): δ 130.6, 126.7, 122.7, 122.3, 115.9, 71.6, 71.5, 71.2, 70.5, 70.3, 
63.4, 62.3, 61.6, 57.0, 51.5, 41.0, 40.3, 36.7, 29.7, 29.5, 26.8, 21.3. Three signals not 
observed/coincident.  
IR νmax (neat): 3404, 2474, 2244, 2214, 2138, 2071, 1125, 1093 cm-1. 
HRMS (ESI): C27H41N6O5S [M+H]+ calculated 561.2854, found 561.2841. 
 
4.85a: tert-butyl-N2-(4-(((2-amino-4-oxo-1,4-dihydropteridin-6-yl)methyl)amino)benzoyl)-

N5-(3-(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)-L-glutami- 

-nate 
 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (45 mg, 60%). Purification 
on ISOLUTE Flash SCX-2 10g using NH3 7 M in MeOH. Purity of resultant product was 
assessed by analytical HPLC (Phenomenex C18, 250 × 4.6 mm) at a flow rate of 1 mL/min 
over 35 min.  
RP-HPLC RT = 21.2 min.  
IR νmax (neat): 3493, 2251, 2125, 2062, 1126, 1056, 1026, 1007 cm-1. 
HRMS (ESI): C37H44N13O5 [M+H]+ calculated 750.3583, found 750.3573. 
 
4.85b: tert-butyl N2-(4-(((2-amino-4-oxo-1,4-dihydropteridin-6-yl)methyl)amino)benzoyl)-

N5-(3-(4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)propyl)-L-glutaminate 

 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (40 mg, 56%). Purification 
on ISOLUTE Flash SCX-2 10g using NH3 7 M in MeOH. Purity of resultant product was 
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assessed by analytical HPLC (Phenomenex C18, 250 × 4.6 mm) at a flow rate of 1 mL/min, 
gradient 10–60% MeCN/0.1% TFA over 35 min. 
RP-HPLC RT= 23.0 min.  
IR νmax (neat): 3415, 2519, 2253, 2125, 2063, 1126, 1054, 1026, 1007 cm-1. 
HRMS (ESI): C35H42N11O6 [M+H]+ calculated 712.3314, found 712.1180. 
 
4.85c: tert-butyl N2-(4-(((2-amino-4-oxo-1,4-dihydropteridin-6-yl)methyl)amino)benzoyl)-

N5-(3-(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)propyl)-L-glutaminate  

 

 
Prepared using General Procedure A (0.1 mmol scale). Yellow oil (38 mg, 54%). Purification 
on ISOLUTE Flash SCX-2 10g using NH3 7 M in MeOH. Purity of resultant product was 
assessed by analytical HPLC (Phenomenex C18, 250 × 4.6 mm) at a flow rate of 1 mL/min, 
gradient 10–60% MeCN/0.1% TFA over 35 min. 
RP-HPLC RT= 25.5 min.  
IR νmax (neat): 3437, 2498, 2257, 2132, 2069, 1461, 1217, 1125, 1050, 1026 cm-1. 
HRMS (ESI): C35H42N11O5 [M+H]+ calculated 696.3365, found 696.3374. 
 
4.86a: (1R,3S,8R,9S,13R,14S)-1,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl (3-
(4-(5,6-dimethyl-1H-benzo[d]imidazol-1-yl)-1H-1,2,3-triazol-1-yl)propyl)carbamate  
 

 
Prepared using General Procedure A (0.1 mmol scale in 3/3/1 MeCN/tBuOH/H2O). Yellow 
oil (59 mg, 87%). Purification on silica gel using 7/3 PE/EtOAc.  
1H-NMR (CDCl3, 500 MHz): δ 8.08–7.65 (m, 4H), 5.32 (s, 1H), 5.10 (br. s, 1H), 4.53 (br. s, 
2H), 4.47 (br. s, 1H), 3.27 (br. s, 2H), 2.38 (d, J = 16.7 Hz, 6H), 2.33–2.19 (m, 4H), 2.00–1.96 
(m, 2H), 1.84–1.79 (m, 4H), 1.55–1.41 (m, 8H), 1.34–1.32 (m, 3H), 1.26–1.23 (m, 1H), 1.14–
1.07 (m, 7H), 0.97 (s, 3H), 0.90 (d, J = 6.9 Hz, 3H), 0.85 (dd, J = 6.6, 2.2 Hz, 6H), 0.66 (s, 
3H).  
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13C-NMR (CDCl3, 100 MHz) 156.7, 139.7, 133.8, 131.9, 12.7, 114.6, 74.9, 56.8, 56.2, 50.1, 
48.5, 42.4, 39.8, 39.6, 38.6, 37.7, 37.0, 36.6, 36.3, 35.9, 32.0, 31.9, 30.8, 28.3, 28.2, 28.1, 24.4, 
23.9, 22.9, 22.7, 21.1, 20.6, 20.4, 19.4, 18.8, 11.9. Six signals not observed/coincident. 
IR νmax (neat): 3400, 3127, 2935, 2867, 1690 1595, 1496, 1439, 1271, 1257, 1152, 1017 cm-

1. 
HRMS (ESI): C42H63N6O2 [M+H]+ calculated 683.5007, found 683.5000. 
 
4.86b: (1R,3S,8R,9S,13R,14S)-1,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl (3-
(4-(phenoxymethyl)-1H-1,2,3-triazol-1-yl)propyl)carbamate  
 

 
Prepared using General Procedure A (0.1 mmol scale in 3/3/1 MeCN/tBuOH/H2O). Yellow 
oil (59 mg, 92%). Purification on silica gel using 8/2 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): δ 7.73 (br. s, 1H), 7.28–7.26 (m, 2H), 6.98 (br. s, 2H), 5.37 (br. 
s, 1H), 5.22 (br. s, 1H), 4.92 (br. s, 1H), 4.45 (br. s, 2H), 3.20 (br. s, 2H), 2.34–2.27 (m, 2H), 
2.13–1.83 (m, 8H), 1.56–1.43 (m, 7H), 1.33–1.25 (m, 5H), 1.15–1.10 (m, 7H), 1.00 (s, 6H), 
0.91 (d, J = 6.1 Hz, 3H), 0.86 (d, J = 6.2 Hz, 6H), 0.67 (s, 3H).  
13C-NMR (CDCl3, 100 MHz): δ 158.4, 156.5, 139.8, 129.7, 122.7, 121.4, 114.9, 74.7, 62.1, 
56.9, 56.3, 50.1, 47.8, 42.4, 39.9, 39.6, 38.7, 37.8, 37.1, 36.7, 36.3, 35.9, 32.0, 31.9, 30.8, 28.3, 
28.2, 28.1, 24.4, 24.0, 22.9, 22.7, 21.2, 19.4, 18.8, 12.0. One signal not observed/coincident. 
IR νmax (neat): 3369, 3341, 2930, 2863, 2091, 1692, 1599, 1439, 1223, 1046 cm-1. 
HRMS (ESI): C40H61N4O3 [M+H]+ calculated 645.4738, found 645.4731. 
 
4.86c: (1R,3S,8R,9S,13R,14S)-1,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl (3-
(4-(p-tolyl)-1H-1,2,3-triazol-1-yl)propyl)carbamate  
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Prepared using General Procedure A (0.1 mmol scale in 3/3/1 MeCN/tBuOH/H2O). Yellow 
oil (54 mg, 86%). Purification on silica gel using 9/1 PE/EtOAc.  
1H-NMR (CDCl3, 400 MHz): δ 7.81 (br. s, 1H), 7.70 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.2 Hz, 
2H), 5.35–5.34 (m, 1H), 5.01 (t, J = 5.5 Hz, 1H), 4.45 (t, J = 6.7 Hz, 3H), 3.21 (q, J = 6.0 Hz, 
2H), 2.37 (s, 3H), 2.33–2.21 (m, 2H), 2.13 (app. quint, J = 6.5 Hz, 2H), 2.02–1.92 (m, 2H), 
1.86–1.80 (m, 3H), 1.58–1.44 (m, 7H), 1.42–1.40 (m, 1H), 1.38–1.33 (m, 3H), 1.33–1.24 (m, 
2H), 1.16–1.05 (m, 9H), 0.98 (s, 3H), 0.91 (d, J = 6.5 Hz, 3H), 0.86 (dd, J = 6.6, 1.8 Hz, 6H), 
0.67 (s, 3H).  
13C-NMR (CDCl3, 100 MHz): δ 156.5, 148.1, 139.9, 138.1, 129.6, 127.9, 125.7, 122.6, 119.7, 
74.7, 56.8, 56.3, 50.1, 47.8, 42.4, 39.8, 39.6, 38.6, 37.9, 37.1, 36.6, 36.3, 35.9, 32.0, 31.9, 30.8, 
28.3, 28.2, 28.1, 24.4, 23.9, 22.9, 22.7, 21.4, 21.1, 19.4, 18.8, 12.0.  
IR νmax (neat): 3350, 3331, 2935, 2867, 1693, 1532, 1465, 1437, 1366, 1253, 1033 cm-1. 
HRMS (ESI): C40H61N4O2 [M+H]+ calculated 629.4789, found 629.4789. 
 

 Products from Scheme 4.19 

4.S1: N-(1-(1-(7-hydroxy-2-oxo-2H-chromen-3-yl)-1H-1,2,3-triazol-4-yl)-1H-
benzo[d]imidazol-6-yl)hept-6-ynamide 
 

 
Prepared using General Procedure A (0.2 mmol scale). Yellow oil (91 mg, 75%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6 ,500 MHz): δ 10.08 (br. s, 1H), 9.10 (br. s, 1H), 8.72 (br. s, 1H), 8.46 
(br. s, 1H), 7.78 (br. s, 2H), 7.45 (br. s, 1H), 6.88 (br. s, 2H), 2.35 (br. s, 1H), 2.19 (br. s, 2H), 
2.07 (br. s, 1H), 1.69 (br. s, 2H), 1.50 (br. s, 2H), 1.31 (br. s, 2H). One proton under D2O peak, 
see COSY in Supplementary Figure S114. 
13C-NMR could not be obtained due to relaxation issues.  
IR νmax (neat): 3447, 2251, 2125, 1656, 1054, 1026, 1007 cm-1. 
HRMS (ESI): C25H21N6O4 [M+H]+ calculated 469.1619, found 469.1620. 
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4.87: N-(1-(1-(7-hydroxy-2-oxo-2H-chromen-3-yl)-1H-1,2,3-triazol-4-yl)-1H-
benzo[d]imidazol-6-yl)-5-(1-((2S,3S,5R)-2-(hydroxymethyl)-5-(5-methyl-2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)tetrahydrofuran-3-yl)-1H-1,2,3-triazol-4-yl)pentanamide  
 

 
Prepared using General Procedure A (0.1 mmol scale). Brown oil (55 mg, 75%). Purification 
on silica gel using 9/1 DCM/MeOH + 2% NEt3.  
1H-NMR (DMSO-d6, 500 MHz): δ 11.35 (br. s, 1H), 10.08 (br. s, 1H), 9.11–8.73 (m, 2H), 
8.53–8.31 (m, 1H), 8.05–7.67 (m, 3H), 7.55–7.45 (m, 1H), 7.88–7.83 (m, 2H), 6.49–6.40 (m, 
1H), 5.52–5.30 (m, 2H), 4.38–4.19 (m, 1H), 3.84–3.68 (m, 2H), 3.61–3.60 (m, 1H), 2.86–2.62 
(m, 4H), 2.39–2.38 (m, 2H), 1.83–1.80 (m, 3H), 1.78–1.66 (m, 4H). Two protons under D2O 
peak, see COSY in Supplementary Figure S114. 
13C-NMR could not be obtained due to relaxation issues.  
IR νmax (neat): 3443, 2251, 2125, 1682, 1612, 1054, 1026, 1007 cm-1. 
HRMS (ESI): C35H34N11O8 [M+H]+ calculated 736.2586, found 736.2595. 
 

 Product from Scheme 4.21 

4.94: 2-(4-(5-(4-(2-fluoro-5-((4-oxo-3,4-dihydrophthalazin-1-yl)methyl)benzoyl)piperazin-1-
yl)-5-oxopentyl)-1H-1,2,3-triazol-1-yl)-N-(4-fluorobenzyl)acetamide  
 

 
Prepared using General Procedure A (0.1 mmol scale at 3 mL/min). Yellow oil (59 mg, 86%). 
No purification needed.  
1H-NMR (CDCl3, 400 MHz): δ 8.42–8.36 (m, 1H), 7.78–7.68 (m, 3H), 7.51 (d, J = 9.8 Hz, 
1H), 7.31–7.30 (m, 2H), 7.25–7.23 (m, 1H), 7.17–7.13 (m, 2H), 7.06–6.99 (m, 2H), 6.95–6.87 
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(m, 2H), 5.06 (d, J = 16.8 Hz, 2H), 4.42 (d, J = 6.1 Hz, 1H), 4.36–4.34 (m, 2H), 4.28 (s, 2H), 

4.03 (s, 1H), 3.72–3.67 (m, 2H), 3.52–3.49 (m, 1H), 3.46–3.43 (m, 1H), 3.33–3.23 (m, 2H), 

2.75–2.69 (m, 2H), 2.36–2.32 (m, 2H), 1.73–1.64 (m, 4H);  
19F-NMR (CDCl3, 376 MHz) δ -114.5, -114.7, -117.8, -118.0. 
13C-NMR could not be obtained due to relaxation issues.286  

IR νmax (neat): 3296, 3071, 2926, 2865, 1638, 1511, 1437, 1225 cm-1. 

HRMS (ESI): C36H37F2N8O4 [M+H]+ calculated 683.2900, found 683.2891. 

 

4.7.5 Characterisation of ODNs 

Alkyne modified ODN4.1-3 were prepared using General Procedure B, purified by preparative 

RP-HPLC and characterised by MALDI-TOF MS and analytical RP-HPLC.   

 

ODN4.1: C130H166N24O85P12 MW 3796.53 g/mol.  

MALDI-TOF MS (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 3797.66.  

RP-HPLC RT= 20.5 min. 

ODN4.2: C130H165N27O84P12 MW 3821.54 g/mol.  

MALDI-TOF MS (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 3821.57.  

RP-HPLC RT= 19.1 min. 

 

ODN4.3: C127H158N42O75P12 MW 3844.57 g/mol.  

MALDI-TOF MS (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 3844.72.  

RP-HPLC RT= 16.3 min. 

 

Triazole ODN4.4-6 were prepared using General Procedure C and characterised by MALDI-

TOF MS and analytical RP-HPLC.     

 

ODN4.4 (4.95a): C145H185N29O87P12S MW 4129.94 g/mol.  

MALDI-TOF MS (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4130.83.  

RP-HPLC RT= 25.7 min. 

 

ODN4.5 (4.95b): C145H184N32O86P12S MW 4154.95 g/mol.  

MALDI-TOF MS (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4155.26.  

RP-HPLC RT= 25.6 min. 
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ODN4.6 (4.95c): C142H177N47O77P12S MW 4177.96 g/mol.  

MALDI-TOF MS (+ve mode; matrix 3-hydroxypicolinic acid) m/z [M+H]+ found 4178.88.  

RP-HPLC RT= 23.4 min. 

 

4.7.6 Characterisation of Peptides 

Alkyne modified peptides 4.96a-e were prepared using General Procedure D, purified by 

preparative RP-HPLC and characterised by MALDI-TOF MS, ESI-HRMS and analytical RP-

HPLC.     

 

4.96a: C67H126N26O12 MW 1487.92 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1487.96.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 744.5097, found 744.5083.  

RP-HPLC RT= 19.7 min. 

 

4.96b: C70H131N27O13S MW 1591.05 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1590.97.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 796.0143, found 796.0129.  

RP-HPLC RT= 21.0 min. 

 

4.96c: C72H135N27O13S MW 1619.11 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1619.01.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 810.0299, found 810.0282.  

RP-HPLC RT= 22.5 min. 

 

4.96d: C73H133N29O13 MW 1625.06 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1625.04.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 813.0392, found 813.0376.  

RP-HPLC RT= 18.1 min. 
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4.96e: C76H135N27O14 MW 1651.09 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1651.02.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 826.0414, found 826.0395.  

RP-HPLC RT= 21.7 min. 

 

Triazole peptides 4.97a-e were prepared using General Procedure C and characterised by 

MALDI-TOF MS, ESI-HRMS and analytical RP-HPLC.    

 

4.97a: C82H145N31O14S MW 1821.33 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1821.09.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 911.0727, found 911.5724.  

RP-HPLC RT= 22.5 min. 

 

4.97b: C85H150N32O15S2 MW 1924.46 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1924.19.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 962.5772, found 962.5773.  

RP-HPLC RT= 23.6 min. 

 

4.97c: C87H154N32O15S2 MW 1952.52 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1952.21.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 976.5929, found 977.0945.  

RP-HPLC RT= 24.9 min. 

 

4.97d: C88H152N34O15S MW 1958.47 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1958.17.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 979.6021, found 980.1034.  

RP-HPLC RT= 21.0 min. 
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4.97c: C91H154N32O16S MW 1984.50 g/mol.  

MALDI-TOF MS (+ve mode; matrix a-cyano-4-hydroxycinnamic acid) m/z [M+H]+ found 

1984.17.  

HRMS (ESI) (+ve mode) m/z [M/2+H]+ calculated 992.6043, found 993.1051.  

RP-HPLC RT= 24.1 min. 

 

4.7.7 Peptide-PMO Conjugate Synthesis and Characterisation Data 

ApoE-PMO (4.65)280 

 

 

PMO azide 4.98 (10 µL, 10 nmol, 1 equiv.), peptide 4.96a (20 µL, 1 00 nmol, 10 equiv.) and 

3-methylbenzo[d]thiazol-3-ium 4.70 (1.0 mg, 1 000 nmol, 100 equiv.) were dissolved in of 

5/1 MeCN/H2O (50 µL). CuAAC reaction was carried out in a commercial chemical flow 

reactor equipped with a 2 mL copper reactor (easy-Scholar from Vapourtec) at a flow rate of 

1 mL/min at 37 °C. The reaction mixture was collected after 15 cycles through the reactor and 

lyophilised. The residue was suspended in H2O and subjected to a round of spin concentration 

using spin concentration Vivaspin 500 (Sartorius) for 30 min at 13.5 rpm, affording the 

expected conjugate 4.65 with 60% yield. The yield was calculated by measuring the 

absorbance of the product and the purity assessed by analytical HPLC (Phenomenex C18, 250 

× 4.6 mm) at a flow rate of 1 mL/min, gradient 5–20% MeCN/0.1% TFA over 35 min. 

 

4.65: C369H600N175O113P25 MW 10070.32 g/mol.  

MALDI-TOF MS (+ve mode; matrix sinapinic acid) m/z [M+H]+ found 10070.49.  

RP-HPLC RT= 7.81 min. 
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Bio-orthogonal chemistry has become an indispensable tool in for the investigation of living 

systems. Although extensive efforts have been made to advance current strategies, all have 

been hindered by inherent limitations. Some of the current chemistries are not truly bio-

orthogonal, competing with the reactivities of native nucleophiles (e.g., cysteine, lysine, 

glutathione) and resulting in the formation of undesired side-products. Even those that can 

claim bio-orthogonality are hindered; limited by the structural features of cells and 

biomolecules. Scaffold size and chemical characteristics often impair cellular uptake and 

probe affinity, leading to lower effective concentrations. In order to combat these issues, 

research has focused on increasing the kinetics of different bioconjugation strategies; however, 

few display better kinetics than native thiol/maleimide conjugation (734 M-1 s-1).109 Finally, 

cross-reactivity between the different strategies prevents their use in sequential ligations. 

 

CuAAC ligation remains the gold-standard for bioconjugation. It is one of the very few bio-

orthogonal cycloadditions that combines the formation of a single product with rapidd kinetics 

and minimal perturbation of living systems. Unfortunately, the toxicity associated with the use 

of copper remains a considerable limitation of this strategy. The initial hypothesis of this 

project was that modifying the reactivity of the alkyne surrogate, using an aromatic ynamine 

functional group, would (i) increase the reaction rate and therefore decrease 

biomolecule/catalyst interaction times, (ii) reduce copper loading and (iii) modulate 

chemoselectivity to allow sequential bioconjugation.  

 

This thesis describes the preparation and application of aromatic ynamines as novel, bio-

orthogonal reactive groups for CuAAC ligations of both small and large molecules. Aromatic 

ynamines were rapidly prepared via microwave-assisted synthesis (5 to 20 min). The enhanced 

reactivity of aromatic ynamines allowed for the development of a new, orthogonal, 

chemoselective CuAAC platform which functioned both inter- and intra-molecularly. A silyl 

protecting group was capable of temporally disguising reactivity of the aromatic ynamine, 

therefore improving the modularity of this system.  

 

Aromatic ynamines are easily incorporated into oligodeoxyribonucleotides (ODNs) in both 

internal and terminal positions. CuAAC bioconjugation of ODNs using aromatic ynamines is 

fast (2 h versus 16 h for conventional alkynes) and high yielding with a wide range of azides. 

More importantly, the enhanced reactivity of aromatic ynamines permits the reduction of 

copper loading to a catalytic amount (10 mol %) as opposed to the supra-stoichiometric 

amount required with conventional alkynes.60,61 This represents an enormous advantage as it 
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allows CuAAC ligations to be performed under conditions favourable for biomolecules.81  

This reactivity difference between aromatic ynamines and aromatic alkynes is conserved for 

biomolecule conjugation, providing a new platform for the chemoselective, sequential 

bioconjugation of ODNs. Importantly, the incorporation of aromatic ynamines into DNA does 

not alter DNA structure, rendering this functional group ideal for ODN bioconjugation.  

 

This thesis culminates in the development of a rapid and mild continuous flow platform for 

CuAAC ligations using a copper reactor. Benefits of this platform include the use of mild 

conditions (room temperature, ambient pressure) and the omission of additives. Importantly, 

no additional catalyst was required, and ICP-MS analysis of final products measured 

extremely low copper concentrations (< 15 ppm), minimising toxicity. The efficiency of this 

platform was demonstrated for the ligation of small molecules (≤10 min) and the ligation of a 

PARP1 inhibitor to a PET probe mimic (3 min). Furthermore, this platform provided for the 

fast conjugation of biomolecules, such as oligonucleotides (≤1 min) and peptides (≤8 min), 

without degradation of even the most oxidation-sensitive substrates. Finally, the utility of this 

platform was demonstrated for the mild, fast and degradation-free bioconjugation of an azide-

modified PMO with an alkyne-modified CPP (30 min).  

 

This work develops a next generation platform for fast, mild and efficient bioconjugation. The 

use of aromatic ynamines and flow chemistry allows the formation of bioconjugates at 

extremely low copper loading, thus avoiding biomolecule degradation.  

 

Further developments of this work include: 

 

(i) Extending the use of aromatic ynamines to the bioconjugation of peptides and proteins 

by incorporating an ynamine moiety into a peptide/protein via unnatural amino acids. 

 

(ii) Expanding the repertoire of DNA/RNA-labelling alkynes, such as EdU, to include the 

more reactive aromatic ynamines. 

 

(iii) Developing a FRET platform for metal qualification/quantification derived from its 

chelation by aromatic ynamines (Figure 5.1). 
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Figure 5.1. Establishment of a FRET platform for metal detection. 
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Supplementary data for Chapter 2 compounds can be found at the following links: 
https://pubs.acs.org/doi/suppl/10.1021/acs.orglett.6b00635 
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00545.  
 
Supplementary data for Chapter 4 compounds can be found at the following link: 
https://static-content.springer.com/esm/art%3A10.1038%2Fs41467-018-06551-

0/MediaObjects/41467_2018_6551_MOESM1_ESM.pdf 
 

5.1 RP-HPLC and LC-MS Method Parameters 

5.1.1 RP-HPLC 

 Analytical RP-HPLC generic method (small molecules/peptides) 

Column specification: Aeris 3.6 µm WIDEPORE XB-C18, 250 x 4.6 mm.  

Column temperature 25 °C 
Mobile phase A: 0.1% v / v TFA in water 
Mobile phase B: 0.1% v / v TFA in acetonitrile 
Flow rate 1.0 mL/min 
 

Gradient profile: 
Time (mins) %A %B 
0 95 5 
5 95 5 
40 40 60 
43 40 60 
44 10 90 
47 10 90 

48 95 5 
50 95 5 

 
The UV detection signal was recorded at 254 nm. 
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 8-Minute generic method (small molecules) 

Column specification: Phenomenex Luna C18(2), 50 x 2.0 mm, 3 m. 

Column temperature: 40 °C 
Mobile phase A: 0.05% v / v TFA in water 
Mobile phase B: 0.05% v / v TFA in acetonitrile 
Flow rate: 1 mL/min 
 
Gradient profile: 

Time (mins) %A %B 
0 100 0 

8 5 95 
8.01 100 0 

 
The UV detection signal was recorded at 254 nm. 
 

 Analytical RP-HPLC generic method (ODNs) 

Column specification: Phenomenex Clarity 5 µM Oligo-RP, 250 x 4.6 mm.  

Column temperature 25 °C 
Mobile phase A: 0.1 M TEAA in water 
Mobile phase B: 0.1 M TEAA in acetonitrile/water 8/2 

Flow rate 1.0 mL/min 
 
Gradient profile: 

Time (mins) %A %B 
0 90 10 
5 90 10 
35 50 50 

40 10 90 
55 10 90 
57 90 10 
67 90 10 

 
The UV detection signal was recorded at 260 nm. 
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5.1.2 LC-MS 

LC Conditions: The HPLC analysis was conducted on a Zorbax 45mm x 150mm C18 at 40 
˚C. 

 
The solvents employed were: 
A = 5 mM ammonium acetate in water. 
B = 5 mM ammonium acetate in acetonitrile. 
The gradient employed was: 
 

Time (min) Flow Rate 

(ml/min) 

% A % B 

 
0 1 95 5 
1.48 1 95 5 
8.5 1 0 100 
13.5 1 0 100 
16.5 1 95 5 
18 1 95 5 

 

The UV detection signal was recorded at 254 nm. 
 
MS Conditions 
MS: Agilent Quadrupole 
Ionisation mode: Positive and/or negative electrospray. 
Scan Range: 100 to 1000 AMU positive, 120-1000 AMU negative. 
 

 

5.2 RP-HPLC Traces 

5.2.1 RP-HPLC Traces from Scheme 3.18 
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Appendix 1: RP-HPLC trace of ODN3.18. 

 
 

 
Appendix 2: RP-HPLC trace of ODN3.19. 

 

 25/09/2017 11:29:42  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\DNAclicktrial_040417_LR-464_HPLCConc_04042017_001.lcd 

Analysis Report

Sample Name : DNAclicktrial_040417_LR-464_HPLCConc
Sample ID : DNAclicktrial_040417_LR-464_HPL
Data Filename : DNAclicktrial_040417_LR-464_HPLCConc_04042017_001.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAclicktrial_040417_LR-464_HPLCConc.lcb
Vial # : 1-2 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 04/04/2017 14:30:59 Acquired by : Shimadzu
Date Processed : 05/04/2017 09:38:07 Processed by : Shimadzu
 

<Chromatogram>
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<Peak Table>
PDA Ch1 260nm
Peak#
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 317429 

Conc.
 0.000 
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Mark
    M 

Name
  

<Sample Information>

 25/09/2017 11:30:04  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\DNAclicktrial_040417_LR-414_422_423_04042017_001.lcd 

Analysis Report

Sample Name : LR-414
Sample ID : LR-414
Data Filename : DNAclicktrial_040417_LR-414_422_423_04042017_001.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAclicktrial_040417_LR-414_422_423.lcb
Vial # : 1-3 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 04/04/2017 16:56:11 Acquired by : Shimadzu
Date Processed : 05/04/2017 09:45:21 Processed by : Shimadzu
 

<Chromatogram>

min
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0 

<Peak Table>
PDA Ch1 260nm
Peak#
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Ret. Time
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Conc.
 0.000 

Unit
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    M 

Name
 dna ynamine 

<Sample Information>
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Appendix 3: RP-HPLC trace of ODN3.20. 

 
 

 
Appendix 4: RP-HPLC trace of ODN3.21. 

 

 25/09/2017 11:55:33  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\LR473_474_internal_ynamines_12042017_003.lcd 

Analysis Report

Sample Name : LR373_374_internal_ynamine_LR474
Sample ID : LR474
Data Filename : LR473_474_internal_ynamines_12042017_003.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : LR473_474_internal_ynamines.lcb
Vial # : 1-93 Sample Type : Unknown
Injection Volume : 20 uL
Date Acquired : 12/04/2017 15:15:30 Acquired by : Shimadzu
Date Processed : 20/04/2017 14:38:52 Processed by : Shimadzu
 

<Chromatogram>
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<Peak Table>
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Peak#
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Total

Ret. Time
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Area
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Height
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Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>

 25/09/2017 11:54:30  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\LR473_474_internal_ynamines_12042017_002.lcd 

Analysis Report

Sample Name : LR373_374_internal_ynamine_LR473
Sample ID : LR473
Data Filename : LR473_474_internal_ynamines_12042017_002.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : LR473_474_internal_ynamines.lcb
Vial # : 1-92 Sample Type : Unknown
Injection Volume : 20 uL
Date Acquired : 12/04/2017 14:22:01 Acquired by : Shimadzu
Date Processed : 20/04/2017 14:37:48 Processed by : Shimadzu
 

<Chromatogram>
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Peak#
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Total

Ret. Time
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Conc.
 0.000 

Unit
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    M 

Name
  

<Sample Information>
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Appendix 5: RP-HPLC trace of ODN3.22. 

 
 

5.2.2 HPLC Chromatograms from Figure 3.14 

 
Appendix 6: RP-HPLC trace of ODN3.24a. 

 

 
 

 25/09/2017 12:22:55  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\SelfComp110817_LR534-3_5_11082017_002.lcd 

Analysis Report

Sample Name : LR534-3
Sample ID : LR534-3
Data Filename : SelfComp110817_LR534-3_5_11082017_002.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : SelfComp110817_LR534-3_5.lcb
Vial # : 1-2 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 11/08/2017 10:35:18 Acquired by : Shimadzu
Date Processed : 14/08/2017 09:27:38 Processed by : Shimadzu
 

<Chromatogram>
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Peak#
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Total
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Height
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Conc.
 0.000 
 0.000 

Unit
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    M 
    M 

Name
  
  

<Sample Information>

 25/09/2017 11:32:05  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\DNAclicktrial_050417_MH-395_8_05042017_004.lcd 

Analysis Report

Sample Name : MH-397
Sample ID : MH-397
Data Filename : DNAclicktrial_050417_MH-395_8_05042017_004.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAclicktrial_050417_MH-395_8.lcb
Vial # : 1-4 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 05/04/2017 12:36:47 Acquired by : Shimadzu
Date Processed : 05/04/2017 15:45:23 Processed by : Shimadzu
 

<Chromatogram>
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<Peak Table>
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Total
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Conc.

 0.000 

Unit
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<Sample Information>
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5.2.3 RP-HPLC Chromatograms from Scheme 3.19 

 

 
Appendix 7: RP-HPLC trace of ODN3.23a. 

 

 

 
Appendix 8: RP-HPLC trace of ODN3.23b. 

 

 25/09/2017 10:57:28  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\DNAclicktrial140317_MH-369.lcd 

Analysis Report

Sample Name : DNAclicktrial140317_MH-369
Sample ID : DNAclicktrial140317_MH-369
Data Filename : DNAclicktrial140317_MH-369.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : 
Vial # : 1-3 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 14/03/2017 11:52:44 Acquired by : Shimadzu
Date Processed : 14/03/2017 12:45:47 Processed by : Shimadzu
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<Sample Information>

 10/08/2018 17:10:13  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Marine\BioconjugScope100818_10082018_002.lcd 

Analysis Report

Sample Name : MH-661_39pt9
Sample ID : MH-661_39pt9
Data Filename : BioconjugScope100818_10082018_002.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : BioconjugScope100818.lcb
Vial # : 1-2 Sample Type : Unknown
Injection Volume : 5 uL
Date Acquired : 10/08/2018 11:43:37 Acquired by : Shimadzu
Date Processed : 10/08/2018 14:45:10 Processed by : Shimadzu
 

<Chromatogram>
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<Sample Information>
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Appendix 9: RP-HPLC trace of ODN3.23c. 

 
 

 
Appendix 10: RP-HPLC trace of ODN3.23d. 

 

 23/07/2018 13:33:38  Page 1 / 1 

 C:\LabSolutions\Data\Project1\Linus\DNAclicktrial_100417_MH-408_13_10042017_006.lcd 

Analysis Report

Sample Name : MH-412
Sample ID : MH-412
Data Filename : DNAclicktrial_100417_MH-408_13_10042017_006.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
Batch Filename : DNAclicktrial_100417_MH-408_13.lcb
Vial # : 1-6 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 10/04/2017 22:21:02 Acquired by : Shimadzu
Date Processed : 11/04/2017 09:16:41 Processed by : Shimadzu
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<Sample Information>
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 C:\LabSolutions\Data\Project1\Linus\DNAClickScope-110417_MH-408_13_11042017_007.lcd 

Analysis Report

Sample Name : MH-413
Sample ID : MH-413
Data Filename : DNAClickScope-110417_MH-408_13_11042017_007.lcd
Method Filename : DNA_V2_linear_to50_calibration.lcm
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<Chromatogram>

min

mAU

0 10 20 30 40 50

0

100

200

PDA Multi 1 260nm,4nm

 2
4.

70
8 

<Peak Table>
PDA Ch1 260nm
Peak#

 1 
Total

Ret. Time
 24.708 

Area
 2752667 
 2752667 

Height
 266278 
 266278 

Conc.
 0.000 

Unit
  

Mark
    M 

Name
  

<Sample Information>



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 282 

 
Appendix 11: RP-HPLC trace of ODN3.23e. 

 

 

 
Appendix 12: RP-HPLC trace of ODN3.23f. 
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Appendix 13: RP-HPLC trace of ODN3.23g. 

 
 

 
Appendix 14: RP-HPLC trace of ODN3.23h. 
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Appendix 15: RP-HPLC trace of ODN3.23i. 

 
 

 
Appendix 16: RP-HPLC trace of ODN3.23j. 
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Appendix 17: RP-HPLC trace of ODN3.23k. 

 
 

 
Appendix 18: RP-HPLC trace of ODN3.23l. 
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5.2.4 RP-HPLC Chromatograms from Figure 3.15 

 
Appendix 19: RP-HPLC trace of ODN3.25a. 

 
 

5.2.5 RP-HPLC Chromatograms from Figure 3.16 

 
Appendix 20: RP-HPLC trace of ODN3.26a. 
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Vial # : 1-4 Sample Type : Unknown
Injection Volume : 10 uL
Date Acquired : 20/04/2017 12:46:57 Acquired by : Shimadzu
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5.2.6 RP-HPLC Chromatograms from Scheme 3.20 

 
Appendix 21: RP-HPLC trace of ODN3.27. 

 

 
Appendix 22: RP-HPLC trace of ODN3.28. 
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5.3 NMR and MS Spectrums 

 

Appendix 23: 1H NMR spectrum of 3.32. 

 

Appendix 24: 13C NMR spectrum of 3.32. 
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Appendix 25: HRMS spectrum of 3.32. 

 

Appendix 26: 1H NMR spectrum of 3.33. 
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Appendix 267: 13C NMR spectrum of 3.33. 

 

 

Appendix 28: HRMS spectrum of 3.33. 
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Appendix 29: 1H NMR spectrum of 3.34a. 

 

Appendix 30: 13C NMR spectrum of 3.34a. 
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Appendix 31: HRMS spectrum of 3.34a. 

 

 

Appendix 32: 1H spectrum of 3.34b. 
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Appendix 34: 13C spectrum of 3.34b. 

 

 

Appendix 35: HRMS spectrum of 3.34b. 
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Appendix 36: 1H NMR spectrum of 3.27. 

 

Appendix 37: 13C NMR spectrum of 3.27. 
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Appendix 38: 31P NMR spectrum of 3.27. 

 

 

Appendix 39: HRMS spectrum of 3.27. 
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Appendix 40: Zoom HRMS spectrum of 3.27. 

 

Appendix 41: 1H NMR spectrum of 3.39. 
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Appendix 42: 13C NMR spectrum of 3.39. 

 

 

Appendix 43: HRMS spectrum of 3.39. 
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Appendix 44: 1H NMR spectrum of 3.28. 

 

Appendix 45: 13C NMR spectrum of 3.28. 
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Appendix 46: 31P NMR spectrum of 3.28. 

 

 

Appendix 47: HRMS spectrum of 3.28. 
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Appendix 48: 1H NMR spectrum of 3.42. 

 

Appendix 49: 13C NMR spectrum of 3.42. 
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Appendix 50: 31P NMR spectrum of 3.42. 

 

 

Appendix 51: HRMS spectrum of 3.42. 
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5.4 MALDI Spectra 

 
Appendix 52: MALDI spectrum of ODN3.18. 

 

 
Appendix 53: MALDI spectrum of ODN3.19. 
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Appendix 54: MALDI spectrum of ODN3.20. 

 

 
Appendix 55: MALDI spectrum of ODN3.21. 
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Appendix 56: MALDI spectrum of ODN3.22. 

 

 
Appendix 57: MALDI spectrum of ODN3.23a. 
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Appendix 58: MALDI spectrum of ODN3.23b. 

 

 
Appendix 59: MALDI spectrum of ODN3.23c. 
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Appendix 60: MALDI spectrum of ODN3.23d. 

 

 
Appendix 61: MALDI spectrum of ODN3.23e. 
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Appendix 62: MALDI spectrum of ODN3.23f. 

 

 
Appendix 63: MALDI spectrum of ODN3.23g. 
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Appendix 64: MALDI spectrum of ODN3.23h. 

 

 
Appendix 65: MALDI spectrum of ODN3.23i. 
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Appendix 66: MALDI spectrum of ODN3.23j. 

 

 
Appendix 67: MALDI spectrum of ODN3.23k. 
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Appendix 68: MALDI spectrum of ODN3.23l. 

 

 
Appendix 69: MALDI spectrum of ODN3.24a. 

0

10

20

30

40

50

60

70

80

90

100

%Int.

1000 2000 3000 4000 5000 6000 7000

m/z

39 mV[sum= 11137 mV]  Profiles 1-284 Unsmoothed

 

Data: MH_667_54pt3_ref_pos0002.3C3[c] 3 Jul 2018 17:48 Cal: 3 PEP MIX 3 Jul 2018 16:48 

Shimadzu Biotech Axima CFR 2.8.3.20080616: Mode reflectron, Power: 141, P.Ext. @ 4400 (bin 207)

4455.94

4455.02

4455.55

4478.69

4454.50

2253.10
1016.13

3090.03 4673.90
1748.53 5823.243841.15

6544.13

0

10

20

30

40

50

60

70

80

90

100

%Int.

1000 2000 3000 4000 5000

m/z

79 mV[sum= 21932 mV]  Profiles 1-276 Smooth Gauss 7

 

Data: LR_MH376_alkyne_DNA_BnClick20001.2J4[c] 22 Mar 2017 15:41 Cal: Small mols neg NUK 22 Mar 2017 15:35 

Shimadzu Biotech Axima CFR 2.8.3.20080616: Mode reflectron_neg, Power: 138, Blanked, P.Ext. @ 3850 (bin 194)

3976.69

4039.66

1988.35

3998.54

3992.94
1019.39 2019.50

2695.01 4662.723331.87

1002.34

306.16



Aromatic Ynamines: A New Bio-orthogonal Reactive Group for Step-efficient, Sequential Bioconjugation 
Marine Hatit 

 

 311 

 
Appendix 70: MALDI spectrum of ODN3.25a. 

 

 
Appendix 71: MALDI spectrum of ODN3.26a. 
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Appendix 72: MALDI spectrum of ODN3.27. 

 

 
Appendix 73: MALDI spectrum of ODN3.28. 
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